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Titre : Elucider la redondance fonctionnelle des complexes d'élongation des acides gras à très longue chaine chez Arabidopsis

Résumé :

Les Acides Gras à Très Longues Chaines (AGTLC) représentent des molécules très importantes chez les plantes du point de vue physiologique mais également structural. Avec une chaîne composée de 20 atomes de carbone ou plus, les AGTLC constituent une grande diversité de molécules utilisées pour la synthèse de nombreux lipides dont les phospholipides et sphingolipides présents dans les membranes, les cires cuticulaires en surface de l'épiderme, les subérines au niveau des racines ou encore les triacylglycérols (TAG) dans les graines. Les AGTLC sont donc impliqués dans différents mécanismes tels que le trafic membranaire, la division et différentiation cellulaire, le contrôle de la perte en eau ou encore le stockage de l'énergie, le tout permettant aux plantes de grandir et de s'adapter aux contraintes environnementales variables.

L'élongation des AGTLC est réalisée au niveau du complexe FAE (pour Fatty Acid Elongase complex). Composé de quatre enzymes différentes ancrées au niveau de la membrane du réticulum endoplasmique (KCS, KCR, HCD et ECR), ce complexe effectue un cycle de quatre réactions permettant l'ajout de deux atomes de carbone au niveau de la chaine acyle de l'acide gras. La première réaction est effectuée par l'enzyme KCS, elle consiste en une condensation entre un acyl-CoA et un malonyl-CoA. A l'inverse des trois autres membres du complexe, l'enzyme KCS est caractérisée par une grande diversité génétique chez les plantes. 21 gènes codant pour cette enzyme ont notamment été identifiés chez Arabidopsis. La caractérisation fonctionnelle de certaines AtKCS a mis en évidence différentes spécificités de substrat, l'enzyme KCS déterminerait donc la sélectivité du complexe FAE vis-à-vis de substrats présentant différentes longueurs de chaînes.

A ce jour, plusieurs AtKCS ont été étudiées pour leur implication dans les voies de biosynthèse de différents lipides tels que FAE1/KCS18 dans la synthèse de TAG au niveau des graines ou bien KCS6/CER6/CUT1 dans la synthèse de cires cuticulaires. Toutefois, il existe une redondance fonctionnelle entre les AtKCS co-exprimées dans différents tissus chez Arabidopsis, empêchant l'identification de leur rôle physiologique ainsi que de leur activité fonctionnelle.

L'utilisation de la levure comme système d'expression hétérologue a également permis une caractérisation fonctionnelle partielle de la famille des AtKCS.

L'objectif de cette thèse est de caractériser de façon plus approfondie la sélectivité de substrat et la redondance fonctionnelle des enzymes de condensation KCS d'Arabidopsis. Pour ce faire, une analyse fonctionnelle comparative englobant tous les membres de la famille multigénique des AtKCS a été effectuée via l'utilisation d'un système hétérologue de levure reconstituant le complexe FAE d'Arabidopsis dans son intégralité. Dans un deuxième temps, ce système de levure a été utilisé à nouveau pour l'étude de déterminants structuraux dans la spécificité de substrat entre certaines AtKCS partageant une forte homologie de séquence. Pour finir, les AtKCS d'un même cluster génétique ont été ciblées pour générer de multiples mutants kcs chez Arabidopsis et ainsi contourner leur redondance fonctionnelle afin d'élucider leur implication dans les voies de biosynthèse de différents lipides. 
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"Tackling functional redundancy of Arabidopsis fatty acid elongase complexes" 3.1.1.1. Sphingolipid species were differentially arranged between kcs9 single mutant and kcs4,9 double mutant……………………………………………………………………………………………………………………………………154 3.1.1.2. VLCFA sphingolipids are known to be key players in endosomal trafficking………………………………155 3.1.2. KCS4 and KCS9 are also involved to mino extent in C24 suberin monomers accumulation in roots………….….156 3.2. Modification of FA profiles in the multiple mutant kcs4,9,17 suggests functional redundancies between KCS4, KCS9 and possibly KCS17 during flower development…………………………………………………………………………………..…157 3.2.1. The unaffected accumulation of C26 acyl-chains in single and triple mutants compared to the WT Col-0 suggests functional redundancies with KCS5 and KCS6 isoenzymes………………………………………………………….157 3.2.2. KCS4 and KCS17 tissue specific expression patterns in pollen and stamens suggest a putative involvement in Arabidopsis reproduction…………………………………………………………………………………………………………………….158 3.3. Functional redundancies between KCS9 and KCS17 were observed towards seed coat biosynthesis……………….158 The adaptability of plants to their ever-changing environment is based on a great diversity of mechanisms such as energy storage, non-stomatal water loss prevention, cell division and differentiation or membrane trafficking. Some of them involve very long chain fatty acids (VLCFA), a category of fatty acids with acyl chains of 20 carbons or more. Thanks to their great diversity, VLCFA can be modified into components of membrane lipids, surface lipids or seed oil.

The elongation of VLCFA is performed by a fatty acid elongase complex (FAE complex) anchored to the ER membrane. This complex involves four different units performing sequential reactions and adding two carbons to the growing fatty acyl chain. The first KCS (β-ketoacyl-CoA synthase) unit represents a condensing enzyme driving the elongation specificity of the FAE complex. In plant cells, many FAE complexes with overlapping elongation specificity coexist allowing the elongation of VLCFA acyl chain from 20 to at least 38 carbons.

In the context of this PhD, the biosynthesis and functions of VLCFA are first detailed here in order to understand their diversity and their physiological roles in plants. In a second part, a focus on the KCS unit of the FAE complex illustrates the complexity of plant KCS genetic evolution and gathers the insights of KCS structure-function relationship in order to understand KCS functional diversity.

BIOSYNTHESIS AND FUNCTIONS OF VERY-LONG-CHAIN FATTY ACIDS IN THE RESPONSES OF PLANTS TO ABIOTIC AND BIOTIC STRESSES

This paragraph consists in a review written in collaboration with Delphine Bahammou, Laetitia Fouillen, Sébastien Mongrand and Jérôme Joubès, under the supervision of Frédéric Domergue. I was notably in charge of the paragraph covering the biosynthesis of VLCFA in plants and their distribution in different tissues and lipid pools.

VLCFA Structure, Biosynthesis and Distribution

As sessile organisms, plants depend on physiological and structural mechanisms allowing them to adjust to their ever-changing environment. Some of those mechanisms involve essential lipid molecules throughout the course of plant development such as very-long chain fatty acids [START_REF] Raffaele | Very Long Chain Fatty Acid and Lipid Signaling in the Response of Plants to Pathogens[END_REF][START_REF] Roudier | Very-Long-Chain Fatty Acids Are Involved in Polar Auxin Transport and Developmental Patterning in Arabidopsis[END_REF][START_REF] Nobusawa | Synthesis of Very-Long-Chain Fatty Acids in the Epidermis Controls Plant Organ Growth by Restricting Cell Proliferation[END_REF][START_REF] Trinh | PUCHI Regulates Very Long Chain Fatty Acid Biosynthesis during Lateral Root and Callus Formation[END_REF][START_REF] Zhukov | Very-Long-Chain Fatty Acids (VLCFAs) in Plant Response to Stress[END_REF]. With their acyl chain of 20 carbons and longer, VLCFA can be modified and derivatized into very flexible components and precursors of various important lipids [START_REF] Bach | Role of Very-Long-Chain Fatty Acids in Plant Development, When Chain Length Does Matter[END_REF][START_REF] Haslam | Extending the Story of Very-Long-Chain Fatty Acid Elongation[END_REF]. Indeed, they are required in all plant cells for the synthesis of essential membrane lipids such as phospholipids [START_REF] Devaiah | Quantitative Profiling of Polar Glycerolipid Species from Organs of Wild-Type Arabidopsis and a PHOSPHOLIPASE Dα1 Knockout Mutant[END_REF] and sphingolipids (mostly in plasma and vacuolar membranes) [START_REF] Markham | Separation and Identification of Major Plant Sphingolipid Classes from Leaves[END_REF][START_REF] Markham | Plant Sphingolipids: Function Follows Form[END_REF][START_REF] Buré | Fast Screening of Highly Glycosylated Plant Sphingolipids by Tandem Mass Spectrometry[END_REF][START_REF] Carmona-Salazar | Plasma and Vacuolar Membrane Sphingolipidomes: Composition and Insights on the Role of Main Molecular Species[END_REF]. They are also used as precursors of protective cuticular waxes and suberin in leaves epidermis and roots, respectively [START_REF] Suh | Cuticular Lipid Composition, Surface Structure, and Gene Expression in Arabidopsis Stem Epidermis[END_REF][START_REF] Franke | Apoplastic Polyesters in Arabidopsis Surface Tissues-A Typical Suberin and a Particular Cutin[END_REF][START_REF] Pollard | Building Lipid Barriers: Biosynthesis of Cutin And Suberin[END_REF][START_REF] Bernard | Arabidopsis Cuticular Waxes: Advances in Synthesis, Export and Regulation[END_REF][START_REF] Lee | Advances in the Understanding of Cuticular Waxes in Arabidopsis Thaliana and Crop Species[END_REF]. Finally, they can also be incorporated in seeds triacylglycerols (TAGs) towards the accumulation of storage lipids [START_REF] Kunst | Fatty Acid Elongation in Developing Seeds of Arabidopsis Thaliana[END_REF][START_REF] Millar | Very-Long-Chain Fatty Acid Biosynthesis Is Controlled through the Expression and Specificity of the Condensing Enzyme[END_REF]. Plant VLCFA are therefore precursors of abundant lipids involved in different physiological processes such as membrane trafficking, cell division and differentiation, non-stomatal water loss prevention, or energy storage [START_REF] Roudier | Very-Long-Chain Fatty Acids Are Involved in Polar Auxin Transport and Developmental Patterning in Arabidopsis[END_REF][START_REF] Nobusawa | Synthesis of Very-Long-Chain Fatty Acids in the Epidermis Controls Plant Organ Growth by Restricting Cell Proliferation[END_REF][START_REF] Kunst | Fatty Acid Elongation in Developing Seeds of Arabidopsis Thaliana[END_REF][START_REF] Seo | The MYB96 Transcription Factor Regulates Cuticular Wax Biosynthesis under Drought Conditions in Arabidopsis[END_REF]. Hence, VLCFA display structural, protective, nutritive and energetic properties that have already led to many reports on their synthesis and functions in plants. Very-long-chain fatty acids are simply defined as fatty acids with more than 18 carbon atoms, but the lengths of the acyl-chain, its unsaturation degree and hydroxylation levels are at the origin of an extremely high diversity of VLCFA and derivatives in plants (Figure 1). Metabolic fates of very long-chain acyl-CoAs. VLC-acyl-CoA produced by fatty acid elongation complexes can be converted into aliphatic derivatives incorporated into the cuticle as cuticular waxes or serve as building blocks for the suberin biopolyester biosynthesis. VLC-acyl-CoA can be incorporated into storage lipids as triacylglycerols or in membrane lipids such as phospholipids (phosphatidylserine and phosphatidylethanolamine) or sphingolipids (ceramide, glucosylceramide and GIPCs). Abbreviations: CerS, ceramide synthase; FAH ase , fatty acid hydroxylase; GCS, glucosylceramide synthase; GIPCs, glycosyl-inositolphosphoryl-ceramides; GT ases , glycosyl-transferases; IPCS, inositolphosphoryl-ceramide synthase; IPUT, inositolphosphoryl-ceramide glucuronosyl-transferase; LCB DES ase , LCB desaturase; VLC-acyl-CoA, very-long-chainacyl-CoA.

Cells 2021, 10, 1284 3 of 26 Membrane phospholipids such as PhosphatidylCholine (PC), PhosphatidylEthanolamine (PE) and especially PhosphatidylSerine (PS) preferentially incorporate saturated C20, C22 and C24 VLCFAs [START_REF] Devaiah | Quantitative Profiling of Polar Glycerolipid Species from Organs of Wild-Type Arabidopsis and a PHOSPHOLIPASE Dα1 Knockout Mutant[END_REF], while sphingolipids accumulating in the outer leaflet of the plasma membrane (PM) are often enriched in α-hydroxylated saturated and monounsaturated C24 and C26 VLCFAs [START_REF] Markham | Plant Sphingolipids: Function Follows Form[END_REF]. Although most intracellular VLCFA have twenty-six or fewer carbon atoms (≤C26), plant cuticular VLCFA and derivatives generally have around 30 carbon atoms, while leaf trichomes and pavement cells have been shown to produce VLCFA with up to 38 carbon atoms [START_REF] Hegebarth | The Composition of Surface Wax on Trichomes of Arabidopsis Thaliana Differs from Wax on Other Epidermal Cells[END_REF]. If plant species display variable amounts of free VLCFA in their cuticular waxes, all aliphatic wax compounds are derived from VLCFA, and cuticular waxes usually comprise a wide variety of chain-length and chemical structures: aldehydes, primary and secondary alcohols, alkanes, ketones and wax compounds with two secondary functional groups in some plant species [START_REF] Busta | Structure and Biosynthesis of Branched Wax Compounds on Wild Type and Wax Biosynthesis Mutants of Arabidopsis Thaliana[END_REF]. If most wax VLCFA derivatives are saturated, minor amounts of unsaturated alcohols and alkenes as well as branched molecules occur in Arabidopsis [START_REF] Hegebarth | The Composition of Surface Wax on Trichomes of Arabidopsis Thaliana Differs from Wax on Other Epidermal Cells[END_REF][START_REF] Yang | The Acyl Desaturase CER17 Is Involved in Producing Wax Unsaturated Primary Alcohols and Cutin Monomers[END_REF][START_REF] Busta | Changes in Cuticular Wax Coverage and Composition on Developing Arabidopsis Leaves Are Influenced by Wax Biosynthesis Gene Expression Levels and Trichome Density[END_REF]. Therefore, although 10 to 20 VLCFA derivatives are usually reported as major aliphatic components of arabidopsis waxes, their complete composition is unambiguously much more complex. Like in sphingolipids, hydroxylated VLCFA have been reported to be abundant in suberin, but in this case they are ω-hydroxylated VLCFA. In addition, suberin is known to contain high amounts of VLCFA-derived α,ω-dicarboxylic acids, alcohols and diols [START_REF] Franke | Apoplastic Polyesters in Arabidopsis Surface Tissues-A Typical Suberin and a Particular Cutin[END_REF][START_REF] Pollard | Building Lipid Barriers: Biosynthesis of Cutin And Suberin[END_REF][START_REF] Domergue | Three Arabidopsis Fatty Acyl-Coenzyme A Reductases, FAR1, FAR4, and FAR5, Generate Primary Fatty Alcohols Associated with Suberin Deposition[END_REF]. Finally, VLCFA can also be accumulated in storage TriAcylGlycerols (TAG). In arabidopsis seed storage lipids, VCLFA represent about 27% of the total acyl-chains, and if C20 and C22 monounsaturated VLCFA dominate, polyunsaturated VLCFA with up to three double bonds are also present in minor amounts [START_REF] Millar | Very-Long-Chain Fatty Acid Biosynthesis Is Controlled through the Expression and Specificity of the Condensing Enzyme[END_REF]. It should be remembered that each modification of the acyl-chain has direct impacts on the chemical and physical properties of the resulting fatty acid and derivatives, enabling a great diversity of lipid functional specializations [START_REF] Ohlrogge | PlantFAdb: A Resource for Exploring Hundreds of Plant Fatty Acid Structures Synthesized by Thousands of Plants and Their Phylogenetic Relationships[END_REF].

VLCFA Biosynthesis

Studies, including photoperiod and chemical inhibition of elongase activities, initially raised the idea for the existence of multiple fatty acid elongase complexes (FAE complex) that perform sequential and/or parallel reactions to produce the broad chain-lengthrange of VLCFAs found in plants [START_REF] Wettstein-Knowles | Elongase and Epicuticular Wax Biosynthesis[END_REF]. VLCFA biosynthesis begins with the elongation of saturated and monounsaturated C16 and C18 fatty acids produced in the plastid and exported to the cytosol where they are activated as acyl-CoAs by long-chain acyl-CoA synthetases [START_REF] Schnurr | The Acyl-CoA Synthetase Encoded by LACS2 Is Essential for Normal Cuticle Development in Arabidopsis[END_REF][START_REF] Samuels | Sealing Plant Surfaces: Cuticular Wax Formation by Epidermal Cells[END_REF]. These long-chain acyl-CoAs represent the immediate precursors of VLCFA and are further elongated through FAE complexes localized in the endoplasmic reticulum membranes (Figure 2; [START_REF] Haslam | Extending the Story of Very-Long-Chain Fatty Acid Elongation[END_REF]). Biochemically, four core enzymes perform in a FAE complex four sequential reactions to extend the acyl-chain by two carbon units. The first reaction consists of a condensation of the acyl-CoA substrate (n) with a malonyl-CoA catalyzed by a condensing enzyme called β-Keto-acyl-CoA Synthase (KCS) to give a β-Keto-acyl-CoA (n+2) [START_REF] Joubès | The VLCFA Elongase Gene Family in Arabidopsis Thaliana: Phylogenetic Analysis, 3D Modelling and Expression Profiling[END_REF]. A β-Keto-acyl-CoA Reductase (KCR) reduces the β-keto group into an alcohol, using NAD(P)H as a reductant, to produce a hydroxyacyl-CoA [START_REF] Beaudoin | Functional Characterization of the Arabidopsis β -Ketoacyl-Coenzyme A Reductase Candidates of the Fatty Acid Elongase[END_REF]. A 3-Hydroxyacyl-CoA Deshydratase (HCD) then converts this intermediate into an enoyl-CoA [START_REF] Bach | The Very-Long-Chain Hydroxy Fatty Acyl-CoA Dehydratase PASTICCINO2 Is Essential and Limiting for Plant Development[END_REF], which is reduced by an Enoyl-CoA Reductase (ECR) to form a saturated fatty acyl-CoA (n+2) product [START_REF] Zheng | Disruptions of the Arabidopsis Enoyl-CoA Reductase Gene Reveal an Essential Role for Very-Long-Chain Fatty Acid Synthesis in Cell Expansion during Plant Morphogenesis[END_REF]. This reaction cycle can be repeated to yield VLCFA with various chain lengths ranging from C20 up to C38 or more. VLC acyl-CoAs are elongated from C16 and C18 long-chain fatty acids (LCFAs) synthesized in the plastid by the fatty acid synthase (FAS) complex. Plastidial saturated and monounsaturated C16 and C18 fatty acids are exported to the cytosol, where they are activated as acyl-CoAs by Long-Chain Acyl-CoA Synthetases (LACs). C16-and C18-CoA are then elongated into very-long-chain acyl-CoAs by the fatty acid elongation (FAE) complex. This complex consists of four enzymes localized in the reticulum endoplasmic membrane. Four sequential reactions lead to the addition of two carbon units: a condensation, a reduction, a dehydration and a final reduction, respectively, catalyzed by a β-Keto-acyl-CoA Synthase (KCS), a β-Keto-acyl-CoA Reductase (KCR), a 3-Hydroxyacyl-CoA Deshydratase (HCD) and an Enoyl-CoA Reductase (ECR). Different FAE complexes with different AtKCSs coexist in a same cell to produce VLC acyl-CoAs from C20 to C38. The resulting pool of acyl-CoAs is exploited towards the synthesis of different lipid categories such as membrane lipids (sphingolipids and phospholipids), surface lipids (cuticular waxes and suberin) and storage lipids (TAG). Abbreviations: ACP, acyl-carrier protein; CoA, Coenzyme A.

KCS18, initially called FAE1, was the very first FAE gene to be investigated and cloned in plants [START_REF] James | Directed Tagging of the Arabidopsis FATTY ACID ELONGA-TION1 (FAE1) Gene with the Maize Transposon Activator[END_REF]. The demonstration of its involvement in the biosynthesis of the VLCFA present in arabidopsis seeds storage lipids represents a major step towards our understanding of VLCFA elongation process in plants. In the last two decades, major findings on VLCFA synthesis in yeast allowed for the identification of the genes coding for KCR, HCD and ECR enzymes [START_REF] Beaudoin | A Saccharomyces Cerevisiae Gene Required for Heterologous Fatty Acid Elongase Activity Encodes a Microsomal β-Keto-Reductase[END_REF][START_REF] Kohlwein | Tsc13p Is Required for Fatty Acid Elongation and Localizes to a Novel Structure at the Nuclear-Vacuolar Interface In Saccharomyces Cerevisiae[END_REF][START_REF] Denic | A Molecular Caliper Mechanism for Determining Very Long-Chain Fatty Acid Length[END_REF], and subsequently their homologs in arabidopsis [START_REF] Beaudoin | Functional Characterization of the Arabidopsis β -Ketoacyl-Coenzyme A Reductase Candidates of the Fatty Acid Elongase[END_REF][START_REF] Bach | The Very-Long-Chain Hydroxy Fatty Acyl-CoA Dehydratase PASTICCINO2 Is Essential and Limiting for Plant Development[END_REF][START_REF] Zheng | Disruptions of the Arabidopsis Enoyl-CoA Reductase Gene Reveal an Essential Role for Very-Long-Chain Fatty Acid Synthesis in Cell Expansion during Plant Morphogenesis[END_REF]. Complementation assays of yeast mutants revealed that KCR1 and PASTICCINO2 (PAS2) Cells 2021, 10, 1284 5 of 26 encode functional KCR and HCD enzymes, respectively [START_REF] Beaudoin | Functional Characterization of the Arabidopsis β -Ketoacyl-Coenzyme A Reductase Candidates of the Fatty Acid Elongase[END_REF][START_REF] Bach | The Very-Long-Chain Hydroxy Fatty Acyl-CoA Dehydratase PASTICCINO2 Is Essential and Limiting for Plant Development[END_REF]. Complementation of the arabidopsis eceriferum10 (cer meaning "not bearing waxes", cer10) mutant and the yeast tsc13-1 elo2∆ mutant by expressing AtECR demonstrated that CER10 encodes a functional ECR [START_REF] Zheng | Disruptions of the Arabidopsis Enoyl-CoA Reductase Gene Reveal an Essential Role for Very-Long-Chain Fatty Acid Synthesis in Cell Expansion during Plant Morphogenesis[END_REF]. Phylogenetic analyses then emphasized the variable genetic diversity of the FAE components across different plant species. Whereas the ECR subunit is often encoded by a single-copy gene, the condensing enzyme KCS is usually encoded by a very large multi-copy gene family: 21 putative isoenzymes were identified in arabidopsis [START_REF] Joubès | The VLCFA Elongase Gene Family in Arabidopsis Thaliana: Phylogenetic Analysis, 3D Modelling and Expression Profiling[END_REF], 28 in maize (Zea mays) [START_REF] Campbell | A Single-Cell Platform for Reconstituting and Characterizing Fatty Acid Elongase Component Enzymes[END_REF], 30 in peanut (Arachis hypogea) [START_REF] Huai | Genome-Wide Identification of Peanut KCS Genes Reveals That AhKCS1 and AhKCS28 Are Involved in Regulating VLCFA Contents in Seeds[END_REF] and as much as 58 in rapeseed (Brassica napus) [START_REF] Xue | Genome-Wide Mining and Comparative Analysis of Fatty Acid Elongase Gene Family in Brassica Napus and Its Progenitors[END_REF]. Multiple-copy genes can encode the KCR and HCD components, but with a much lower diversity. In maize, ZmKCR1 and ZmKCR2 are both able to catalyze the reduction of 3-ketoacyl-CoA intermediates with different chain-length outcomes [START_REF] Campbell | A Single-Cell Platform for Reconstituting and Characterizing Fatty Acid Elongase Component Enzymes[END_REF][START_REF] Dietrich | Characterization of Two GL8 Paralogs Reveals That the 3-Ketoacyl Reductase Component of Fatty Acid Elongase Is Essential for Maize (Zea mays L.) Development[END_REF]. However, only one duplicated homolog from arabidopsis shows this catalytic potential [START_REF] Beaudoin | Functional Characterization of the Arabidopsis β -Ketoacyl-Coenzyme A Reductase Candidates of the Fatty Acid Elongase[END_REF]. The HCD component can either be a single-copy gene as in tomato (Solanum lycopersicum) and maize or multi-copy genes like in rice (Oryza sativa japonica; 6 genes) and sorghum (Sorghum bicolor; 3 genes; [START_REF] Campbell | A Single-Cell Platform for Reconstituting and Characterizing Fatty Acid Elongase Component Enzymes[END_REF]). In arabidopsis, PASTICCINO2 (PAS2) was characterized as the major HCD isoenzyme [START_REF] Bach | The Very-Long-Chain Hydroxy Fatty Acyl-CoA Dehydratase PASTICCINO2 Is Essential and Limiting for Plant Development[END_REF], but the PROTEIN TYROSIN PHOSPHATASE-LIKE (PTPLA) was later suggested as the HCD of specific FAE complexes expressed in vascular tissues that regulate endodermal VLCFA elongation by a yet-to-be-discovered non-cell autonomous mechanism [START_REF] Morineau | Dual Fatty Acid Elongase Complex Interactions in Arabidopsis[END_REF]. Overall, the rather low genetic diversity found in KCR, HCD and ECR genes suggests that these three subunits generate large ranges of VLCFA chain lengths through broad substrate specificities, while KCS enzymes determine the chainlength substrate specificity of each elongation reaction. Consistent with the assumption that KCR, HCD and ECR enzymes may be common to all FAE complexes, the total loss of KCR1 or PAS2 is embryo lethal, while the loss of CER10 or partial loss of KCR1 or PAS2 activity results in a severe reduction of all major classes of VLCFA-containing lipids (waxes, triacylglycerols and sphingolipids), causing major developmental impairments [START_REF] Beaudoin | Functional Characterization of the Arabidopsis β -Ketoacyl-Coenzyme A Reductase Candidates of the Fatty Acid Elongase[END_REF][START_REF] Bach | The Very-Long-Chain Hydroxy Fatty Acyl-CoA Dehydratase PASTICCINO2 Is Essential and Limiting for Plant Development[END_REF][START_REF] Zheng | Disruptions of the Arabidopsis Enoyl-CoA Reductase Gene Reveal an Essential Role for Very-Long-Chain Fatty Acid Synthesis in Cell Expansion during Plant Morphogenesis[END_REF]. In contrast, none of the kcs mutant showed lethality in arabidopsis.

In addition to the four core enzymes forming FAE complex, other proteins were shown to play important functions, including CER2-LIKE proteins, a group of five proteins homologous to BAHD acyltransferases [START_REF] Haslam | Arabidopsis ECERIFERUM2-LIKEs Are Mediators of Condensing Enzyme Function[END_REF]. CER2 was first investigated in the mutant eceriferum2 (cer2) deficient in specific VLCFA-derived waxes longer than C28. Despite being homologous to BAHD acyltransferases family (BAHD for BEAT, AHCT, HCBT, and DAT family of proteins), the conserved amino acids of the acyltransferase catalytic site are not required for CER2-LIKE proteins activity in cuticular wax biosynthesis [START_REF] Haslam | Arabidopsis ECERIFERUM2-LIKEs Are Mediators of Condensing Enzyme Function[END_REF][START_REF] Haslam | Arabidopsis ECERIFERUM2 Is a Component of the Fatty Acid Elongation Machinery Required for Fatty Acid Extension to Exceptional Lengths[END_REF]. The variable product specificity of CER2-LIKE proteins has been deciphered using yeast as heterologous system. Co-expression of CER2-LIKE proteins with KCS6 or KCS5 leads to different VLCFAs accumulation profiles. CER2-LIKE4 seems to be involved in the elongation of C26 into C28, CER2 and CER2-LIKE3 modulate KCS6 elongation specificity to produce C30 VLCFAs, while CER2-LIKE2 enables the elongation of VLCFAs up to C32 and CER2-LIKE1 up to C34 VLCFAs (Figure 2; [START_REF] Haslam | Arabidopsis ECERIFERUM2-LIKEs Are Mediators of Condensing Enzyme Function[END_REF][START_REF] Haslam | ECERIFERUM2-LIKE Proteins Have Unique Biochemical and Physiological Functions in Very-Long-Chain Fatty Acid Elongation[END_REF]). How these CER2-LIKE proteins affect KCS chain length specificity remains to be e lucidated. The arabidopsis PAS1 and AKR2A proteins, which are molecular chaperones, are other examples of FAE complex regulators that are known to target protein complexes and regulate their assembly or activity [START_REF] Roudier | Very-Long-Chain Fatty Acids Are Involved in Polar Auxin Transport and Developmental Patterning in Arabidopsis[END_REF][START_REF] Chen | AKR2A Interacts with KCS1 to Improve VLCFAs Contents and Chilling Tolerance of Arabidopsis Thaliana[END_REF].

Arabidopsis KCS Multigenic Family

As stated above, 21 KCS genes are present in the genome of arabidopsis, and the exact biochemical activity and in planta function of the encoded proteins have been mainly studied through heterologous expression in yeast and characterization of Arabidopsis mutant lines.

Since the yeast VLCFA elongation system is very similar to plant FAE complex, several AtKCSs have been shown to be active in yeast wild-type and ∆elo3 backgrounds, and the chain length of the VLCFA they produce could be determined in vivo [START_REF] Trenkamp | Specific and Differential Inhibition of Very-Long-Chain Fatty Acid Elongases from Arabidopsis Thaliana by Different Herbicides[END_REF][START_REF] Tresch | Inhibition of Saturated Very-Long-Chain Fatty Acid Biosynthesis by Mefluidide and Perfluidone, Selective Inhibitors of 3-Ketoacyl-CoA Synthases[END_REF] or in vitro [START_REF] Paul | Members of the Arabidopsis FAE1-like 3-Ketoacyl-CoA Synthase Gene Family Substitute for the Elop Proteins of Saccharomyces Cerevisiae[END_REF][START_REF] Blacklock | Substrate Specificity of Arabidopsis 3-Ketoacyl-CoA Synthases[END_REF]. Functional characterization of AtKCSs chain-length specificity has been thoroughly investigated by Tresh and coworkers [START_REF] Tresch | Inhibition of Saturated Very-Long-Chain Fatty Acid Biosynthesis by Mefluidide and Perfluidone, Selective Inhibitors of 3-Ketoacyl-CoA Synthases[END_REF]. Nevertheless, although they Cells 2021, 10, 1284 6 of 26 expressed 17 out of 21 AtKCS in yeast, they could confirm the activity of only 7 of them: KCS1 and KCS18, which mainly produced C20 and C22 VLCFA; KCS2 and KCS20, mainly producing C22 and C24 VLCFA; KCS5 and KCS6, mainly producing C24 to C28 VLCFA; and KCS17, mainly producing C24 VLCFA (Figure 2). Another KCS from arabidopsis was more recently characterized in yeast as Hegebarth and coworkers [START_REF] Hegebarth | Arabidopsis Ketoacyl-CoA Synthase 16 (KCS16) Forms C36/C38 Acyl Precursors for Leaf Trichome and Pavement Surface Wax[END_REF] showed that AtKCS16 was able to produce VLCFA up to 38 carbons when co-expressed with KCS6 and CER2-LIKE1, which most probably provided the required C34 acyl-CoA substrate (Figure 2). Finally, in vitro assays using microsomes isolated from yeast expressing an arabidopsis KCS confirmed the chain length specificity of KCS1, 2, 18 and 20, and showed in addition the capacity of KCS9 to produce C22 and C24 VLCFA [START_REF] Paul | Members of the Arabidopsis FAE1-like 3-Ketoacyl-CoA Synthase Gene Family Substitute for the Elop Proteins of Saccharomyces Cerevisiae[END_REF][START_REF] Blacklock | Substrate Specificity of Arabidopsis 3-Ketoacyl-CoA Synthases[END_REF]. Using such strategy, Blackblock and Jaworsky [START_REF] Blacklock | Substrate Specificity of Arabidopsis 3-Ketoacyl-CoA Synthases[END_REF] were unable to unravel the activity of several KCS tested (KCS3,[START_REF] Trinh | PUCHI Regulates Very Long Chain Fatty Acid Biosynthesis during Lateral Root and Callus Formation[END_REF][START_REF] Haslam | Extending the Story of Very-Long-Chain Fatty Acid Elongation[END_REF]16 and 19) and showed only very minor differences in the yeast fatty acid profile when expressing KCS11 and 17, whose chain length specificities remain unclear.

The physiological characterization of arabidopsis kcs T-DNA mutant lines allowed not only for determining the chain length specificity o f c ertain K CS b ut a lso t he main plant lipid pools affected in the mutant plant. Often, the impacted lipid pool correlated well with the spatiotemporal expression of the studied KCS. In agreement with the seed specific expression of KCS18/FAE1 and its heterologous expression in yeast leading to the accumulation of saturated and monounsaturated C20 and C22 VLCFA products, seed storage lipids from the kcs18/fae1 mutant were nearly free of C20 and C22 VLCFA [START_REF] James | Directed Tagging of the Arabidopsis FATTY ACID ELONGA-TION1 (FAE1) Gene with the Maize Transposon Activator[END_REF]. The kcs6/cer6/cut1 mutant was shown to display one of the most severe waxless phenotype with stems completely devoid of wax crystals, a 90% decrease in stem wax content, and an accumulation of C24 and C26 derivatives at the expense of the longer typical wax compounds found in the wild type background [START_REF] Millar | CUT1, an Arabidopsis Gene Required for Cuticular Wax Biosynthesis and Pollen Fertility, Encodes a Very-Long-Chain Fatty Acid Condensing Enzyme[END_REF]. This phenotype perfectly fits with KCS6 catalyzing in yeast the production of C26 and C28 VLCFA [START_REF] Trenkamp | Specific and Differential Inhibition of Very-Long-Chain Fatty Acid Elongases from Arabidopsis Thaliana by Different Herbicides[END_REF] and being highly expressed in epidermal tissues [START_REF] Hooker | Significance of the Expression of the CER6 Condensing Enzyme for Cuticular Wax Production in Arabidopsis[END_REF]. AtKCS2 and 20 were shown to be highly expressed in root endodermis, and the kcs2 and kcs20 single mutants had reduced levels of C22 monomers in suberin [START_REF] Franke | The DAISY Gene from Arabidopsis Encodes a Fatty Acid Elongase Condensing Enzyme Involved in the Biosynthesis of Aliphatic Suberin in Roots and the Chalaza-Micropyle Region of Seeds[END_REF][START_REF] Lee | Two Arabidopsis 3-Ketoacyl CoA Synthase Genes, KCS20 and KCS2/DAISY, Are Functionally Redundant in Cuticular Wax and Root Suberin Biosynthesis, but Differentially Controlled by Osmotic Stress[END_REF], in line with the results obtained in in vitro and in vivo yeast assays [START_REF] Trenkamp | Specific and Differential Inhibition of Very-Long-Chain Fatty Acid Elongases from Arabidopsis Thaliana by Different Herbicides[END_REF][START_REF] Tresch | Inhibition of Saturated Very-Long-Chain Fatty Acid Biosynthesis by Mefluidide and Perfluidone, Selective Inhibitors of 3-Ketoacyl-CoA Synthases[END_REF][START_REF] Paul | Members of the Arabidopsis FAE1-like 3-Ketoacyl-CoA Synthase Gene Family Substitute for the Elop Proteins of Saccharomyces Cerevisiae[END_REF]. Similarly, the kcs1 mutant showed reduced levels of C20 and C22 VLCFA and derivatives in roots, while C16 and C18 fatty acids increased, as expected, from the results obtained through heterologous expression in yeast [START_REF] Trenkamp | Specific and Differential Inhibition of Very-Long-Chain Fatty Acid Elongases from Arabidopsis Thaliana by Different Herbicides[END_REF][START_REF] Tresch | Inhibition of Saturated Very-Long-Chain Fatty Acid Biosynthesis by Mefluidide and Perfluidone, Selective Inhibitors of 3-Ketoacyl-CoA Synthases[END_REF][START_REF] Todd | KCS1 Encodes a Fatty Acid Elongase 3-Ketoacyl-CoA Synthase Affecting Wax Biosynthesis in Arabidopsis Thaliana[END_REF]. The kcs1 mutant also displayed decreased levels of certain C26 to C30 wax compounds [START_REF] Todd | KCS1 Encodes a Fatty Acid Elongase 3-Ketoacyl-CoA Synthase Affecting Wax Biosynthesis in Arabidopsis Thaliana[END_REF]. Nevertheless, this phenotype is most probably not directly due to the chain length specificity of AtKCS1 but rather to a lower substrate pool for KCS6 in the kcs1 background. Finally, acyl-CoA profiling of kcs9 roots showed a slight accumulation of 22:0-CoA species [START_REF] Kim | Arabidopsis 3-Ketoacyl-Coenzyme A Synthase9 Is Involved in the Synthesis of Tetracosanoic Acids as Precursors of Cuticular Waxes, Suberins, Sphingolipids, and Phospholipids[END_REF], in agreement with the KCS9 chain length specificity deduced from in vitro yeast assays [START_REF] Paul | Members of the Arabidopsis FAE1-like 3-Ketoacyl-CoA Synthase Gene Family Substitute for the Elop Proteins of Saccharomyces Cerevisiae[END_REF]. The characterization of the various lipid pools containing VLCFA and derivatives in the kcs9 mutant showed in addition that cuticular waxes, root suberin, sphingolipids and phospholipids compositions were all affected [START_REF] Kim | Arabidopsis 3-Ketoacyl-Coenzyme A Synthase9 Is Involved in the Synthesis of Tetracosanoic Acids as Precursors of Cuticular Waxes, Suberins, Sphingolipids, and Phospholipids[END_REF], suggesting that the VLCFA produced by KCS9 are subsequently been used in many lipid biosynthetic pathways. Very recently, AtKCS4 was shown to be involved in the elongation of VLCFA with more than 24 carbons and to be important for pollen tube and root growth [START_REF] Kim | Arabidopsis 3-Ketoacyl-CoA Synthase 4 Is Essential for Root and Pollen Tube Growth[END_REF]. Looking at the lipid phenotype of arabidopsis kcs mutants to unravel chain length specificity can nevertheless lead to conflicting results. Whereas Hegebarth and coworkers [START_REF] Hegebarth | Arabidopsis Ketoacyl-CoA Synthase 16 (KCS16) Forms C36/C38 Acyl Precursors for Leaf Trichome and Pavement Surface Wax[END_REF] reported that AtKCS16 could be involved in the production C36 and C38 carbons acyl precursors for leaf trichome and pavement surface wax, results from Lv and coworkers [START_REF] Lv | MPK14-Mediated Auxin Signaling Controls Lateral Root Development via ERF13-Regulated Very-Long-Chain Fatty Acid Biosynthesis[END_REF] suggest that AtKCS16 produces C22 and C24 VLCFA important to support lateral root development. It is nevertheless possible that other proteins, like the CER2-like proteins, allow AtKCS16 to produce both VLCFA chain lengths.

Altogether, the chain-length specificity was characterized for 2 AtKCSs by heterologous expression in yeast, for 2 others by lipid phenotyping of arabidopsis kcs mutants, and for 6 AtKCS by both approaches. Several important conclusions can in addition be drawn from the many studies on AtKCS conducted in yeast or in planta. First, they collectively gave clues about the catalytic activity of only 10 AtKCS, the products generated by the other 10 as well as their physiological roles in planta remaining completely unknown. Second, each KCS seemingly completes only a limited number of elongation cycles [START_REF] Roudier | Very-Long-Chain Fatty Acids Are Involved in Polar Auxin Transport and Developmental Patterning in Arabidopsis[END_REF][START_REF] Nobusawa | Synthesis of Very-Long-Chain Fatty Acids in the Epidermis Controls Plant Organ Growth by Restricting Cell Proliferation[END_REF] so that the elongation of VLCFAs from C20 to C28 relies on different KCS with overlapping substrate specificities (Figure 2). Third, functional redundancy occurs between the different AtKCSs. Despite very strong homologies in their amino acid sequences, a phylogenic analysis sorted AtKCS proteins in eight subclasses [START_REF] Joubès | The VLCFA Elongase Gene Family in Arabidopsis Thaliana: Phylogenetic Analysis, 3D Modelling and Expression Profiling[END_REF], which may share some substrate specificity. For example, KCS2 and KCS20, both producing C20 to C24 VLCFA, group in clade ζ; KCS9, KCS4 and KCS17, producing C22 to C26 VLCFA, group in clade α; and KCS5 and KCS6, both producing C24 to C28 VLCFA, group in clade γ. Fourth, most AtKCSs are broadly expressed and involved in various lipid biosynthetic pathways. Indeed, only a very few KCS, such as KCS6, which are highly expressed in the epidermis of aerial organs, or KCS18, whose expression is seed-specific, seem to produce VLCFA for a restricted function.

Overlapping substrate specificities and expression patterns lead to functional redundancy, which most probably prevents determining the exact biochemical activity and in planta function of most AtKCS.

Lipids Incorporating VLCFAs

To illustrate the importance and distribution of VLCFAs in plants, we quantified all fatty acid and fatty acid derivatives in different tissues of arabidopsis using GC-MS and -FID for identification and quantification, respectively. Data for roots and stems were calculated from a previous study [START_REF] Delude | Primary Fatty Alcohols Are Major Components of Suberized Root Tissues of Arabidopsis in the Form of Alkyl Hydroxycinnamates[END_REF], while new analyses were performed for leaves and dried seeds for this study. For global acyl-chain profiling, tissues were directly transmethylated in 5% sulfuric acid in methanol for 3 h at 85 • C, and the released acylchains were extracted and silylated before GC analysis. This procedure allows for an estimation of all the major acyl-chains present either in classical membrane phospholipids (as unmodified fatty acid), in the sphingolipids of the plasma membrane (as 2-hydroxy fatty acids) or in surface lipids (as waxes and cutin/suberin monomers). As shown in Figure 3A, VLCFA and derivatives accounted for 29 to 40% of all acyl-chains in most tissues, with the exception of leaves where their content was only 5% of the total due to the preponderance of thylakoid membranes rich in C16 and C18 polyunsaturated fatty acids in chloroplastidic lipids. The high proportions of VLCFA and derivatives in roots and stems is related to their very active metabolism in surface lipids (for suberin and cuticular wax biosynthesis, respectively), which resulted in surface lipids accounting for 50 to 63 and 76% of all VLCFA present in roots and stems, respectively (Figure 3C). Similarly, arabidopsis seeds containing high proportions of VLC monounsaturated fatty acids in storage TAGs, which represent by far the major lipid pool of seeds, 97% of the VLCFA present in seeds, were in storage lipids (Figure 3C). [START_REF] Delude | Primary Fatty Alcohols Are Major Components of Suberized Root Tissues of Arabidopsis in the Form of Alkyl Hydroxycinnamates[END_REF]. Note that for roots, the suberin polymer and soluble lipids were isolated and separately analyzed, while for stems waxes were first extracted, and waxes and dewaxed stem were separately quantified. For leaves and dried seeds global acyl-chain profiling, acyl-chain was released by transmethylation in 5% sulfuric acid in methanol for 3 h at 85 • C and silylated before GC analysis as for dewaxed stems in Delude et al. [START_REF] Lv | MPK14-Mediated Auxin Signaling Controls Lateral Root Development via ERF13-Regulated Very-Long-Chain Fatty Acid Biosynthesis[END_REF]. Unmodified C20 to C24 VLCFA were considered as phospho-or storage lipids, 2-hydroxy VLCFA as sphingolipids VLCFA, and typical waxes and suberin monomers as surface lipids VLCFA. For leaves and stems, the chain-length of the products from the decarbonylation pathway was considered as n + 1 (i.e., alkane C29 was counted in C30 VLCFA and derivatives). Arabidopsis organs also differed in terms of VLCFA and derivatives chain length (Figure 3C). In roots, the VLCFA and derivatives content as well as its proportion in surface lipids increased with root aging (Figure 3A,C), in agreement with the predominant role of suberin in root global lipid metabolism [START_REF] Delude | Primary Fatty Alcohols Are Major Components of Suberized Root Tissues of Arabidopsis in the Form of Alkyl Hydroxycinnamates[END_REF]. Therefore, C22, which is globally (i.e., unmodified and in the form of ω-hydroxy fatty acid, α,ω-dicarboxylic acid and fatty alcohol) [START_REF] Domergue | Three Arabidopsis Fatty Acyl-Coenzyme A Reductases, FAR1, FAR4, and FAR5, Generate Primary Fatty Alcohols Associated with Suberin Deposition[END_REF] the most abundant VLC-length in arabidopsis roots suberin was also the major root VLC-length detected (Figure 3B). C20 and C24 also represented abundant VLClengths in roots. Such chain lengths are present in several lipid pools like membrane lipids (as unmodified chain), sphingolipids (as 2-hydroxy derivatives) and suberin. In leaves, sphingolipids and membrane lipids together accounted for about 65% of all the VLCFA and derivatives, while surface lipids contained 35% of the total (Figure 3C). In agreement, C24, which is the major VLCFA found in both membrane lipids and sphingolipids, was the most abundant VLC-length in leaves, representing about 40% of the total. In addition, significant amounts of VLCFA and derivatives with 26 to 32 carbons, corresponding to cuticular waxes, were detected (Figure 3B). In arabidopsis, stems are heavily covered with crystal waxes and generally contain about 16 times more epicuticular waxes than leaves, about 80% of these being 29 carbons-long and issued from the decarbonylation pathway [START_REF] Li-Beisson | Acyl-Lipid Metabolism[END_REF]. Consequently, epicuticular waxes represented about 76% of all VLCFA and derivatives present in stems, and C30 was by far the most abundant chain-length (60% of the total). C24, either present in membrane phospholipids or sphingolipids, was the next most abundant chain length found in stems. Finally, in arabidopsis seeds, storage lipids in the form of TAG, which are much more abundant than all other lipid pools, were particularly rich in C20 and C22, which together accounted for about 95% of the total VLCFAs (Figure 3A,C). In addition, traces of suberin monomers (C22 and C24 ω-hydroxy fatty acid, α,ω-dicarboxylic acid) and of 2-hydroxy fatty acids from sphingolipids (C22 to C26) were also detected. Nevertheless, cuticular waxes present at the surface of the seeds could not be detected by this procedure because of their too low abundance.

Altogether, these data show that VLCFA and derivatives generally represent an important part of arabidopsis acyl-chain metabolism (Figure 3A), and that the different organs differ in terms of proportions as well as in the lipid pools containing these compounds (Figure 3C). The VLC-length distribution of the different organs (Figure 3B) reflects the major VLCFA and derivatives pools present in the organ under consideration (Figure 3C), but all organs contain substantial amounts of C22, C24 and C26-chain length due to the ubiquitous presence of phosphatidylserine and sphingolipids.

VLCFA-Derived Surface Lipids Constitute the Border between Plants and Its Surrounding Environment

Role of Cutin and Waxes in Aerial Plant Responses to Abiotic and Biotic Stresses

A major sink for VLCFA is the cuticle produced by epidermal cells and covering all the aerial organs of plants. Although the primary function of the cuticle is to limit non-stomatal water loss, its strategic positioning at the plant/air interface makes the cuticle a major player in plant/environment interactions such as responses to drought, high-dose visible light and UV radiation and pathogen or insect attacks [START_REF] Shepherd | The Effects of Stress on Plant Cuticular Waxes[END_REF]. The protective capacities of the cuticle are based on the physical and biochemical properties of its two highly hydrophobic components, cutin and cuticular waxes, which are finely assembled ultrastructurally in several layers [START_REF] Ingram | The Roles of the Cuticle in Plant Development: Organ Adhesions and Beyond[END_REF]. The cutin polymer, with embedded intracuticular waxes, constitutes the cuticle proper and is connected to the cell wall by a cuticular layer made of cutin and polysaccharides. Covering the cutin matrix, the outermost layer of the cuticle is composed of epicuticular waxes that can form wax crystal microstructures. Cuticle synthesis starts in early stages of embryo development and is tightly co-regulated with plant growth to provide constant cuticle deposition [START_REF] Delude | Plant Surface Lipids and Epidermis Development[END_REF]. Although the biochemical composition and the thickness of the cuticle vary among different plant species and/or among organs and developmental stages, a set of primary compounds is ubiquitously found in plant cuticles. Cutin, which provides the main mechanical strength of the cuticle, is a three-dimensional biopolyester of C16 and C18 polyhydroxy-and epoxyhydroxy-fatty acids cross-esterified to each other or via glycerol backbones, and usually poor in VLCFA and derivatives [START_REF] Fich | The Plant Polyester Cutin: Biosynthesis, Structure, and Biological Roles[END_REF]. In contrast, cuticular waxes consist of a complex mixture of homologue series of VLCFA and derivatives, as well as non-acyl lipid cyclic components including terpenoids and flavonoids [START_REF] Bernard | Arabidopsis Cuticular Waxes: Advances in Synthesis, Export and Regulation[END_REF][START_REF] Lee | Advances in the Understanding of Cuticular Waxes in Arabidopsis Thaliana and Crop Species[END_REF][START_REF] Buschhaus | Composition Differences between Epicuticular and Intracuticular Wax Substructures: How Do Plants Seal Their Epidermal Surfaces[END_REF][START_REF] Hegebarth | Cuticular Waxes of Arabidopsis Thaliana Shoots: Cell-Type-Specific Composition and Biosynthesis[END_REF].

If VLCFA can be directly incorporated in the form of free fatty acids into cuticular waxes, they are mainly converted into a large number of derivatives such as alkanes, aldehydes, ketones, alcohols and esters before being incorporated into the cuticle. In other words, although VLCFA are precursors of all aliphatic wax components, their abundance in cuticular waxes is highly variable according to the plant species considered. For example, VLCFA account only for about 2 and 8% of all aliphatic compounds in arabidopsis stem and leaf waxes, respectively [START_REF] Li-Beisson | Acyl-Lipid Metabolism[END_REF], but represent the most abundant acyl-chain class in Sorghum sheath (42.8% of the total, [START_REF] Xiao | Chemical Profiles of Cuticular Waxes on Various Organs of Sorghum Bicolor and Their Antifungal Activities[END_REF]). For cuticular wax biosynthesis, VLC-acyl-CoAs derived from fatty acid elongation are converted into several aliphatic derivatives through two distinct pathways: the alcohol-forming pathway and the alkane-forming pathway [START_REF] Bernard | Arabidopsis Cuticular Waxes: Advances in Synthesis, Export and Regulation[END_REF] (Figures 1 and2). The alcohol-forming pathway produces even-numbered fatty alcohols and wax esters, while the alkane-forming pathway produces aldehydes and odd-chain numbered alkanes, secondary alcohols and ketones. In arabidopsis, primary alcohols, with chain-length of 26 to 32 carbons, account for 12-14% of total waxes, whereas alkyls esters, with chain-length ranging from C38 to C48, are only minor components (<5%). In contrast, alkanes and derivatives, with chain length predominantly between 27 and 33 carbons, account for more than 80% of the total wax amounts. In arabidopsis, alkanes are major components representing up to 70% of the total waxes in rosette leaves [START_REF] Bernard | Arabidopsis Cuticular Waxes: Advances in Synthesis, Export and Regulation[END_REF]. Once produced in the endoplasmic reticulum, all these wax molecules are transported to the plasma membrane, secreted and cross the cell wall to form the outermost layer of epidermal cells.

Wax component chain-lengths vary from 24 to 38 carbons, suggesting that VLCFA precursors originate from various elongase complexes. Several KCS have been shown to be involved in wax synthesis in arabidopsis and crops (KCS1, KCS2, KCS6, KCS9, KCS10, KCS16 and KCS20) [START_REF] Haslam | Extending the Story of Very-Long-Chain Fatty Acid Elongation[END_REF][START_REF] Lee | Advances in the Understanding of Cuticular Waxes in Arabidopsis Thaliana and Crop Species[END_REF][START_REF] Hegebarth | Arabidopsis Ketoacyl-CoA Synthase 16 (KCS16) Forms C36/C38 Acyl Precursors for Leaf Trichome and Pavement Surface Wax[END_REF]. Additional genes, KCS3, KCS5, KCS8, KCS12 and KCS19, showed high expression in young stem epidermal cells [START_REF] Suh | Cuticular Lipid Composition, Surface Structure, and Gene Expression in Arabidopsis Stem Epidermis[END_REF] that actively produce cuticular waxes but have not been functionally characterized. Based on expression patterns, mutant phenotypes and biochemical characterization, KCS6 appears to be the major KCS involved in the elongation of fatty acids longer than 26 carbons for the production of cuticular waxes. Indeed, a major reduction of KCS6 activity in cer6 mutants or transgenic plants nearly abolishes wax accumulation in arabidopsis stems and results in conditional male sterility suggesting no functional overlap of KCS6 with other KCS [START_REF] Millar | CUT1, an Arabidopsis Gene Required for Cuticular Wax Biosynthesis and Pollen Fertility, Encodes a Very-Long-Chain Fatty Acid Condensing Enzyme[END_REF][START_REF] Fiebig | Alterations in CER6, a Gene Identical to CUT1, Differentially Affect Long-Chain Lipid Content on the Surface of Pollen and Stems[END_REF]. However, heterologous expression of KCS6 in yeast was found to only produce fatty acids up to 28 carbons [START_REF] Haslam | ECERIFERUM2-LIKE Proteins Have Unique Biochemical and Physiological Functions in Very-Long-Chain Fatty Acid Elongation[END_REF]. The characterization of the CER2-LIKEs gene family in arabidopsis, but also in rice, lotus, maize or poplar, has revealed that proteins encoded by these genes physically interact with the FAE components and play a key role in specifically modifying the chain-length specificity of KCS6, enabling the production of VLCFA longer than 28 carbons [START_REF] Xue | Genome-Wide Mining and Comparative Analysis of Fatty Acid Elongase Gene Family in Brassica Napus and Its Progenitors[END_REF][START_REF] Morineau | Dual Fatty Acid Elongase Complex Interactions in Arabidopsis[END_REF][START_REF] Wang | A β-Ketoacyl-CoA Synthase Is Involved in Rice Leaf Cuticular Wax Synthesis and Requires a CER2-LIKE Protein as a Cofactor[END_REF][START_REF] Yang | Evolutionarily Conserved Function of the Sacred Lotus (Nelumbo Nucifera Gaertn.) CER2-LIKE Family in Very-Long-Chain Fatty Acid Elongation[END_REF][START_REF] Alexander | Maize Glossy2 and Glossy2-like Genes Have Overlapping and Distinct Functions in Cuticular Lipid Deposition[END_REF][START_REF] Gonzales-Vigil | Understanding the Role of Populus ECERIFERUM2-Likes in the Biosynthesis of Very-Long-Chain Fatty Acids for Cuticular Waxes[END_REF].

Consistent with the numerous roles played by the cuticle in plant/environment interactions, the amount of cuticular wax is highly regulated in response to environmental constraints (reviewed in [START_REF] Shepherd | The Effects of Stress on Plant Cuticular Waxes[END_REF][START_REF] Lewandowska | Wax Biosynthesis in Response to Danger: Its Regulation upon Abiotic and Biotic Stress[END_REF]). Water deprivation, osmotic stress and ABA treatments have been shown to enhance wax accumulation through transcriptional regulation of arabidopsis wax metabolism [START_REF] Kosma | The Impact of Water Deficiency on Leaf Cuticle Lipids of Arabidopsis[END_REF]. Specifically, light and osmotic stresses have been shown to up-regulate KCS6 expression [START_REF] Hooker | Significance of the Expression of the CER6 Condensing Enzyme for Cuticular Wax Production in Arabidopsis[END_REF], while several other KCS as well as CER10 and KCR1 transcripts have been shown to accumulate under NaCl, dehydration and mannitol treatments, and to decrease under low temperature and darkness conditions [START_REF] Joubès | The VLCFA Elongase Gene Family in Arabidopsis Thaliana: Phylogenetic Analysis, 3D Modelling and Expression Profiling[END_REF]. Since modification of KCS gene expression affects plant stress response, KCS not only play an important role in the synthesis of VLCFA precursors involved in wax synthesis but also in stress tolerance. For instance, arabidopsis kcs1 mutants showed less resistance to low humidity conditions at a young age [START_REF] Todd | KCS1 Encodes a Fatty Acid Elongase 3-Ketoacyl-CoA Synthase Affecting Wax Biosynthesis in Arabidopsis Thaliana[END_REF], while overexpression of BnKCS1-1 or BnKCS1-2 promotes wax production and increases drought tolerance in rapeseed by reducing water loss [START_REF] Wang | Overexpression of BnKCS1-1, BnKCS1-2, and BnCER1-2 Promotes Cuticular Wax Production and Increases Drought Tolerance in Brassica Napus[END_REF]. Transgenic peanut Cells 2021, [START_REF] Markham | Plant Sphingolipids: Function Follows Form[END_REF]1284 plants overexpressing AhKCS1 showed increase in wax content and reduction in water loss compared to non-transgenic plants, suggesting that AhKCS1 plays a major role in peanut drought stress response [START_REF] Lokesh | Overexpression of SS-Ketoacyl Co-A Synthase1 Gene Improves Tolerance of Drought Susceptible Groundnut (Arachis Hypogaea L.) Cultivar K-6 by Increased Leaf Epicuticular Wax Accumulation[END_REF]. Similarly, transgenic arabidopsis plants ectopically expressing a navel orange (Citrus sinensis) KCS6 (CsKCS6) displayed increased survival under drought and salt stress treatment [START_REF] Guo | Ectopic Expression of CsKCS6 From Navel Orange Promotes the Production of Very-Long-Chain Fatty Acids (VLCFAs) and Increases the Abiotic Stress Tolerance of Arabidopsis Thaliana[END_REF], while barley HvKCS6 mutants showed a slightly better growth rate in water limitation conditions [START_REF] Weidenbach | Shoot and Root Phenotyping of the Barley Mutant Kcs6 (3-Ketoacyl-CoA Synthase6) Depleted in Epicuticular Waxes under Water Limitation[END_REF]. Moreover, arabidopsis transgenic plants co-overexpressing KCS1 and AKR2A exhibited a greater chilling tolerance than the plants overexpressing AKR2A or KCS1 alone, as well as the wild type, whereas akr2a kcs1 double mutants showed the poorest performance under chilling conditions [START_REF] Chen | AKR2A Interacts with KCS1 to Improve VLCFAs Contents and Chilling Tolerance of Arabidopsis Thaliana[END_REF]. These results indicate that KCS1 and AKR2A are involved in chilling tolerance via modification of VLCFA biosynthesis. Finally, VLCFA-derived wax components were also shown to affect plant response to biotic stress since mutation in HvKCS1 and HvKCS6 in barley influenced the water barrier properties of the cuticle, which in turn affected the germination of barley powdery mildew fungus [START_REF] Weidenbach | Evolutionary Conserved Function of Barley and Arabidopsis 3-KETOACYL-CoA SYNTHASES in Providing Wax Signals for Germination of Powdery Mildew Fungi[END_REF][START_REF] Li | The β-Ketoacyl-CoA Synthase HvKCS1, Encoded by Cer-Zh, Plays a Key Role in Synthesis of Barley Leaf Wax and Germination of Barley Powdery Mildew[END_REF].

Despite the fact that the regulatory network controlling VLCFA biosynthesis is not fully known, several transcription factors involved in this regulation have been characterized. Data obtained from Kosma and co-workers [START_REF] Kosma | The Impact of Water Deficiency on Leaf Cuticle Lipids of Arabidopsis[END_REF] revealed a correlated up-regulation of cuticle-associated genes by water deprivation and ABA treatments, indicating that this phytohormone is likely to mediate the drought signal to wax biosynthesis. Characterization of the MYB96 transcription factor provided evidence for its function in ABA dependent regulation of wax synthesis during water stress in arabidopsis and Camelina sativa [START_REF] Seo | The MYB96 Transcription Factor Regulates Cuticular Wax Biosynthesis under Drought Conditions in Arabidopsis[END_REF][START_REF] Seo | The MYB96 Transcription Factor Mediates Abscisic Acid Signaling during Drought Stress Response in Arabidopsis[END_REF][START_REF] Lee | Overexpression of Arabidopsis MYB96 Confers Drought Resistance in Camelina Sativa via Cuticular Wax Accumulation[END_REF]. MYB96 has a strong impact on plant tolerance to abiotic stresses and regulates a variety of ABA responses, including lateral root development, stomatal movement, hormone biosynthesis and cuticular wax biosynthesis. Under drought conditions, MYB96 enhances the expression of several wax-associated genes and notably VLCFA elongase component encoding genes such as KCS1, KCS2, KCS6 and KCR1, by directly binding to the consensus motifs of their promoters [START_REF] Seo | The MYB96 Transcription Factor Regulates Cuticular Wax Biosynthesis under Drought Conditions in Arabidopsis[END_REF]. Another transcription factor that is increased by drought and ABA treatment, MYB94, has also been reported as a positive regulator associated with wax biosynthesis, its direct target genes being KCS2, CER2 and ECR [START_REF] Lee | Cuticular Wax Biosynthesis Is Up-Regulated by the MYB94 Transcription Factor in Arabidopsis[END_REF]. In maize, mutation of ZmMYB94 altered cutin and wax biosynthesis at the coleoptile stage and resulted in fusion events between juvenile leaves [START_REF] Castorina | Drought-Responsive ZmFDL1/MYB94 Regulates Cuticle Biosynthesis and Cuticle-Dependent Leaf Permeability[END_REF]. Transcriptomic analysis of this mutant further showed that many genes involved in waxes and cutin biosynthesis and export were downregulated, including several genes from FAE complexes. This set of data collectively indicates that MYB94 and MYB96 exert an additive positive effect on cuticular wax biosynthesis, which represents an efficient adaptive mechanism of response to drought in plants [START_REF] Lee | MYB94 and MYB96 Additively Activate Cuticular Wax Biosynthesis in Arabidopsis[END_REF]. Conversely, diurnally controlled DEWAX encoding an AP2/ERFtype transcription factor was reported to regulate wax biosynthesis negatively during daily dark/light cycles [START_REF] Go | Arabidopsis Cuticular Wax Biosynthesis Is Negatively Regulated by the DEWAX Gene Encoding an AP2/ERF-Type Transcription Factor[END_REF]. Then in the dark, DEWAX represses the expression of several wax-associated genes and VLCFA elongation related genes such as KCS1, KCS2, KCS6, KCR1, ECR and CER2. DEWAX was shown to directly bind to the ECR promoter by ChIP assay [START_REF] Go | Arabidopsis Cuticular Wax Biosynthesis Is Negatively Regulated by the DEWAX Gene Encoding an AP2/ERF-Type Transcription Factor[END_REF].

Role of Suberin in Plant Responses to Abiotic and Biotic Stresses

Another important lipid pool comprising considerable amounts of VLCFA and derivatives is suberin [START_REF] Franke | Apoplastic Polyesters in Arabidopsis Surface Tissues-A Typical Suberin and a Particular Cutin[END_REF]. Suberin is another plant surface lipid barrier, which also comprises a biopolyester mainly made of oxygenated fatty acids and associated soluble waxes. Nevertheless, in contrast to the cuticle, suberin also contains a polyphenolic domain mainly composed of ferulic acid and is deposited close to the plasma membrane on the inner face of primary walls [START_REF] Pollard | Building Lipid Barriers: Biosynthesis of Cutin And Suberin[END_REF]. Suberin deposition occurs in root endodermal and periderm cell walls, in the seed coat protecting the embryo of seeds, in the bark of the cork oak (Quercus suber) tree and in specialized underground storage organs such as potato (Solanum tuberosum) tubers. Suberin deposition is also visible on the surface of fruits like apples and pears russeting varieties and in certain melons displaying suberized regions forming patterns of reticulation. Finally, suberin is produced as a healing polymer in response to mechanical stress and in abscission zones.

While absent in cutin polyesters, VLCFA and derivatives such as VLC-fatty alcohols, -ω-hydroxy acids and -dicarboxylic acids are considered to be indicative of suberin. In arabidopsis, C20 and C22 VLCFA and derivatives predominate in root suberin, while the suberin of the seed coat also contains large amounts of C24 VLCFA and derivatives. The exact same chain lengths of VLCFA and derivatives are enriched in reticulated melon and russeting apple skins when compared to smooth melon and waxy apple skins, respectively [START_REF] Cohen | A Multilevel Study of Melon Fruit Reticulation Provides Insight into Skin Ligno-Suberization Hallmarks[END_REF][START_REF] Legay | Differential Lipid Composition and Gene Expression in the Semi-Russeted "Cox Orange Pippin" Apple Variety[END_REF]. The situation is different in potato tuber and oak cork suberin, in which hydroxyl-and dicarboxylic acids are highly dominated by C18-species [START_REF] Graça | Suberin Structure in Potato Periderm: Glycerol, Long-Chain Monomers, and Glyceryl and Feruloyl Dimers[END_REF][START_REF] Serra | A Feruloyl Transferase Involved in the Biosynthesis of Suberin and Suberin-Associated Wax Is Required for Maturation and Sealing Properties of Potato Periderm[END_REF]. Nevertheless, potato tuber suberin also contains considerable amounts of C26 to C30 fatty acids and fatty alcohols in the polymer, as well as associated as soluble waxes in the form of free fatty acids, fatty alcohols and alkylhydroxy-ferulates [START_REF] Serra | A Feruloyl Transferase Involved in the Biosynthesis of Suberin and Suberin-Associated Wax Is Required for Maturation and Sealing Properties of Potato Periderm[END_REF]. In arabidopsis root suberin, C20 to C22 VLCFA and derivatives are present as components of the polyester as well as associated waxes in the form of alkyl-hydroxycinnamates [START_REF] Delude | Primary Fatty Alcohols Are Major Components of Suberized Root Tissues of Arabidopsis in the Form of Alkyl Hydroxycinnamates[END_REF].

Since VLCFA and derivatives represent about 40% of all suberin aliphatics, and fatty acid elongation represents an important step in the suberin biosynthesis pathway. Using promoter::GUS reporter lines, Franke and coworkers reported that at least 7 KCS (KCS1,[START_REF] Roudier | Very-Long-Chain Fatty Acids Are Involved in Polar Auxin Transport and Developmental Patterning in Arabidopsis[END_REF][START_REF] Trinh | PUCHI Regulates Very Long Chain Fatty Acid Biosynthesis during Lateral Root and Callus Formation[END_REF][START_REF] Devaiah | Quantitative Profiling of Polar Glycerolipid Species from Organs of Wild-Type Arabidopsis and a PHOSPHOLIPASE Dα1 Knockout Mutant[END_REF][START_REF] Buré | Fast Screening of Highly Glycosylated Plant Sphingolipids by Tandem Mass Spectrometry[END_REF]20 and 21) displayed strong expression in roots although 2 to 3 KCS should be enough to produce the "longest" (C24) arabidopsis suberin monomers [START_REF] Franke | Suberin Goes Genomics: Use of a Short Living Plant to Investigate a Long Lasting Polymer[END_REF]. Reverse genetic approaches based on the characterization of T-DNA lines confirmed that three of these seven candidates, KCS1, KCS2 and KCS20, are involved in suberin biosynthesis. Using total FAMES analysis, Todd and coworkers [START_REF] Todd | KCS1 Encodes a Fatty Acid Elongase 3-Ketoacyl-CoA Synthase Affecting Wax Biosynthesis in Arabidopsis Thaliana[END_REF] reported that the roots from the kcs1-1 mutant were enriched in C16 and C18 fatty and dioic acids, whereas 22:0 VLCFA levels were decreased. Using a similar analytical approach, Shang and coworkers [START_REF] Shang | Very-Long-Chain Fatty Acids Restrict Regeneration Capacity by Confining Pericycle Competence for Callus Formation in Arabidopsis[END_REF] reported 30 to 60% decrease in the levels of 18:0, 20:0, 22:0 and 24:0 in the kcs1-2 mutant. More recently, Trinh and coworkers [START_REF] Trinh | PUCHI Regulates Very Long Chain Fatty Acid Biosynthesis during Lateral Root and Callus Formation[END_REF] described precisely the impact of KCS1 mutation on the global root acyl-chain composition and reported that the amounts of C16 chain length fatty acids and derivatives increased, while those of VLCFA decreased, suggesting a role for KCS1 in the elongation of C16 to C18 in roots.

Studies aiming at characterizing candidate genes responsible for suberin biosynthesis unambiguously showed that KCS2 and KCS20 are both involved in generating suberin precursors and monomers. Roots from kcs2 and kcs20 mutant lines showed reduced growth and their suberin composition was characterized by decreases in C22 and C24 VLCFA and derivatives, while the amounts of monomers with 18 and 20 carbon atoms increased [START_REF] Franke | The DAISY Gene from Arabidopsis Encodes a Fatty Acid Elongase Condensing Enzyme Involved in the Biosynthesis of Aliphatic Suberin in Roots and the Chalaza-Micropyle Region of Seeds[END_REF][START_REF] Lee | Two Arabidopsis 3-Ketoacyl CoA Synthase Genes, KCS20 and KCS2/DAISY, Are Functionally Redundant in Cuticular Wax and Root Suberin Biosynthesis, but Differentially Controlled by Osmotic Stress[END_REF]. The effects were apparently additive in the kcs2 kcs20 double mutant, but the fact that its suberin still contained relatively high levels of VLCFA and derivatives suggests that additional KCS are involved in suberin biosynthesis or activated for maintaining suberin levels close to wild-type in these mutant backgrounds. It should also be reported that Franke and coworkers [START_REF] Franke | The DAISY Gene from Arabidopsis Encodes a Fatty Acid Elongase Condensing Enzyme Involved in the Biosynthesis of Aliphatic Suberin in Roots and the Chalaza-Micropyle Region of Seeds[END_REF] showed that the expression of KCS2 was up-regulated by osmotic, drought and wounding treatments, in agreement with suberin being deposited in response to various abiotic and biotic stresses. Finally, Lee and coworkers [START_REF] Lee | Two Arabidopsis 3-Ketoacyl CoA Synthase Genes, KCS20 and KCS2/DAISY, Are Functionally Redundant in Cuticular Wax and Root Suberin Biosynthesis, but Differentially Controlled by Osmotic Stress[END_REF] reported that the kcs2 and kcs20 as well as the double kcs2 kcs20 mutants were also affected in cuticular waxes, suggesting that both genes are not just involved in suberin metabolism but also important in generating the above ground cuticular barrier. Similarly, Kim and coworkers [START_REF] Kim | Arabidopsis 3-Ketoacyl-Coenzyme A Synthase9 Is Involved in the Synthesis of Tetracosanoic Acids as Precursors of Cuticular Waxes, Suberins, Sphingolipids, and Phospholipids[END_REF] reported that KCS9 was expressed in various organs and tissues and involved in the synthesis of C24 VLCFA, which are present in most plant lipid pools, so that its mutation affected the composition of suberin, cuticular waxes, sphingolipids and phospholipids. The effect of kcs9 mutation on these different lipids was nevertheless minor since it slightly affected the chain-length distribution of all these pools but not their total amounts. In agreement, the level of KCS9 transcripts was not significantly altered following applications of osmotic, salt, and drought stresses [START_REF] Kim | Arabidopsis 3-Ketoacyl-Coenzyme A Synthase9 Is Involved in the Synthesis of Tetracosanoic Acids as Precursors of Cuticular Waxes, Suberins, Sphingolipids, and Phospholipids[END_REF], suggesting that KCS9, in contrast to KCS2 and 20, may not be a major player in the plant response to abiotic stress. Suberin is also known to be deposited to seal novel aboveground surfaces appearing naturally during plant development, for example, in abscission zones, or accidentally because of mechanical wounding. This wound-healing mechanism primarily serves as a protection against pathogen infection to sustain post-injury survival. Wound-healing potato tuber discs have indeed been used for decades as a laboratory model for studying suberin biosynthesis and regulation (reviewed in [START_REF] Lulai | Chapter 22-Skin-Set, Wound Healing, and Related Defects[END_REF]). Schreiber and coworkers [START_REF] Schreiber | Wax and Suberin Development of Native and Wound Periderm of Potato (Solanum Tuberosum L.) and Its Relation to Peridermal Transpiration[END_REF] showed with wounded potato tuber discs that periderm formation was accompanied by clear increases in the total amounts of soluble waxes and suberin monomers as well as in the average chain length of their linear aliphatics. In particular, the authors reported that the amount of 30-carbons alkyl-ferulates tripled three weeks after wounding. More recently, it was shown that the StKCS6 gene was induced 2 days post-wounding, implying that VLCFA biosynthesis is up-regulated in response to mechanical damages. In the same line, a study of tubers from potato plants in which StKCS6 had been silenced by RNA interference showed clear reductions in VLCFA and derivatives with 28 or more carbon atoms (≥C28) present in the suberin polymer and peridermal waxes, while shorter compounds increased [START_REF] Serra | Silencing of StKCS6 in Potato Periderm Leads to Reduced Chain Lengths of Suberin and Wax Compounds and Increased Peridermal Transpiration[END_REF]. Since the peridermal transpiration of these potatoes increased, these results show that StKCS6 is involved in the synthesis of monomers with 28 carbon atoms or more and that these VLCFAs and derivatives are important for suberin to function as hydrophobic barrier. Suberin is important for regulating water and nutrients absorption in roots, and several studies reported that suberization is induced under drought or waterlogging conditions [START_REF] Watanabe | Does Suberin Accumulation in Plant Roots Contribute to Waterlogging Tolerance? Front[END_REF][START_REF] Kreszies | Osmotic Stress Enhances Suberization of Apoplastic Barriers in Barley Seminal Roots: Analysis of Chemical, Transcriptomic and Physiological Responses[END_REF][START_REF] Zhang | Drought Activates MYB41 Orthologs and Induces Suberization of Grapevine Fine Roots[END_REF]. Nevertheless, suberin is not only produced by plants in response to abiotic stress since ectopic suberization in the cell layers surrounding infection and feeding sites of cyst and root-knot nematodes has been reported [100]. The same study showed that the transcript abundances of KCS2 and KCS20, as well as that of other well-known suberin genes (CYP86A1, CYP86B1, FAR4, FAR5 and GPAT5), were increased in root segments containing infection sites, implying that suberin could play a role in defense against soil-borne pathogens.

VLCFA and Sphingolipids in Plant Responses to Abiotic and Biotic Stresses

VLCFA in Plant Sphingolipids

Plant sphingolipids form a significant portion of the lipids present in higher plants and constitute up to 40% of those making the PM [101]. They are basically characterized by a ceramide formed by a sphingoid base amide-linked to an acyl chain, which in arabidopsis is often a VLCFA hydroxylated in position 2 (Figure 1) [START_REF] Buré | Fast Screening of Highly Glycosylated Plant Sphingolipids by Tandem Mass Spectrometry[END_REF][START_REF] Carmona-Salazar | Plasma and Vacuolar Membrane Sphingolipidomes: Composition and Insights on the Role of Main Molecular Species[END_REF]. In plants, sphingolipids can be divided into 4 major classes: free Long-Chain Bases (LCBs), CERamides (Cers), GLuCosylCERamides (GlcCers) and Glucosyl InositolPhosphoCeramides (GIPCs), representing ca. 1%, 6% 36% and 57%, respectively, of the sphingolipidome of arabidopsis seedlings [START_REF] Markham | Separation and Identification of Major Plant Sphingolipid Classes from Leaves[END_REF]102,103]. Plant sphingolipids constitute a highly complex lipid class since they are composed of up to 9 different LCBs, 32 different fatty acids and various polar heads, which still need to be completely described in terms of exact sugar composition, kind, and stereochemistry of bounds. If several LC-MS methods based on multiple reaction monitoring mass spectrometry scan have been described to analyze the full sphingolipidome of plants [START_REF] Markham | Separation and Identification of Major Plant Sphingolipid Classes from Leaves[END_REF][103][104][105][106][107], only relative quantification can be performed, and suitable standards for plant GIPCs are still lacking so adequate methods still need to be developed.

The first step in plant sphingolipids synthesis is the formation of the long-chain base (LCB) by the condensation of a serine with palmitoyl-CoA by the serine palmitoyl transferase (SPT) in the endoplasmic reticulum. The product of this reaction, 3-ketosphinganine, is then reduced to sphinganine (d18:0) by the action of the 3-ketosphinganine reductase [102]. The resulting LCBs display two hydroxyl groups at the C-1 and C-3 position and are referred to as dihydroxy LCBs (d18:0). A third hydroxyl group may be introduced at the C-4 position through the action of an LCB C-4 hydroxylase (producing a trihydroxy LCBs, t18:0), while double bonds may be introduced at the ∆4 and/or ∆8 positions by the activity of distinct LCB desaturases. In certain yeasts and algae, VLCFA-CoA can be used to produce very-long-chain base [108,109]. The second step in plant sphingolipids synthesis is catalyzed by the ceramide synthases that link LCB to a fatty acid via an amide bond. In arabidopsis, there are three ceramide synthases called LOH for LOngevity Homologs with different chain-length specificities. While LOH2 preferentially uses 16:0 as substrate, LOH1 and LOH3 are specific to VLCFA, and since they activity predominate, VLCFA represent nearly 80% of the fatty acids founds in sphingolipids, most of the rest being 16:0 [110]. The third step in plant sphingolipids consists in the addition of polar head substitutions on the first carbon of the ceramide to form complex glycosphingolipids. The glucosylceramide synthase (GCS) transfers a glucose producing the simple GlcCers [111], while for the complex GIPCs, the ceramide head group consists of a phosphate bound to an inositol, forming the inositol phosphoryl ceramide (IPC) backbone, with additional saccharides depending on the botanical classes [112]. In a general manner, monocot GIPCs contain 3 sugars, whereas dicot GIPCs contains 2 sugars but exceptions have been described [112]. Since GIPC-synthesizing enzymes are all located in the Golgi apparatus and the polar head is grafted within the lumen of this organelle, GIPC's polar head faces the outer surface of the plant cell after secretion and fusion with the PM. Recent work on purified GIPCs showed by measuring their ζ-potential that they contribute significantly to the negative charge of the plant PM outer leaflet [111], and in this way might influence its interaction with cell wall components [113].

In arabidopsis, sphingolipids VLCFA are dominated by C24 species, 24:0 and 24:1, collectively representing nearly 80% of the total [111]. In addition, C22 and C26 species, representing each about 10% of the total, as well as minor amounts of odd-chain fatty acids (mainly C23 and C25) are often reported. Such chain-chain lengths are in agreement with the study of Kim and coworkers [START_REF] Kim | Arabidopsis 3-Ketoacyl-Coenzyme A Synthase9 Is Involved in the Synthesis of Tetracosanoic Acids as Precursors of Cuticular Waxes, Suberins, Sphingolipids, and Phospholipids[END_REF], which showed that KCS9 was involved in sphingolipid metabolism in arabidopsis. As stated above, about 80% of these VLCFA are hydroxylated in C2 position (α-hydroxylated; [START_REF] Buré | Fast Screening of Highly Glycosylated Plant Sphingolipids by Tandem Mass Spectrometry[END_REF]). If most non-hydroxylated VLCFA are found in Cers, the most abundant arabidopsis sphingolipids (GlcCers and GIPCs) contain nearly exclusively α-hydroxylated VLCFA [103]. This particularity, easily detectable by GC-MS after silylation, facilitated sphingolipids purification and analysis in model plants [100]. The presence of VLCFA, 2-hydroxylated or not seems universal in all plant GIPCs analyzed [START_REF] Buré | Fast Screening of Highly Glycosylated Plant Sphingolipids by Tandem Mass Spectrometry[END_REF]107]. In arabidopsis, two fatty acid 2-hydroxylases (FAH) have been described: AtFAH1, which preferentially adds a hydroxyl group to a VLCFA, and AtFAH2, which prefers 16:0 [114]. Both proteins reside in the ER and most probably use Cers as substrates. Another modification often observed in plant sphingolipids VLCFA is the presence of a ω9-desaturation, and the acyl-CoA desaturase ADS2 was shown to be responsible for this modification [115]. The pivotal role played by the VLCFA present in sphingolipids is easily highlighted by the fact that the loh1-2 loh3-2 double mutant, which sphingolipids are nearly devoid of VLCFA, is not viable [103]. In contrast, the relevance of α-hydroxylation remains open as the fah1 fah2 double mutant, which still contains minor amounts of α-hydroxylated fatty acids in sphingolipids due to a residual expression of FAH1, is affected in growth but remains viable [116].

Role of VLCFA-Sphingolipids in Structuring the Membranes

PM-resident signaling processes are spatially organized, and receptors, co-receptors and transducers are particularly enriched in nanodomains involved in the transduction of biotic and abiotic stimuli [117,118]. Together with sterols, sphingolipids play a key role in nanodomain formation by forming liquid ordered domains in the plasma membrane [119]. In plants, VLCFA-containing GIPC were hypothesized to strongly influence sterol-dependent nanodomain formation. Indeed, GIPCs were shown to be strongly enriched in detergent-insoluble membranes, the biochemical counterpart of PM nanodomains, in several plant models [START_REF] Carmona-Salazar | Plasma and Vacuolar Membrane Sphingolipidomes: Composition and Insights on the Role of Main Molecular Species[END_REF]101,120].

As GIPC are not commercially available, we recently developed a protocol based on previously published methods [START_REF] Buré | Fast Screening of Highly Glycosylated Plant Sphingolipids by Tandem Mass Spectrometry[END_REF]121,122] to extract plant GIPC fractions from different plant species. LC-MS 2 analysis confirmed the presence of trihydroxylated long-chain bases and α-hydroxylated-VLCFA with up to 26 carbons. Obtaining purified GIPCs opened the possibility to study the biophysical features of these intriguing lipids and to characterize their role in membrane models mimicking the outer leaflet of the plant PM. First, cryo EM and neutron reflectivity showed that in symmetrical liposomes the presence of GIPC significantly increase the thickness of the model membrane, likely because of their content in VLCFA. However, it should not be forgotten that native PMs from plants are asymmetrical as GIPC and sterol are only enriched in the outer leaflet, whereas GluCER and phospholipids reside in the inner one [101,123]. Nevertheless, it is highly likely that outer leaflet GIPC allows for the establishment of interdigitation (i.e., penetration of the methyl end of VLCFA into the inner leaflet [124]), as it has been described for gangliosides in animal membranes [125,126]. The significance of such interdigitation/pinning phenomena between the two leaflets is still under investigation in plants but may have importance consequences. Second, Langmuir monolayer and modeling studies showed differences between the spatial organization of the GIPC with free and conjugated phytosterols: the α-side of the steryl moieties of β-sitosterol was directed towards the LCB/VLCFA of the GIPC, whereas the steryl rings of stigmasterol was positioned at a perpendicular angle with respect to GIPC hydrocarbon chains [106]. This result is in good agreement with the propensity of sitosterol, but not stigmasterol, to promote liquid ordered domain formation [127,128].

Role of Sphingolipids in Abiotic Stress Responses

Although phytosterols were proposed a while ago to be essential for regulating the fluidity of plant plasma membrane in response to changing temperatures [129], solid state 2H-NMR recently showed that GIPC have also a high propensity to regulate the fluidity of the PM when temperature varies [107]. In fact, subtle changes in sphingolipids can induce radical effects on the development of arabidopsis when exposed to abiotic stress such as cold. For example, it was very recently demonstrated that the VLCFAs content in sphingolipids, precisely that of the monounsaturated C24 and C26 fatty acids, was increased in response to cold, with the enzyme catalyzing the desaturation reaction, AtADS2, being upregulated [130]. Similarly, LCB desaturation, in particular at the ∆8 position of the LCB by sphingolipid ∆8 LCB desaturases, was shown to play a role in cold tolerance in tomato [131] and arabidopsis [132]. Sphingolipid desaturation is therefore a way for plants to moderate the impact of freezing temperatures on the cell-delimitating membrane. On the contrary, a function for sphingolipids in plant tolerance to high temperatures has so far not been characterized, in contrast with the trienoic fatty acids present in the thylakoid membranes that have been shown to be involved in both chilling and high-temperature tolerance [133][134][135].

Another set of data revealed the unexpected role of GIPCs in response to salt stress. Salt stress in plants triggers an increase in cytosolic calcium concentration, which activates calcium-binding proteins and upregulates the Na + /H + antiporter to remove the sodium ion from the inside of cells. By searching for arabidopsis mutants impaired in salt-induced calcium responses, the groups of Z. Hu and Z.-M. Pei isolated the mutant monocation-induced [Calcium] in increases 1 (MOCA1) [136]. MOCA1 turned out to be a glucuronosyltransferase responsible for GIPC biosynthesis. The authors proposed that sodium ions bind to GIPCs to activate calcium channels. This mechanism might imply that GIPCs are involved in the plant adaption to various environmental salt levels and could be used to improve salt resistance in crops. Another hypothesis could be that sodium binding to GIPCs drives the formation of nanodomains that would alter the dynamics of signaling proteins involved in salt response, such as the activities of NADPH oxidases or GTPases [137]. The exact role of VLCFA grafted to GIPCs in this mechanism nevertheless remains to be determined.

Finally, several reports described GIPCs containing VLCFAs as essential for activation of hypoxia response and for protecting arabidopsis from hypoxic stress [138]. Other studies demonstrated that VLCFA unsaturation in ceramides is a defense strategy for hypoxic tolerance in arabidopsis [139,140]. 

Role of Sphingolipids in Biotic Stress Responses

A huge amount of genetic and biochemical data showed the importance of sphingolipids in biotic response and plant defense against fungi and bacteria pathogens by activating programmed cell death leading to spontaneous necrosis and lesions, also called accelerated cell death phenotype [141][142][143][144][145]. In particular, the MYB30 transcription factor was characterized as a positive regulator of the programmed cell death associated with hypersensitive response (HR) in arabidopsis [146] and shown to induce the expression of genes coding for all four core proteins of FAE complex and at least 3 KCS (KCS1, KCS2 and KCS10 and KCR, PAS2 and ECR) within one hour following inoculation with an avirulent strain of Xanthomonas [147]. MYB30 therefore seems to activate HR-related cell death via VLCFA or derivatives, and sphingolipids, which represent an important VLCFA pool in leaves, were suggested to be involved as signaling molecules. The review of De Bigault Du Granrut and Cacas [148] proposed different scenarii by which sphingolipids could act in stress signaling, but the exact molecular mechanism still remains uncharacterized.

In animals, toxins killing the cells by forming pores in the PM were shown to use sphingolipids as receptors [149]. For example, toxins of sea anemones target animal sphingomyelin (absent in plants). Recently, a similar mechanism has been evidenced in plants for the plant deadly toxins from the Necrosis and ethylene-inducing peptide1-Like Proteins (NLP) family, which constitute one of the largest family of toxins secreted by oomycetes, bacteria and fungi. These toxins are well known to induce necrosis and ethylene production in dicot plants but not in monocot plants [150]. Biochemical analyses recently revealed that NLP proteins bind with high specificity to the extracellular sugar head groups of GIPCs [144]. Three-D protein analyses further showed that NLP binding to GIPC's sugar head led to a protein structural change with the opening of a crevice between loop L2 and L3, close to where magnesium ion binds, allowing NLPs to bind to the plasma membranes. Interestingly, NLP can also bind to GIPC of monocots (with three sugars), but the longer sugar head groups preclude the NLP from interacting with the plasma membrane, leading to a lack of toxicity [151]. The role VLCFA in this interaction is not known, but the use of metazachlor inhibitor of KCS would be of great interest to study the role of fatty acid length in NLP toxicity.

VLCFA in Phosphatidylserine and in Plant Development

Phosphatidylserine Is Enriched in VLCFA

VLCFA can be also be found esterified in membranous phospholipids, in particular PS, where they account for 49 to 72% of all acyl-chains depending on the arabidopsis tissue considered [START_REF] Raffaele | Very Long Chain Fatty Acid and Lipid Signaling in the Response of Plants to Pathogens[END_REF]. Although PS represents less than 2% of polar glycerolipids in all tissues [START_REF] Raffaele | Very Long Chain Fatty Acid and Lipid Signaling in the Response of Plants to Pathogens[END_REF], this specific accumulation of VLCFA may have important biological functions. VLCFA have also been found in the much more abundant PE and PC, but with much lower abundance (5 to 8% and 1 to 11%, respectively [START_REF] Raffaele | Very Long Chain Fatty Acid and Lipid Signaling in the Response of Plants to Pathogens[END_REF]). Although the role of these phospholipids has been studied in many plant responses to abiotic and biotic stresses, whether the VLCFA they contain are of any importance in these processes has rarely been addressed.

If the exact significance of the presence of VLCFA in PS still needs to be addressed, Li and coworkers [152] showed that the acyl-chains of PS lengthened during development, being the longest before senescence, and following heat or dehydration stress. Similarly, in rice, the es5 mutant displayed higher levels of PS and an early senescing phenotype, suggesting that PS could play a role in plant cell death signaling pathways [153]. PS is not ubiquitously distributed in plant cells and primarily found at the PM, where together with phosphoinositides, PS contributes to the electronegativity of the inner leaflet of the plant PM, which is the most electronegative compartment of the cell. This electrical feature is critical for the transient yet specific recruitment of proteins with polybasic regions, as recently exemplified for the small G protein Rho of Plants 6 (ROP6;[154]). High-resolution single-molecule imaging showed that ROP6 is stabilized by PS into PM nanodomains required for auxin signaling. PS content varies during plant root development and modulates the quantity of ROP6 nanoclusters induced by auxin, and hence downstream signaling, including regulation of endocytosis and gravitropism. This study therefore showed that PS acts as a lipid rheostat that fine-tunes Rho GTPase signaling in arabidopsis [154].

VLCFA-containing PS could also be important for generating interactions between the two leaflets of membranes, potentially through so-called interdigitation, although the interleaflet coupling remains to be fully understood. In animal cells, many studies have showed the cholesterol-dependent interactions between the VLCFA containing-sphingolipids in the outer leaflet and phosphatidylserine 18:0/18:1-PS in the inner leaflet [155]. The crosslinking of sphingolipids may result in clustering of PS, allowing for the transfer of signals from outside the cell into the cytosol. The exact role of VLCFA in PS in plants nevertheless remains to be determined.

VLCFA and Plant Developmental Processes

VLCFA have also been shown to affect several important developmental processes, which in some cases are initiated by the plant in responses to environmental changes or abiotic stimuli. Nevertheless, in most cases, the exact molecular mechanisms regulating these responses still need to be elucidated.

Plants are known to lower they stomatal density in response to elevated carbon dioxide atmospheric concentrations. characterized an arabidopsis mutant that displayed a 42% increase in leaf stomatal density in response to a doubling of carbon dioxide concentration and named it hic for high carbon dioxide. The authors found that the gene responsible for the hic phenotype corresponds to KCS13, suggesting that VLCFA could be involved in this adaptive response. The current hypothesis is that KCS13/HIC would produce a specific VLCFA derivative inhibitor that would (or a specific VLCFA derivative that would allow for an inhibitor to) diffuse through the cuticle to preclude the stomatal cell fate of surrounding satellite meristemoids [157]. The specific roles of VLCFA in epidermal cells development are nevertheless difficult to assess since it seems impossible to separate epidermal cell fate specification from cuticle biogenesis, as exemplified by that the observation that several arabidopsis mutants affected in their cuticle also display epidermal defects [START_REF] Delude | Plant Surface Lipids and Epidermis Development[END_REF]. Another example is the fiddlehead mutant, which is characterized by numerous fusion events between leaves and/or reproductive organs as well as twice less trichomes on leaves [158]. The FIDDLEHEAD gene codes for KCS10, and its products would in this case positively regulate the evolution of protoderm cells into trichomes, whose correct development would be important for preventing fusion events between epidermal tissues of organs tightly appressed to each other's when arising from meristems. Unfortunately, the products and the exact biochemical activity of FIDDLEHEAD/KCS10 and HIC/KCS13 remain unknown so that the involvement of VLCFA or derivatives in these processes still requires to be demonstrated.

Another fundamental process where VLCFA and derivatives are of primary importance is fertilization, which is absolutely required for the sexual reproduction of higher plants. Once pollen grains reach the stigma of flowers, they need to hydrate and germinate before they penetrate through the papilla cells of the stigma to reach the ovule. The initial steps of this process can be seen as a fusion event between the intact cuticles of the pollen and stigma, and several arabidopsis mutants affected in their cuticle (cer1, cer3 and cer6) were shown to be male-sterile under low-humidity conditions because their pollen grains would not become hydrated on stigmas [159]. A recent study showed that the expression KCS6 and CER2-like genes in the endothelium of anthers is necessary for the production of ≥C26 VLCFA and derivatives, which accumulate on the surface on mature pollen where they can serve as signaling molecules to activate the transfer of water from the papilla cells of the sigma for pollen hydration.

The importance of VLCFA for root development was also demonstrated. First, Shang and coworkers [START_REF] Shang | Very-Long-Chain Fatty Acids Restrict Regeneration Capacity by Confining Pericycle Competence for Callus Formation in Arabidopsis[END_REF] reported that VLCFA produced by KCS1, or derivatives, acts as a pericycle-specific signal to restrict the capacity of this tissue to form a callus, and consequently new organs by regeneration. The transcription factor PUCHI was then shown to control the expression of several genes involved in VLCFA biosynthesis, among which Cells 2021, 10, 1284 18 of 26 KCS1, and thus to regulate callus as well as lateral root development [START_REF] Trinh | PUCHI Regulates Very Long Chain Fatty Acid Biosynthesis during Lateral Root and Callus Formation[END_REF]. Lateral root emergence is a very complex developmental process initiated by pericycle founder cells and tightly controlled by auxin, auxin-responsive factors and AP2-ERF transcription factors, including PUCHI and ERF13. The recent study by Lv and coworkers [START_REF] Lv | MPK14-Mediated Auxin Signaling Controls Lateral Root Development via ERF13-Regulated Very-Long-Chain Fatty Acid Biosynthesis[END_REF] showed that phosphorylation of ERF13 eliminates its negative regulation on KCS16 expression, thereby promoting the biosynthesis of C24-VLCFA that seemingly supports lateral root emergence. Interestingly, both the puchi-1 and kcs1-5 mutants showed reduced levels of C24 2-hydroxylated fatty acids levels in their roots, suggesting that sphingolipids could be involved in the control of this program. In agreement with such a function, it has also been demonstrated that VLCFA-containing ceramides were mediating positional signals for correct protoderm/epidermis differentiation during lateral root emergence [160]. All these studies therefore support the idea that VLCFA or derivatives are important signals regulating different steps and tissue zones involved in the correct development of lateral root primordia.

VLCFA or derivatives may indeed not only control developmental programs but also plant responses to environmental signals, for example, the capacity of roots to orient their growth according to the gravity vector. Beside the PM, sphingolipids with α-hydroxylated VLCFA are enriched in certain secretory vesicles of the trans-Golgi network, a central hub organelle, divided into subdomains hosting distinct trafficking pathways (including polar delivery to apical membrane). By using the drug metazachlor that inhibits KCS activity (and therefore reduces the length of VLCFA), Wattelet-Boyer and coworkers [161] showed using transmission electron microscopy that the chain length of sphingolipid VLCFA influences the morphology and interconnections of TGN-associated secretory vesicles in arabidopsis roots. Sphingolipids were in addition shown to be critical for de novo polar secretory sorting of the auxin carrier PIN2 to the apical membrane of cells. Hence, sphingolipids links VLCFA in lipids of TGN subdomains via the polar secretory trafficking of PIN2 toward the apical membrane of polarized epithelial cells to the response plants to gravitropism [161].

Concluding Remarks

In this review, we showed that VLCFA and derivatives are important components of various sorts of lipids involved in many plant responses to biotic and abiotic stresses. Surface lipids such as suberin in roots or cuticular waxes in aerial parts contain large amounts of VLCFA and derivatives, whose biosynthesis is upregulated upon osmotic stress, playing a role in non-stomatal water loss control. Sphingolipids present in the PM outer leaflet are enriched in VLCFA and form nanodomains playing a primary role in intercellular communication and signal transduction. Although PS represents less than 2% of polar glycerolipids in all tissues [START_REF] Raffaele | Very Long Chain Fatty Acid and Lipid Signaling in the Response of Plants to Pathogens[END_REF], the fact that it specifically accumulates VLCFA may have important biological consequences.

Although biochemical studies clearly showed that the KCS substrate specificity dictates the chain length of the VLCFA produced, the number of KCS genes present in plant genomes usually largely overpasses the minimum number of KCS needed to produce all the chain lengths found in VLCFA and derivatives. Studies conducted in arabidopsis clearly showed high functional redundancy as well as broad spatiotemporal expressions for most KCS: more than half of arabidopsis KCS isoforms are ubiquitously or almost ubiquitously expressed throughout the plant with variable intensities in the different tissues, while the remaining ones show expression profiles restricted to reproductive organs (flower and siliques; [START_REF] Joubès | The VLCFA Elongase Gene Family in Arabidopsis Thaliana: Phylogenetic Analysis, 3D Modelling and Expression Profiling[END_REF]). This implies a very complex regulation of arabidopsis KCS gene expression in the different tissues and along plant development, and may explain why most arabidopsis kcs mutants do not display very strong phenotypes or any. In addition, since C20 to C26 VLCFA are being incorporated in different lipid pools (phospholipids, sphingolipids and surface lipids), alterations of VLCFA levels have pleiotropic consequences in plants, which complicates the study of the role of specific VLCFA or VLCFA-producing complexes.

The various functions played by VLCFA-containing lipids are just emerging, and most remain to be discovered. The interconnection between VLCFA-surface lipids and epidermal differentiation deserves further attention, and acyl-CoA profiling or VLCFAtargeted lipidomic tools could provide important hints regarding the specific roles of epidermal VLCFA in plant responses to environmental changes. Biophysical and modelling approaches could help to unravel how VLCFA present in sphingolipids (outer leaflet) and phosphatidylserine (inner leaflet) structure PM organization and participate in transmembrane signal transduction. Finally, the CRISPR-Cas9 technology could help address the exact function of each KCS in VLCFA biosynthesis through the generation of multiple mutant or cell-specific deregulated lines.

INSIGHTS INTO KCS FUNCTIONAL DIVERSITY

The functional characterization of Arabidopsis KCS in the yeast system indicated that AtKCS isoenzymes have diverse substrate specificities. On the other hand, the repression of only few KCS genes in Arabidopsis led to strong modifications in plant development or different lipid contents suggesting that functional redundancies between co-expressed AtKCS prevents the clear identification of the physiological role for a majority of isoenzymes. The general abundance of plant KCS and their overlapping substrate specificities raised questions around their genetic evolution. Several studies investigated the different evolutionary events underlying functional divergences as well as redundancies characterizing plant KCS multigenic families.

A COMPLEX GENETIC EVOLUTION

KCS enzymes are encoded by larger multigenic families throughout plants. [START_REF] Costaglioli | Profiling candidate genes involved in wax biosynthesis in Arabidopsis thaliana by microarray analysis[END_REF] first surveyed 21 KCS genes in the model Arabidopsis thaliana. Later, the necessity to investigate VLCFA biosynthesis pathways in plant displaying oilseed, nutritional values and major economic traits led to the characterization of KCS genetic diversity in various agronomic species such as cotton (Xiao et al, 2016), maize (Campbell et al, 2019), peanut (Huai et al, 2020) and citrus [START_REF] Yang | Comprehensive analysis of KCS gene family in Citrinae reveals the involvement of CsKCS2 and CsKCS11 in fruit cuticular wax synthesis at ripening[END_REF]. Multiple genomewide identification studies reported KCS multigenic families with variable sizes. For instance, cotton species Gossypium hirsutum, G. arboreum and G. raimondii display 58, 31 and 33 KCS genes respectively (Xiao et al, 2016) whereas 58, 33 and 30 KCS genes were reported in Brassica napus, Brassica rapa and Brassica oleracea (Xue et al, 2020). This genetic variability between the different species emphasizes a complex evolutionary history.

The most in depth study investigating evolution events behind KCS great genetic diversity was performed by [START_REF] Guo | Evolution of the KCS gene family in plants : The history of gene duplication, sub/neofunctionalization and redundancy[END_REF]. The gene family evolution was traced back to one single gene in a common ancestor shared with both Chlamydomonas reinhardtii and Volvox carteri algae. In order to understand the evolutionary history of KCS gene family in plant lineages, 28 species covering key systematic positions in plants classification were selected to perform genome-wide identifications of KCS genes and phylogenetic analyses. These species include the algae C. reinhardtii and V. carteri, early land plants, the fern Lygodium japonicum, the gymnosperm specie Picea abies and a larger variety of angiosperms covering monocot and dicot families (figure 1). The genome-wide identification of KCS genes in the different species investigated by [START_REF] Guo | Evolution of the KCS gene family in plants : The history of gene duplication, sub/neofunctionalization and redundancy[END_REF] revealed a global expansion of KCS genes during plant evolution. From one single gene in C. reinhardtii and V. carteri, KCS genetic families moved on to 7-8 genes in the early land plants or [START_REF] Pollard | Building Lipid Barriers: Biosynthesis of Cutin And Suberin[END_REF] 

genes in

Physcomitrella patens which has undergone at least one whole-genome duplication event in its evolutionary history [START_REF] Rensing | An ancient genome duplication contributed to the abundance of metabolic genes in the moss Physcomitrella patens[END_REF]. Their size got maintained in gymnosperm species represented by Picea abies and displaying 8 KCS genes. A strong expansion is finally observed in angiosperm species showing on average 20 genes (figure 1).

In order to describe the process of KCS gene expansion, [START_REF] Guo | Evolution of the KCS gene family in plants : The history of gene duplication, sub/neofunctionalization and redundancy[END_REF] performed a comprehensive phylogenetic analysis including all KCS genes identified in the 28 species selected and other KCS genes described previously to their work. The phylogenetic distribution of KCS genes among land plants emphasizes five basic monophyletic groups, all including early land plants KCS. This distribution therefore emphasizes a first duplication event before terrestrial colonization, leading to a fivefold increase in gene number compared to the common ancestor to all land plant (figure 2).

A second phylogenetic analysis targeting angiosperms KCS genes highlighted 11 monophyletic groups suggesting that the common ancestor to flowering plants followed duplications events after the emergence of terrestrial plants, and more particularly of seed plants. These duplications events concern exclusively the initial land plant groups A and E respectively divided into 2 and 6 angiosperm monophyletic groups (figure 2). The expansion of KCS genes in angiosperm lineages is characterized by duplication and loss events occurring at different systematic nodes after the emergence of flowering plants.

KCS families from monocot and dicot plants notably evolved independently after the emergence of monocotyledonous plants. Among the eleven angiosperms monophyletic groups defined by [START_REF] Guo | Evolution of the KCS gene family in plants : The history of gene duplication, sub/neofunctionalization and redundancy[END_REF], the group 6 gathers exclusively Poacea KCS genes. Consistently, phylogenetic analyses of monocotyledons (maize, rice and sorghum) KCS homologs compared to Arabidopsis KCS genes revealed eleven monophyletic groups including three monocot-specific clades (Campbell et al, 2019). These results indicate that ancient KCS genes might be inherited in monocotyledonous plants specifically while being lost in other lineages. Further evolutionary events were described in Brassicaceae species including Arabidopsis thaliana, Brassica rapa, Brassica oleracea or Brassica napus, and associated a great majority of KCS gene expansion to whole genome or segmental duplication events. Whole genome identification analyses in different Brassicaceae accessions highlighted variable KCS multigenic family sizes from 20 genes in Arabidopsis lyrata to 58 genes in Brassica napus [START_REF] Costaglioli | Profiling candidate genes involved in wax biosynthesis in Arabidopsis thaliana by microarray analysis[END_REF][START_REF] Guo | Evolution of the KCS gene family in plants : The history of gene duplication, sub/neofunctionalization and redundancy[END_REF]Xue et al, 2020). Compared to Arabidopsis thaliana (21 KCS genes), Brassica rapa and Brassica oleracea display 33 and 30 KCS genes respectively (Xue et al. 2020), highlighting a first expansion of KCS genes in Brassica genus species associated to a genome triplication prior to Brassica speciation [START_REF] Lysak | Mechanisms of chromosome number reduction in Arabidopsis thaliana and related Brassicaceae species[END_REF]2007). A second expansion of KCS family towards a number of 58 genes follows the polyploidization of Brassica napus (AABB) after interspecific hybridization of the diploid species Brassica rapa (AA) and Brassica oleracea (BB) (Xue et al. 2020).

Whole genome and segmental duplication events led to the emergence of KCS paralogs during plant evolution. The emergence of KCS6 and KCS5 paralogous genes specific to the Brassicaceae lineage due to segmental duplications has been notably demonstrated by [START_REF] Singh | A segmental duplication in the common ancestor of Brassicaceae is responsible for the origin of the paralogs KCS6-KCS5, which are not shared with other angiosperms[END_REF]. Very few KCS paralogs emerged from tandem duplication events according to the survey of tandem-arrayed KCS genes performed by [START_REF] Guo | Evolution of the KCS gene family in plants : The history of gene duplication, sub/neofunctionalization and redundancy[END_REF]. Only one tandem duplication event assigned to KCS13 and KCS14 paralogs was reported in Arabidopsis thaliana. The characterization of paralogous KCS genes in Arabidopsis, such as KCS6-KCS5 or KCS2-KCS20, which display very high sequence identity (> 85%) and low evolutionary distance (< 20%), emphasized their involvement in similar lipid biosynthesis pathways as well as functional redundancies (Lee et al. 2009;Huang et al. 2022).

Overall, the expansion of KCS genes across plant evolution is mostly defined by whole genome and segmental duplication events. Hundreds of million years covering plant KCS evolution enabled the differential accumulation of multiple mutations in KCS genes creating functional divergences between the different KCS family members. Yet, late duplications events as reported in the Brassicaceae lineage led to functionally redundant paralogs defined by very high sequence identity and low evolutionary distance.

Complementary analyses emphasized widely distributed KCS genes throughout different plant genomes as well as uneven allocations among chromosomes (Joubès et al, 2008;[START_REF] Tong | Genome-wide identification and expression pattern analysis of the KCS gene family in barley[END_REF]. The investigation of intron-exon structure of KCS gene families revealed a majority of intronless genes inherited from early stages of plant evolution. A small number of KCS genes containing intron structures was however described in Angiosperm lineages as a consequence of later intron insertion events in plant evolution participating to KCS functional divergences [START_REF] Guo | Evolution of the KCS gene family in plants : The history of gene duplication, sub/neofunctionalization and redundancy[END_REF].

During the long evolutionary history of KCS genes, a great diversity of mutations appeared, participating

to the large expansion of KCS gene families. The resulting genetic diversity makes it hard to identify amino acid residues involved in KCS functional activities. Homology modelling and parallels with related condensing enzymes could nevertheless help to investigate structure-function relationships and identify key residues for the catalytic mechanism of plant KCS.

KCS STRUCTURE-FUNCTION RELATIONSHIP

The structural characterization of KCS has been limited by constraints proper to the investigation of membrane-bound proteins, and no crystal data have been so far reported for any plant KCS. However, related soluble condensing enzyme structures such as the bacterial ketoacyl-ACP synthase III (FabH) and and the Medicago sativa chalcone synthase could be elucidated [START_REF] Qiu | Crystal Structure of β-Ketoacyl-Acyl Carrier Protein Synthase III : a key condensing enzyme in bacterial fatty acid biosynthesis*[END_REF][START_REF] Davies | The 1.8 Å crystal structure and active-site architecture of β-ketoacyl-acyl carrier protein synthase III (FabH) from Escherichia coli[END_REF][START_REF] Jez | Dissection of Malonyl-Coenzyme A Decarboxylation from Polyketide Formation in the Reaction Mechanism of a Plant Polyketide Synthase[END_REF]. The FabH enzyme initiates the elongation of fatty acids in type II fatty acid systems found in bacteria by performing a condensation reaction between an acetyl-CoA and a malonyl-ACP. Conversely, chalcone synthases are plant-specific polyketide synthases involved in flavonoids biosynthesis pathways and performing a condensation reaction between 3 malonyl-CoA and a coumaroyl-CoA to obtain a molecule of naringenin chalcone. The structure of both enzymes have been exploited as templates to better understand the structure-function relationships in plant KCS.

CATALYTIC MECHANISM OF KCS ENZYMES A DECARBOXYLATING CLAISEN CONDENSATION CONSERVED AMONG CONDE NSING ENZYMES

Condensing enzymes involved in fatty acid and polyketide synthesis pathways share conserved catalytic mechanisms across living organisms. Despite few discrepancies generally related to the nature of the substrate (CoA or ACP), most of the discoveries around the catalytic mechanism can be transposed to other condensing enzymes. All of them carry out the formation of a new carbon-carbon bond by a decarboxylating Claisen condensation. This reaction is sequenced in three steps involving three active residues: Cys-His-Asn proper to initiating condensing enzymes such as E. coli FabH and plant chalcone synthases, or Cys-His-His residues revealed in FabB and FabF E. coli elongating enzymes [START_REF] Heath | The Claisen Condensation in Biology[END_REF]. During fatty acid biosynthesis, the first step of a condensation reaction consists in the transfer of an acyl substrate onto the cysteine residue in the active site of the enzyme (figure 3(1)). The second step involves the binding of the malonyl-ACP or -CoA followed by its decarboxylation (figure 3(2)). The condensation finally occurs and releases a β-ketoacyl product (figure 3(3)). (2002). ( 1) acylation of the active-site cysteine, (2) binding of malonyl-ACP followed by a decarboxylation reaction releasing CO2,(3) condensation reaction between the acyl moiety and the product of decarboxylation producing a β-ketoacyl-ACP.

INSIGHTS INTO THE CATALYTIC MECHANISM PROPOSED FOR E. COLI FABH ENZYME

Insights describing further the active-site architecture of condensing enzymes were mostly retrieved from the crystal structure of the β-ketoacyl-ACP synthase III (FabH) from E. coli [START_REF] Qiu | Crystal Structure of β-Ketoacyl-Acyl Carrier Protein Synthase III : a key condensing enzyme in bacterial fatty acid biosynthesis*[END_REF][START_REF] Davies | The 1.8 Å crystal structure and active-site architecture of β-ketoacyl-acyl carrier protein synthase III (FabH) from Escherichia coli[END_REF]. Its active site is composed by the residues Cys112, His244 and Asn274. The roles of these three residues were tested experimentally in FabH mutants in order to propose a reliable condensation mechanism [START_REF] Davies | The 1.8 Å crystal structure and active-site architecture of β-ketoacyl-acyl carrier protein synthase III (FabH) from Escherichia coli[END_REF].

The acyl transfer on Cys112 requires the formation of a thiolate ion (figure 4 (1)) to perform a nucleophilic attack and create a covalent bond with the acyl chain (figure 4 (2)). [START_REF] Davies | The 1.8 Å crystal structure and active-site architecture of β-ketoacyl-acyl carrier protein synthase III (FabH) from Escherichia coli[END_REF] suggested that the thiolate ion is formed by a deprotonation driven by a dipole effect on the closest α-helix in FabH since any involvement of the catalytic histidine residue in the acetylation step on Cys112 was discarded. Yet, the deprotonation of the cysteine catalytic residue could still be driven by the active histidine in some other condensing enzymes. [START_REF] Abbadi | Reaction mechanism of recombinant 3-oxoacyl-(acyl-carrier-protein) synthase III from Cuphea wrightii embryo, a fatty acid synthase type II condensing enzyme[END_REF] notably demonstrated that the active histidine residue (His261) is essential for the acetylation step on the cysteine residue of FabH enzyme from the plant Cuphea wrightii.

The following decarboxylation of the malonic acid (figure 4 (3)) requires both His244 and Asn274 residues as the substitution of either by an alanine in FabH mutants abolishes almost completely the decarboxylation activity. [START_REF] Davies | The 1.8 Å crystal structure and active-site architecture of β-ketoacyl-acyl carrier protein synthase III (FabH) from Escherichia coli[END_REF] proposed that His244 and Asn274 facilitate the enolization of the malonyl-ACP and then stabilize the carbanion by forming strong hydrogen bonds with the thioester carbonyl. The residue Phe205 at the bottom of the catalytic pocket is suspected to assist the decarboxylation reaction by facilitating electron rearrangements during this transient step necessary to the CO2 release.

Finally, the nucleophile attack of the carbanion on the C1 of the acetate covalently bound to Cys112 (figure 4 (4)) leads to the formation of a new anionic tetrahedral intermediate stabilized by hydrogen bonds with Cys112 and Gly306 (figure 4 (5)). In the end, a β-ketoacyl-ACP product is released (figure 4 ( 6)). 

IDENTIFICATION OF KCS CATALYTIC TRIAD BY HOMOLOGY WITH RELATED CONDENSING

ENZYMES

The catalytic mechanism of KCS enzymes was explored by homology with condensing enzymes solved 3D structure and experimentally determined active site residues. A first identification of the potential catalytic cysteine residue in AtKCS18/FAE1 was reported by Lassner et al (1996) by sequence homology with the peanut Arachis hypogaea resveratrol synthase protein (RS3), performing a condensation reaction between 3 malonyl-CoA and a coumaroyl-CoA to obtain a resveratrol molecule. RS3 C169 residue was indeed identified as the catalytic cysteine residue (Lassner et al 1996) and aligns to the C223 residue of the FAE1/KCS18 enzyme suggesting its putative involvement in KCS condensation mechanism. Two other residues, H391 and N424, were highlighted as potential catalytic His and Asn residues in FAE1/KCS18 sequence based on homology with related condensing enzymes such as E. coli FabH and Medicago sativa chalcone synthase elucidated for their catalytic mechanism (figure 5). The catalytic triad of FAE1/KCS18 enzyme was confirmed through the work of [START_REF] Ghanevati | Engineering and mechanistic studies of the Arabidopsis FAE1 β-ketoacyl-CoA synthase, FAE1 KCS[END_REF]. They first performed directed-mutagenesis on six cysteine residues conserved in different plant KCS and expressed the resulting mutants in yeast. Among the six candidate cysteines, the condensation activity was only abolished in the mutant affected at C223. These results demonstrated that C223 is indeed the active-site cysteine of Arabidopsis FAE1/KCS18 [START_REF] Ghanevati | Active-site residues of a plant membrane-bound fatty acid elongase β-ketoacyl-CoA synthase, FAE1 KCS[END_REF].

In a second report, [START_REF] Ghanevati | Engineering and mechanistic studies of the Arabidopsis FAE1 β-ketoacyl-CoA synthase, FAE1 KCS[END_REF] assayed in vitro the condensation and decarboxylation activity on a 100-fold purified fraction of His-tagged AtKCS18/ FAE1 enzymes (obtained through a one-step purification using detergents to solubilize membrane proteins and a Ni 2+ -PDC column to purify the His-tagged proteins). Further purification step of KCS18/FAE1 to reach homogeneity led to a loss of activity, highlighting the difficulties to thoroughly purify membrane proteins without affecting their conformation and activity. Both condensation and decarboxylation activities were also tested on different purified FAE1 enzymes mutated for a selection of residues including the catalytic cysteine C223 and two other potential catalytic histidine and asparagine residues (His391 and Asn424). The condensation activity assays led to the experimental confirmation of FAE1 catalytic triad residues. The mutants C223A, H391A and N424H all displayed abolished condensation activity, demonstrating that C223-H391-N424 form the Arabidopsis FAE1 catalytic triad. As shown in figure 5, the three catalytic residues Cys223-His391-Asn424 identified and confirmed in the FAE1/KCS18 enzyme are strictly conserved throughout Arabidopsis KCS gene family apart from a single exception: the histidine residue is replaced by a leucine residue in KCS15.

Therefore, almost all the AtKCS isoforms display the catalytic resources to perform the condensation step of VLCFA elongation.

Monitoring of the decarboxylation activity by the release of 14 CO2 from FAE1 wild type and mutant enzymes allowed to dissect further the sequential steps of the condensation performed by FAE1 and the role of active-site residues during these different steps. Both the wild type FAE1 in absence of acyl-CoA substrate and the FAE1 mutant C223A lacking acylation site in presence of acyl-CoA do not display any decarboxylation activity. This result indicates that the transfer of the acyl on the cysteine residue is required for the decarboxylation activity. Such dependence of the decarboxylation towards acyl binding has also been described for E. coli FabH enzyme [START_REF] Davies | The 1.8 Å crystal structure and active-site architecture of β-ketoacyl-acyl carrier protein synthase III (FabH) from Escherichia coli[END_REF]. Conversely, Medicago sativa chalcone synthase is able to decarboxylate malonyl-CoA in the absence of coumaroyl binding onto the cysteine residue [START_REF] Jez | Dissection of Malonyl-Coenzyme A Decarboxylation from Polyketide Formation in the Reaction Mechanism of a Plant Polyketide Synthase[END_REF].

Finally, the substitution of the histidine residue by a glutamine residue maintains a partial but significant decarboxylation and condensation activity. This result suggests that the conserved histidine residue might not be involved in the deprotonation of the cysteine residue required for the acyl binding. Similar insights were already suggested for the histidine residue in E. coli FabH [START_REF] Davies | The 1.8 Å crystal structure and active-site architecture of β-ketoacyl-acyl carrier protein synthase III (FabH) from Escherichia coli[END_REF].

According to the experimental results obtained for Arabidopsis FAE1 enzyme summarized by Haslam et Kunst (2013), a model for the catalytic mechanism of plant KCS was proposed, illustrating a "ping-pong" mechanism characterized by a decarboxylation step depending on the thio-acylation of the KCS enzyme on its catalytic cysteine residue (figure 6). 

HOMOLOGY MODELLING TO PREDICT THE STRUCTURE OF KCS ENZYMES

To date, no crystal data was reported for any plant KCS due to persisting constraints related to the purification and solubilization of membrane-bound proteins. Instead, homology modelling was used in order to predict the structure of KCS enzymes.

Analyses of plant KCS gene structure and conserved motifs emphasized two different protein domains in plant KCS, a 3-oxoacyl-ACP synthase III C-like domain and a chalcone synthase-like domain [START_REF] Guo | Evolution of the KCS gene family in plants : The history of gene duplication, sub/neofunctionalization and redundancy[END_REF]. These homologies were exploited to build KCS 3D structure in two different studies targeting KCS from Arabidopsis and sunflower Helianthus annuus (Joubès et al, 2008;[START_REF] González-Mellado | Functional characterization and structural modelling of Helianthus annuus (sunflower) ketoacyl-CoA synthases and their role in seed oil composition[END_REF].

Medicago sativa chalcone synthase was used as a template to model the 3D structure of HaKCS1 and HaKCS2 (Gonzales-Mellado et al. 2019). Conversely, Arabidopsis KCS1 structure was built based on three templates: M.sativa chalcone synthase and E.coli fabH, covering 80% of the protein in its C-terminal part, and E.coli ubiquinol oxidase to cover the N-terminus transmembrane domains (Joubès et al. 2008).

The resulting 3D monomer structures display two distinct domains: two transmembrane segments in its N-terminal region anchoring the KCS to the ER membrane and a major C-terminal globular and catalytic domain performing the cytosolic condensation reaction (figure 7.A). Both structures also highlight an "Y" shaped pocket with the catalytic triad residues Cys-His-Asn in its bottom part.

If the binding pocket of both structures was compatible with the docking of an acyl-CoA substrate, there were nevertheless major discrepancies in KCS 3D structures proposed by these two studies, which reflects the limits of homology modelling. Whereas Joubès et al (2008) proposed a monomeric structure, HaKCS1 and HaKCS2 were modelled as homodimers by Gonzales-Mellado et al (2019) (figure 7). Moreover, the layering of secondary structures does not follow the same pattern in both studies. Indeed, AtKCS1 shows a four layered structure α-β-α-α whereas HaKCS1 and HaKCS2 display an α-β-α-β-α layering in each chain.

Overall the model proposed by Gonzales-Mellado et al ( 2019) shares more similarities with both E. coli FabH and M. sativa chalcone synthase elucidated homodimer structures, characterized by five layered αβ-α-β-α secondary structures [START_REF] Qiu | Crystal Structure of β-Ketoacyl-Acyl Carrier Protein Synthase III : a key condensing enzyme in bacterial fatty acid biosynthesis*[END_REF][START_REF] Jez | Dissection of Malonyl-Coenzyme A Decarboxylation from Polyketide Formation in the Reaction Mechanism of a Plant Polyketide Synthase[END_REF]. The stoichiometry of plant FAE complex was barely explored yet few evidences suggest that plant KCS could indeed function as dimeric or more generally multimeric structures.

Back in the early days of plant VLCFA elongation investigations at the Membrane Biogenesis Laboratory, a solubilized and purified C18-CoA elongation complex from Allium porrum (leek) displayed an apparent molecular weight of 300kDa [START_REF] Lessire | Nature of the reaction product of [1-14C] stearoyl-CoA elongation by etiolated leek seeding microsomes[END_REF][START_REF] Bessoule | Partial purification of the Acyl-CoA elongase of Allium porrum leaves[END_REF]. The KCS unit of the complex generally displays a molecular weight around 50-60 kDa whereas each of the other units of the complex (KCR, HCD and ECR) shows a molecular weight around 35kDa. This information suggests that several copies of the different subunits could form the FAE complex. A potential dimeric assembly of KCS enzymes was further proposed by Lassner et al (1996) who reported two molecular weights related to KCS enzymes purified from jojoba embryos: a molecular weight around 138kDa was estimated using size exclusion chromatography whereas 57kDa were estimated based on SDS-PAGE. Recently, Kim et al (2021) demonstrated homo and hetero-interactions between KCS2, KCS6 and KCS9 using BIFC and yeast twohybrid assays. In this study, Asp308 and Asp339 residues were further highlighted as crucial residues for homo and hetero-interactions of KCS9 with other KCS enzymes and the ECR subunit of the FAE complex, but also for KCS9 functional activity allowing the elongation of C22 into C24 VLCFA. These results suggest that plant KCS functional activity could be based on homo or hetero-dimeric interactions.

On the other hand, the elucidation of several condensing enzymes structures through crystallography studies highlighted homodimeric structures. [START_REF] Qiu | Crystal Structure of β-Ketoacyl-Acyl Carrier Protein Synthase III : a key condensing enzyme in bacterial fatty acid biosynthesis*[END_REF] described E. coli FabH homodimer as a relevant biological structure. The two FabH chains interact through a continuous 10-stranded β-sheet and the dimeric structure displays one active site in each monomer facing opposite directions (figure 8.A). A phenylalanine residue (Phe87) however interlocks with the active site of the other monomer. A substrate binding analysis shows that Phe87 shares van der Waals interactions with the methyl of the acetyl substrate (figure 8.B). This interface between the two monomers suggests that the homodimeric conformation of the enzyme could be critical for the activity and substrate specificity of FabH. The elucidated structure of E. coli FabF condensing enzyme also displays helical segments projected along the catalytic pocket of the opposite monomer [START_REF] Moche | Structure of the Complex between the Antibiotic Cerulenin and Its Target, β-Ketoacyl-Acyl Carrier Protein Synthase *[END_REF]. [START_REF] Qiu | Crystal Structure of β-Ketoacyl-Acyl Carrier Protein Synthase III : a key condensing enzyme in bacterial fatty acid biosynthesis*[END_REF] proposed a structural analogy between FabH and FabF suggesting a conservation among condensation enzymes of dimeric interface able to modulate substrate selectivity. 

MOLECULAR DETERMINANTS OF SUBSTRATE SPECIFICITY

Little is known about the molecular mechanisms underlying the variability of substrate specificities characterizing plant KCS. Yet, few critical domains and residues implicated in the substrate specificity of Brassicaceae FAE1/KCS18 enzymes were identified through different approaches.

A first study exploited the differential substrate preference between Arabidopsis thaliana and Brassica napus FAE1 enzymes to identify specificity-determining domains [START_REF] Blacklock | Studies into factors contributing to substrate specificity of membrane-bound 3-ketoacyl-CoA synthases : Substrate specificity of FAE1 KCSs[END_REF]. AtFAE1 and BnFAE1 share 86 % of sequence homology, and are both involved in the elongation of a C18:1 substrate into C20:1 and C22:1 products. Yet, their expression in yeast leads to different C22:1/C20:1 products ratio corresponding to 0,12 for AtFAE1 against 0,34 for BnFAE1. [START_REF] Blacklock | Studies into factors contributing to substrate specificity of membrane-bound 3-ketoacyl-CoA synthases : Substrate specificity of FAE1 KCSs[END_REF] developed a domain swap approach to create At/BnFAE1 chimeric enzymes and identified a region of 92 amino acids driving either Arabidopsis or B. napus FAE1 specificity (represented in pink, figure 9). Further directedmutagenesis experiments within this region emphasized a key specificity-driving residue K92 in AtFAE1 (figure 9).

In a second approach, Jasinski et al (2012) performed quantitative trait loci (QTL) analyses to identify candidate genes involved in seed VLCFA content variations between Bay-0 and Shahdara Arabidopsis thaliana ecotypes. The different genetic analyses emphasized a single nucleotide polymorphism (SNP) in FAE1/KCS18 sequence leading to a L407V change (highlighted in blue, figure 9). In KCS18 structure, this change potentially induces a 25% narrowing of the catalytic pocket in Shahdara KCS18 compared to Bay-0 enzyme. Consistently, only Bay-0 KCS18 leads to the accumulation of C20:1 products after expression in yeast suggesting that conformational changes in Shahdara KCS18 alter its activity towards VLC-CoAs.

The approach used by [START_REF] Jasinski | Natural Variation in Seed Very Long Chain Fatty Acid Content Is Controlled by a New Isoform of KCS18 in Arabidopsis thaliana[END_REF], combining genetic analyses with functional and structural characterization, constitutes a great opportunity to elucidate the molecular mechanisms underlying KCS substrate specificity. Moreover, KCS18/FAE1 enzyme represents a good candidate thanks to a great level of genetic diversity, a large availability of its sequence data in multiple accessions and a measurable functional activity. These assets were exploited by [START_REF] Sun | Evolutionary Pattern of the FAE1 Gene in Brassicaceae and Its Correlation with the Erucic Acid Trait[END_REF] to establish a correlation between KCS18/FAE1 genetic variations and the seed erucic acid (C22:1) content in a comprehensive analysis including 60 Brassicaceae accessions. Overall, 16 residues are differentially conserved in accessions displaying high or low erucic acid contents (highlighted in orange, figure 9). These residues are unevenly distributed in the two last thirds of Brassicaceae KCS18/FAE1 sequences, however they do not overlap with the domain and residues determinant for KCS18/FAE1 substrate specificity or functional activity highlighted by [START_REF] Blacklock | Studies into factors contributing to substrate specificity of membrane-bound 3-ketoacyl-CoA synthases : Substrate specificity of FAE1 KCSs[END_REF] and [START_REF] Jasinski | Natural Variation in Seed Very Long Chain Fatty Acid Content Is Controlled by a New Isoform of KCS18 in Arabidopsis thaliana[END_REF]. Moreover, the variability of seed erucic acid content between Brassicaceae accessions might not be directly related to KCS18/FAE1 genetic variability despite the correlation established by [START_REF] Sun | Evolutionary Pattern of the FAE1 Gene in Brassicaceae and Its Correlation with the Erucic Acid Trait[END_REF]. Indeed, many other enzymes involved in erucic acid accumulation in seeds could be differentially regulated or display genetic variabilities such as the fatty acid desaturase FAD2 [START_REF] Peng | Simultaneous silencing of FAD2 and FAE1 genes affects both oleic acid and erucic acid contents in Brassica napus seeds[END_REF] or the acyltransferase involved in TAG biosynthesis [START_REF] Lassner | Lysophosphatidic Acid Acyltransferase from Meadowfoam Mediates Insertion of Erucic Acid at the sn-2 Position of Triacylglycerol in Transgenic Rapeseed Oil[END_REF]. Therefore, these residues could represent potential determinants of FAE1 orthologs functional activity, yet further experiments need to be performed in order to establish a direct link between KCS18/FAE1 genetic variability and seed erucic acid content. [START_REF] Blacklock | Studies into factors contributing to substrate specificity of membrane-bound 3-ketoacyl-CoA synthases : Substrate specificity of FAE1 KCSs[END_REF] are highlighted in pink. Knowing that Bay-0 displays the same L407 residue, the mutation L407V emphasized between Bay-0 and Shahdara ecotypes is framed in blue [START_REF] Jasinski | Natural Variation in Seed Very Long Chain Fatty Acid Content Is Controlled by a New Isoform of KCS18 in Arabidopsis thaliana[END_REF]. 16 residues differentially conserved in accessions displaying high or low erucic acid contents in the Brassicaceae family are highlighted in orange [START_REF] Sun | Evolutionary Pattern of the FAE1 Gene in Brassicaceae and Its Correlation with the Erucic Acid Trait[END_REF]. The catalytic triad residues Cys-His-Asn are framed in red.

OBJECTIVES

Since the discovery of FAE complex, Arabidopsis KCS multigenic family was largely explored and led to the characterization of a few members. As shown in the Table 1, the physiological impact of 14 of the 21 KCS isoenzymes was investigated using Arabidopsis knockout mutants (reviewed in Batsale et al, 2021). Some, like KCS18/FAE1 and KCS6/CER6/CUT1, lead to clear phenotypes facilitating the functional characterization as well as the identification of the physiological role of a few KCS. Nevertheless, among these 14 isoenzymes, the corresponding functional activity was described for only 9 AtKCS. Heterologous expression in Saccharomyces cerevisiae to study AtKCS activity through in vivo and in vitro assays led to the characterization of the functional activity of 10 AtKCS. Apart from AtKCS4 and AtKCS17, both Arabidopsis and yeast models described the same set of AtKCS, failing to tackle the activity of half of Arabidopsis KCS isoenzymes. The study of a great majority of KCS isoenzymes remains challenging due to functional redundancies preventing the clear identification of their functions in planta, and overall, 10 AtKCS remain to be functionally characterized. 

My PhD project aims to describe further the functional divergences and redundancies characterizing

the AtKCS multigenic family. To do so, three different complementary strategies were developed.

1-Functional characterization of the whole AtKCS family in an optimized yeast system and in tobacco leaves

To date, no comparative study of the whole AtKCS family was reported in Arabidopsis or yeast heterologous system. The heterologous expression of AtKCS in yeast reported in several studies led to the functional characterization of only 10 isoenzymes (Haslam et Kunst, 2013;Batsale et al, 2021) In this chapter, we report the heterologous expression of the whole AtKCS family in Saccharomyces cerevisiae and Nicotiana benthamiana systems towards a comparative functional analysis.

Based on the hypothesis that yeast endogenous FAE complex could be incompatible with some AtKCS isoenzymes, a new yeast platform was generated in which the endogenous KCR, HCD and ECR subunits were replaced by Arabidopsis corresponding enzymes. Heterologous expression of the different AtKCS in this platform allowed for the complete reconstitution of Arabidopsis FAE complexes in yeast.

Saccharomyces cerevisiae endogenous condensation enzymes ELO1, ELO2 and ELO3 are able to elongate VLCFA until C26. Conversely, VLCFA until 38-40 carbons were reported in plants suggesting that among non-functional AtKCS previously tested in yeast, several isoenzymes could be involved in the elongation of acyl-chains between C30 and C40. Furthermore, because several KCS appeared non functional in yeast, we also hypothesized that they need plant cofactors and should be studied in a plant cell environment. Thus, Nicotiana benthamiana (tobacco) was used as a complementary system to perform a parallel comparative functional analysis in planta through transient expression.

2-Investigation of structural determinants underlying AtKCS functional divergences

Since no crystal data was reported for any plant KCS due to the general difficulties encountered to solubilize membranous proteins without altering their conformation and activity, little is known about the structure-function relationship underlying AtKCS functional divergences. Yet, the previous study of substituted mutants between Arabidopsis thaliana and Brassica napus KCS18/FAE1 enzymes, highlighting a region determining either AtKCS18 or BnKCS18 substrate specificity, provided encouraging results towards a better understanding of molecular determinant of AtKCS substrate specificities [START_REF] Blacklock | Studies into factors contributing to substrate specificity of membrane-bound 3-ketoacyl-CoA synthases : Substrate specificity of FAE1 KCSs[END_REF].

The functional characterization of the whole AtKCS family developed in the first chapter offers an ideal comparative analysis to describe and distinguish precisely the divergent elongation specificities between AtKCS isoenzymes. The obtained results were therefore exploited to select AtKCS candidates and generate domain-swap and site-directed mutants to analyze their substrate specificity in yeast towards the identification of substrate specificity-driving domains and residues.

3-Elucidation of AtKCS functions back in Arabidopsis using kcs multiple mutants to overcome functional redundancies

Using the comparative functional analysis developed in the first chapter, isoenzymes displaying redundant activities were targeted towards further investigation of their functions in Arabidopsis. In order to overcome the difficulties to identify their functional and physiological roles in knockout mutants due to their redundant substrate specificities and overlapping expression patterns, multiple kcs mutants were generated and characterized. Various lipid analyses were performed in different tissues in order to identify lipid biosynthesis pathways in which the targeted isoenzymes are involved.

------------- 

INTRODUCTION

Very-long chain fatty acids (VLCFA) are defined as fatty acids with a carbon chain with more than 18 carbon atoms. In plants, they are found with a wide range of chain-lengths (up to 38 carbon atoms), and with various degrees of unsaturation or hydroxylation levels (Batsale et al., 2021;Kyselova et al., 2022). VLCFA are required in all plant cells for the biosynthesis of membrane lipids such as phospholipids, especially phosphatidyl-serine, which is enriched in saturated C20, C22 and C24 VLCFA, but also phosphatidyl-choline and -ethanolamine (Li-Beisson et al., 2013). Sphingolipids, which specifically accumulate in the outer leaflet of the plasma membrane, contain α-hydroxylated saturated and monounsaturated C24 and C26 VLCFA. VLCFA can also be incorporated in seed storage triacylglycerols (TAGs), and represent up to 27 % of the total acyl-chains in Arabidopsis seeds (Batsale et al., 2021). VLCFA are also precursors for the synthesis of lipid barriers such as cuticular waxes and suberin in aerial organs epidermis and roots, respectively. Although variable amounts of free VLCFA are generally quantified in the cuticular waxes between plant species, the wide variety of aliphatic wax compounds is uniquely derived from VLCFA with chain-length ranging from 24 to 38 carbon atoms (Bernard and Joubès, 2013). Most wax VLCFA derivatives are saturated, however minor amounts of unsaturated alcohols and alkenes, as well as branched molecules can also be found (Busta and Jetter, 2017). Root suberin contains high amounts of VLCFA and VLCFA-derived ω-hydroxylated fatty acids, α,ω-dicarboxylic acids, alcohols and alkyl-hydroxycinnamates [START_REF] Franke | Suberin--a biopolyester forming apoplastic plant interfaces[END_REF]Delude et al., 2016). Plant VLCFA are therefore at the origin of a high diversity of lipids found in various subcellular and tissular locations. As such, VLCFAs are critical for multiple physiological processes such as cell division and differentiation, intracellular trafficking, cuticular conductance or energy storage, and play several roles in plant stress response (Zhukov and Shumskaya, 2020;Batsale et al., 2021). VLCFA result from the endoplasmic reticulum (ER)-associated acyl-CoA elongase activity carried out by the multi-enzymatic fatty acid elongase (FAE) complexes. Each elongation cycle consists of four successive reactions generating an acyl-chain extended by two carbons (Haslam and Kunst, 2013). The first step, catalysed by the 3-ketoacyl-CoA synthase (KCS), consists in condensing an acyl-CoA with a malonyl-CoA. The resulting 3-ketoacyl-CoA is then reduced by a 3-ketoacyl-CoA reductase (KCR) into 3-hydroxyacyl-CoA, which is dehydrated by a 3-hydroxacyl-CoA dehydratase (HCD) to form a trans-2,3-enoyl-CoA. The trans-2,3-enoyl-CoA is then reduced by the trans-2,3-enoyl-CoA reductase (ECR) leading to the formation of an acyl-CoA elongated by two carbons. Studies, including photoperiod and chemical inhibition of elongase activities, suggest that multiple elongases with distinct chain-length specificities co-exist producing the broad chain-length-range of VLCFA, the KCS being the key rate-limiting enzyme (von Wettstein-Knowles, 1982). Indeed, the KCR, HCD and ECR enzymes have a broad substrate specificity and are shared by all FAE complexes [START_REF] Kunst | Plant cuticles shine: advances in wax biosynthesis and export[END_REF]. Yeast mutant complementation assays showed that Arabidopsis KCR1 and PASTICCINO2 (PAS2) encode a functional 3-ketoacyl-CoA reductase and 3-hydroxacyl-CoA dehydratase, respectively (Bach et al. 2008;Beaudoin et al. 2009). Complementation by CER10 of the Arabidopsis cer10 and the yeast tsc13-1elo2Δ mutants demonstrated that CER10 encodes a functional trans-2,3-enoyl-CoA reductase (Zheng et al. 2005). Consistent with the hypothesis that the three enzymes have broad substrate specificities and are shared by all FAE, the inactivation of KCR1 or PAS2 is embryo lethal, whereas the inactivation of CER10 as well as partial loss of KCR1 or PAS2 activity result in a severe reduction of several classes of VLCFA-containing lipids (waxes, triacylglycerols and sphingolipids) causing important developmental defects (Zheng et al. 2005;Bach et al. 2008;Beaudoin et al. 2009). In contrast to the KCR, HCD and ECR enzymes, each encoded by one or two genes, more than twenty KCS members have been annotated in several angiosperm genomes supporting the idea that multiple FAE complexes co-exist in plant cells : 21 putative KCS isoenzymes were identified in Arabidopsis (Joubès et al. 2008), 25 in sorghum (Zhang et al., 2022), 26 in maize (Campbell et al., 2019), 30 in peanut (Huai et al., 2020), and as many as 58 in cotton and rapeseed (Xiao et al., 2016;Xue et al., 2020). Although they have been thoroughly studied in Arabidopsis the exact biochemical activity and physiological functions of most KCS remain unknown. Only nine out of the 21 Arabidopsis kcs T-DNA mutant lines show a lipid phenotype (Haslam and Kunst, 2013;Hegebarth et al, 2017;Kim et al, 2021;Huang et al, 2022) suggesting that overlapping substrate specificities and expression patterns between the different KCS may lead to functional redundancies. Similarly, out of the 18 Arabidopsis KCS that have been heterologously expressed in yeast at this time, only nine were functionally characterized (Paul et al., 2006;Tresch et al., 2012;Hegebarth et al., 2017). It should be pointed out that it has often been the same KCS that showed activity in yeast and an Arabidopsis mutant phenotype, so that about half of them have so far never been characterized. The kcs1 mutant is affected in wax biosynthesis and KCS1 expression in yeast leads to the production of C20 and C22 VLCFA (Todd et al., 1999;Trenkamp et al., 2004;Tresch et al., 2012). KCS2 and KCS20 are highly expressed in root endodermis and the corresponding kcs2 and kcs20 single mutants showed a reduction of the amount of C22 monomers in suberin in accordance with yeast heterologous expression results (Trenkamp et al., 2004;Paul et al., 2006;Franke et al., 2009;Lee et al., 2009;Tresch et al., 2012). KCS4 was recently shown to be involved in the elongation of VLCFA with more than 24 carbons during root and pollen tube growth (Kim et al., 2021). The kcs6/cer6/cut1 mutant displays one of the most severe waxless phenotypes, and KCS6 (like its paralog KCS5) was shown to lead to the production of C26 and C28 VLCFA in yeast (Millar et al. 1999;Hooker et al., 2002;Trenkamp et al., 2004;Tresch et al., 2012;Haslam et al., 2015;Huang et al, 2022). Acyl-CoA profiling of kcs9 roots showed a slight accumulation of 22:0-CoA species (Kim et al., 2013), in accordance with the KCS9 specific activity deduced from in vitro yeast assays (Paul et al., 2006). KCS16 was shown to be involved in the biosynthesis of C36 and C38 VLCFA for wax production in leaf trichomes and pavement cells (Hegebarth et al., 2017), as well as to produce C22 and C24 VLCFA important for lateral root development (Lv et al., 2021). In agreement with the seed specific expression of KCS18/FAE1, heterologous expression of KCS18 in yeast leads to the accumulation of saturated and monounsaturated C20 and C22 VLCFA (James et al., 1995;Trenkamp et al., 2004;Tresch et al., 2012). The absence of a detectable KCS activity in yeast for the remaining enzymes could result from the absence or unavailability of their physiological substrates, an inadequate cell environment, competition with the endogenous yeast condensing enzymes or a poor interaction of plant KCS with the other components of the yeast FAE complex. In this study, to address these challenges and explore the functional redundancy of Arabidopsis KCS, we have engineered a novel yeast platform dedicated to the characterization of Arabidopsis VLCFA elongation. Each of the 21 KCS was expressed in this novel platform as well as in tobacco epidermal cells thus providing the first exhaustive and comparative analysis of the whole Arabidopsis KCS multigenic family.

MATERIALS AND METHODS

Plant material and growth conditions. Arabidopsis thaliana (L.) Heynh (ecotype Columbia-0) was used in all experiments. Arabidopsis plants were grown under controlled conditions as previously described (Joubès et al., 2008). For subcellular localization studies, Nicotiana benthamiana plants cultivated in controlled conditions (16 h light photoperiod, 25 °C) were analyzed 2 and 5 days after agroinfiltration for subcellular localization experiments and for overexpression, respectively as previously described [START_REF] Perraki | Plasma membrane localization of Solanum tuberosum remorin from group 1, homolog 3 is mediated by conformational changes in a novel C-terminal anchor and required for the restriction of potato virus X movement[END_REF].

DNA, RNA and cDNA preparation, and RT-PCR analysis. Genomic DNA was extracted from Arabidopsis leaves with the DNeasy Plant kit (Qiagen, Courtaboeuf, France) and RNA from Arabidopsis tissues or yeast cells with the RNeasy Plant mini kit (Qiagen). Purified RNA was treated with DNase I using a DNA-free kit (Ambion, Austin, TX). First-strand cDNA was prepared from 1 µg of total RNA with the Superscript RT II kit (Invitrogen, Carlsbad, California) and oligo(dT)18 according to the manufacturer's instructions. Semiquantitative RT-PCR analysis and PCR on genomic DNA were performed using Q5® High-Fidelity DNA Polymerase (New England Biolabs, Evry, France). PCR amplifications were performed with gene-specific primers listed in Supplemental Table S1. DNA constructs. Open reading frames (ORFs) were amplified from Arabidopsis genomic DNA and from Arabidopsis tissues cDNA using primers listed in Supplemental Table S1. The corresponding PCR fragments were inserted into the pDONR221 ENTRY vector using the GATEWAY® recombinational cloning technology (Invitrogen) and subsequently transferred into pK7WG2D, pK7YWG2 and pvtLEU DESTINATION vectors [START_REF] Karimi | GATEWAY vectors for Agrobacterium-mediated plant transformation[END_REF]al., 2002, Dittrich-Domergue et al., 2014) by using LR clonase II. DNA constructs transferred into the Agrobacterium tumefaciens GV3101 strain were used for transient expression in N. benthamiana leaves [START_REF] Perraki | Plasma membrane localization of Solanum tuberosum remorin from group 1, homolog 3 is mediated by conformational changes in a novel C-terminal anchor and required for the restriction of potato virus X movement[END_REF]. Saccharomyces cerevisiae cells were transformed with different constructs the standard lithium acetate transformation protocol [START_REF] Gietz | Studies on the transformation of intact yeast cells by the LiAc/SS-DNA/PEG procedure[END_REF] and grown on minimal medium lacking appropriate amino acids.

Yeast genetics. The coding sequences of the Arabidopsis genes KCR, PAS2/HCD and ECR were introduced in the yeast genome to replace the coding sequences of the following genes: IFA38 (YBR159W), PHS1(YJL097W) and Tsc13(YDL015C), respectively, using the CRISPR-Cas9 method. Primers KCR1/KCR2, PAS1/PAS2 and ECR1/ECR2 (Supplemental Table S1) containing the gRNA sequences were cloned in the pgRNA.AarI (modified by [START_REF] Tsarmpopoulos | In-Yeast Engineering of a Bacterial Genome Using CRISPR/Cas9[END_REF] from the p426-SNR52p-gRNA plasmid) to obtain pgRNA.IFA38, pgRNA.PHS1 and pgRNA.TSC13. The recombination templates were obtained by PCR using primers KCR5/KCR6, PAS5/PAS6 or ECR5/ECR6 (Supplemental Table S1) and Arabidopsis cDNA as DNA template. Yeast cells were transformed using the standard lithium acetate transformation protocol [START_REF] Gietz | Studies on the transformation of intact yeast cells by the LiAc/SS-DNA/PEG procedure[END_REF]. Approximately 200 ng of plasmid p414-TEF 1p-Cas9-CYC1t [START_REF] Dicarlo | Genome engineering in Saccharomyces cerevisiae using CRISPR-Cas systems[END_REF]) was used to transform yeast strain InvSc1 [MATa his31 leu2 trp1-289 ura3-52 MAT his31 leu2 trp1-289 ura3 -52] to obtain yeast strain InvSc1-Cas9. Allelic exchanges were realized by iterative approach, the yeast strain InvSc1-Cas9 was transformed with 200 ng of plasmid pgRNA.IFA38, pgRNA.PHS1 or pgRNA.TSC13 and 1 nmol of corresponding recombination templates for homologous recombination. After transformation, cells were plated on selective medium. Loss of pgRNA plasmid was realized between two transformations. The TRIPLE strain resulting of these allelic exchanges was verified by PCR and sequenced using KCR7/KCR8, PAS7/PAS8 and ECR7/ECR8 primers (Supplemental Table S1). For deletion of the ELO3 gene, primers ELO1/ELO2 (Supplemental Table S1) containing the gRNA sequences were cloned into pgRNA.AarI vector to obtain pgRNA.ELO3 vector, the yeast strain TRIPLE was transformed with 200 ng of plasmid pgRNA.ELO3 and 1 nmol of ELO5 and ELO6 annealed primers (Supplemental Table S1) as template for homologous recombination. Inactivation was verified by PCR and sequencing using ELO7/ELO8 primers (Supplemental Table S1). DNA target of Cas9 were determined on http://crispr.dfci.harvard.edu/SSC/. For strain growth analysis, strains were grown using a FLUOstar Omega microplate reader (BMG LABTECH, Champigy sur Marne, France), maintained at 30˚C and growth was monitored by measuring OD600 every 20 minutes.

Lipid analyses. For fatty acyl chain analyses in yeast, yeasts were grown in 4 mL of appropriate liquid minimal medium. Yeast cells grown for 72 hours at 30°C were pelleted and washed in 2 mL of water. Fatty acid methyl esters were obtained by transmethylation at 85°C for 2 hours. For this, yeast cell pellets were resuspended in 1 mL 0.5 M sulphuric acid in methanol containing 2% (v/v) dimethoxypropane and 20 μg of heptadecanoic acid as internal standard. After cooling, 1 mL of 2.5% (w/v) NaCl was added, and fatty acyl chains were extracted in 300 µL of hexane. For fatty acyl chain analyses in N. benthamiana, three agroinfiltrated leaf discs, 5 days post agroinfiltration, were transferred into tubes containing 1 mL 0.5 M sulphuric acid in methanol containing 2% (v/v) dimethoxypropane and 20 μg of heptadecanoic acid as internal standard. Transmethylation was performed at 85°C for 2 hours. After cooling, 1 mL of 2.5% (w/v) NaCl was added, and fatty acyl chains were extracted in 300 µL of hexane for analysis using an Agilent 7890A gas chromatograph equipped with an HP-5MS column (30 m x 0.25 mm x 0.25 mm) and a flame ionization detector. The initial temperature of 50°C was held for 1 min, increased at 25°C.min -1 to 150°C, held for 2 min at 150°C, increased again at 10°C.min -1 to 320°C, and held for 6 min at 320°C. Qualitative analyses were performed using an Agilent 7890A gas chromatograph equipped with an HP-5MS column and an Agilent 5975 mass spectrometric detector (70 eV, mass-to-charge ratio 50-750). The same GC program was used, with helium (1.5 mL.min -1 ) as carrier gas. Acyl chains quantities were determined relatively to the intensity of the pic associated to the quantity of heptadecanoic acid.

Acyl-CoA analysis. Replicated yeast samples (2 OD) were frozen in liquid nitrogen and stored at -80°C prior to extraction. Samples were extracted after [START_REF] Haslam | Techniques for the Measurement of Molecular Species of Acyl-CoA in Plants and Microalgae[END_REF] for reverse-phase liquid chromatography (LC) with electrospray ionization tandem mass spectrometry (multiple reaction monitoring: using a SCIEX 4000QTRAP instrument) in positive ion mode. LC-Mass Spectrometry/Mass Spectrometry (Multiple Reaction Monitoring) analysis followed the methods described in [START_REF] Haslam | Techniques for the Measurement of Molecular Species of Acyl-CoA in Plants and Microalgae[END_REF]. Acyl-CoAs were separated using an Agilent 1200 LC system; Gemini C18 column, 2 mm inner diameter, 150 mm with 5 µm particles. For the purpose of identification and quantification, standard acyl-CoA esters with chain lengths from C14 to C20 were synthesized from free acids or lithium salts (Sigma-Aldrich, St. Louis, MO, USA). Heptadecanoyl-CoA (ammonium salt) was used as an internal standard in each analytical run. Retention times were also confirmed using acyl-CoA standards from Avanti.

Confocal microscopy. Live imaging was performed using a Leica SP5 confocal laser scanning microscopy system (Leica, Wetzlar, Germany) equipped with Argon, DPSS, He-Ne lasers, hybrid detectors and 63x oilimmersion objective. Two days post agroinfiltration, N. benthamiana leaf samples were gently transferred between a glass slide and a cover slip in a drop of water. The plasmid ER-gk CD3-955 was used as a fluorescent ER marker [START_REF] Nelson | A multicolored set of in vivo organelle markers for colocalization studies in Arabidopsis and other plants[END_REF]. YFP and GFP fluorescence were observed using excitation wavelength of 488 nm and their fluorescence emission was collected at 490-540 nm.

Statistical analyses. PCA analyses were performed using the platform MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/). The different dataset obtained in TRIPLE and TRIPLE Δelo3 were processed using Log transformation (base 10) and Auto scaling. Further pairwise comparisons reported in yeast assays were performed using a Tukey post hoc test. FAMEs profiles obtained after transient expression of KCS enzymes in Nicotiana benthamiana were compared using a Wilcoxon test, the P value was adjusted using the Bonferroni method. Apart from the PCA analysis, all the statistics were performed with RStudio (2021.09.0+351).

Accession Numbers. Sequence data from this article can be found in the Arabidopsis Genome Initiative and SGD databases under the following accession numbers: Arabidopsis thaliana : KCS1, At1g01120; KCS2, At1g04220; KCS3, At1g07720; KCS4, At1g19440; KCS5, At1g25450; KCS6, At1g68530; KCS7, At1g71160; KCS8, At2g15090; KCS9, At2g16280; KCS10, At2g26250; KCS11, At2g26640; KCS12, At2g28630; KCS13, At2g46720; KCS14, At3g10280; KCS15, At3g52160; KCS16, At4g34250; KCS17, At4g34510; KCS18, At4g34520; KCS19, At5g04530; KCS20, At5g43760; KCS21, At5g49070; KCR, At1g67730; PAS2/HCD, At5g10480; ECR, At3g55360; ACT2, At1g49240; Saccharomyces cerevisiae : ACT1, YFL039C; ELO3, YLR372W; IFA38, YBR159W; PHS1 : YJL097W; TSC13 : YDL015C.

RESULTS

Engineering a novel yeast system to explore the catalytic activities of Arabidopsis KCS Yeast and plant microsomal FAE complexes are very similar and composed of four core subunits catalyzing identical reactions. Genetic analyses and complementation assays emphasized the strong homology of yeast HCR, HCD and ECR subunits (YBR159, PHS1 and TSC13) with the corresponding plant enzymes. In contrast, the condensing enzymes of the yeast complex, i.e. the ELO proteins ELO1/2/3, share no sequence homology with plant KCS enzymes. Heterologous expression of some Arabidopsis KCS could rescue the lethality of elop family lethal multiple mutants, showing that at least some plant condensing enzymes can form functional elongase complexes with the yeast core subunits to restore elongase activity. Yet, as mentioned before, only nine Arabidopsis KCS showed an activity when expressed in yeast, suggesting that WT yeast cells do not provide a suitable environment for the activity of the twelve remaining enzymes. Based on these previous results we hypothesized that these twelve KCS could not, or not efficiently, form a complex with the yeast HCR, HCD and ECR subunits. To better study the catalytic activity of plant FAE complexes, we engineered a yeast platform to reconstitute whole Arabidopsis complexes and study the chain length specificity of each Arabidopsis KCS enzyme. First, using the CRISPR-Cas9 genome editing tool, we designed a yeast strain named TRIPLE, in which the coding sequence for yeast endogenous FAE core subunits YBR159, PHS1 and TSC13 were replaced by the corresponding Arabidopsis genes KCR1, PAS2 and CER10 (Figure 1A andB). Both strains display similar growth curves (Figure 1C) and the TRIPLE strain shows a fatty acid profile similar to the wild-type InvSc1 strain with a strong accumulation of C16 and C18 long chain fatty acids followed by the elongation of VLCFA up to C26 (Figure 1D). This result confirmed that the last three plant core subunits complement the yeast endogenous enzymes and formed functional FAE complexes with the yeast ELO proteins. An additional and/or alternative possibility accounting for the absence of activity for twelve out of 21 Arabidopsis KCS in yeast is that they could be outcompeted by that of the yeast endogenous ELO proteins responsible for the elongation of fatty acids from C14 to C26. We thus designed a second yeast strain named TRIPLE Δelo3 in which ELO3, which is involved in the endogenous elongation of C22 to C24 and C26 VLCFA, was deleted (Figure 1A andB). In this strain, the microsomal FAE complex is unable to elongate VLCFA beyond C22 which accumulated together with C20. The fatty acid profile of the TRIPLE Δelo3 strain is similar to the Δelo3 strain profile and both strains show similar growth curves (Figure 1C andD).

Heterologous expression of Arabidopsis KCS in yeast

The 21 Arabidopsis KCS genes were cloned and expressed under the transcriptional control of the constitutive ADH1 promoter in the TRIPLE and TRIPLE Δelo3 strains (Supplemental Figure S1) and fatty acids were extracted, methylated and analyzed by GC-MS and GC-FID for identification and quantification, respectively. To visualize the changes in VLCFA contents in the 42 strains expressing Arabidopsis KCS genes, PCAs were performed based on the relative quantification of FAMEs from C16 to C28. In the 21 AtKCS-expressing TRIPLE strains, three AtKCS (KCS2, KCS18 and KCS20) separated from the control strain (empty vector, ev), the first two principal components representing 68% of the total variance (Figure 2A). In the AtKCS-expressing TRIPLE Δelo3 strains, six other AtKCS (KCS1, KCS4, KCS5, KCS6, KCS9 and KCS17) differentiated from the control strain (empty vector, ev), PC1 and PC2 representing 62.5 % of the total variance (Figure 2B). The corresponding biplots indicated that C20, C22 and C24 products were upregulated in the AtKCS-expressing TRIPLE strains along the first principal component (Figure 2C).

Conversely, C20 and C22 products were down regulated and C24 and C26 compounds upregulated in the AtKCS-expressing TRIPLE Δelo3 strains (Figure 2D). Therefore, the use of the TRIPLE strain highlighted the biochemical function of AtKCS specifically elongating C18 into C20 up to C24 acyl chains whereas the TRIPLE Δelo3 strain appeared more suitable for the biochemical characterization of AtKCS accumulating C24 to C26 compounds. Overall, we found nine functional AtKCS in our novel yeast heterologous platforms (KCS1, 2, 4, 5, 6, 9, 17, 18, 20; Figure 3) while the expression of the twelve other AtKCS (KCS3, 7, 8, 10, 11, 12, 13, 14, 15, 16, 19 and 21) showed no significant effects on VLCFA accumulation in both TRIPLE and TRIPLE Δelo3 strains (Supplemental Table S2). Previous phylogenetic analysis showed that Arabidopsis KCS proteins form eight subclasses and identified eight pairs of paralogous proteins (KCS2-KCS20, KCS5-KCS6, KCS9-KCS17, KCS3-KCS12, KCS8-KCS16, KCS13-KCS14, KCS10-KCS15 and KCS7-KCS21; Joubès et al., 2008). In the present comparative analysis, we observed that functional AtKCS showing a close sequence identity display similar catalytic activity. Three pairs of paralogs over the eight (KCS2-KCS20, KCS5-KCS6 and KCS9-KCS17) were functional in the yeast systems. In the TRIPLE strain, the expression of KCS2 or KCS20, which share 85% identity, led to a strong accumulation of C22 and C24 saturated acyl chains (Figure 3B), demonstrating that those enzymes are responsible for the elongation of C20 into C22 and C22 to C24 compounds. KCS2 and KCS20 form the subclass ζ with KCS11 which shares 71% and 70% identity with KCS2 and KCS20, respectively. Thus, the paralogs KCS2 and KCS20 share overall a common substrate selectivity for C20 acyl chains. In the TRIPLE Δelo3 strain, KCS5 and KCS6, which share 88% identity, led to the elongation of C22 into C24 up to C28 compounds (Figure 3C). Unlike the two other pairs of paralogs, KCS9 and KCS17, which share 81% identity, displayed different elongation specificities in the TRIPLE Δelo3 strain. Besides both KCS9 and KCS17 being able to perform the elongation of C22 saturated acyl chains into C24 products, only KCS9 can produce C26 VLCFA (Figure 3D). Together with those two KCS, KCS4 shares a relatively high identity, 75% with KCS9 and 70% with KCS17, and form the subclass α. The expression of KCS4 in the TRIPLE Δelo3 strain led to even higher amounts of C26 compounds compared to KCS9 (Figure 3D). Therefore, the three enzymes of the subgroup α appear to share the ability to use C22 saturated acyl chains as initial substrate to elongate them into C24 and C26 VLCFA. However, each enzyme performed those elongation steps in different ratios. Among the other phylogenic subclasses, only two single enzymes were found functional in our system; in each case, the enzyme showed an outlying substrate specificity compared to that of the other subgroups described above. KCS1 from the subclass β was found to elongate C16 acyl chains into C18 up to C22 products in the TRIPLE strain, while KCS18 from the subclass δ displayed a unique substrate specificity with a very strong accumulation of monounsaturated C20 acyl chains (Figure 3A).

VLCFA metabolism was further investigated by profiling the acyl-CoA pools of the TRIPLE Δelo3 yeast strain expressing functional AtKCS for 16 hours using liquid chromatography (electrospray ionizationtandem) mass spectrometry and multiple reaction monitoring (MRM). The acyl-CoA pool was usually dominated by C16 species, which represented 80.4  3.6 % of the total, while <C16-CoAs were minor (4.3  0.9 % of the total; Supplemental Table S3). A closer look at ≥ C18 molecular species (Figure 4) showed that, in comparison to the control strain expressing an empty vector, the expression of KCS1 increased the levels of 18:1-and 20:1-CoAs, while that of KCS18 led to increases in the levels 18:1-, 20:1-and 22:1-CoAs (Figure 4A). Expression of the subclass ζ AtKCS (KCS2 and 20) had a low impact on C22:0-CoA, but slightly increased the levels of 20:1-and 22:1-CoAs whereas the levels of 18:1-CoA decreased (Figure 4B). In contrast, AtKCS from clade α (KCS4, 9 and 17) and γ (KCS5 and 6) resulted in high decreases in C22:0-CoA and strong increases in C24:0-CoA levels (Figures 4C and4D). In addition, expressing KCS4, 5 and 6 significantly increased the levels of 26:0-CoA. Globally, these analyses showed modifications of the acyl-CoA profiles consistent with the changes observed in the FAMEs profiles (Figure 3).

Expression of Arabidopsis KCS in Nicotiana benthamiana

The use of our engineered yeast platform enabled the characterization of 9 out of 21 AtKCS. To further analyze their substrate specificities and to explore that of the remaining KCS in a homologous system, we transiently expressed the 21 KCS in the epidermal cells of N. benthamiana. First, we checked their subcellular distribution by generating fluorescent fusion proteins of AtKCS fused to the YFP at their Cterminus. For each protein, similar subcellular locations were obtained. As shown in Figure 5, we found the AtKCS-YFP fusion proteins to label a polygonal and tubular network characteristic of the endoplasmic reticulum (ER). Any significant labelling in any other membranes for all the tested constructs was found, demonstrating that the different AtKCS-YFP fusion proteins were correctly targeted to the ER. Second, we performed fatty acid transmethylations on the transformed leaves and compared the long chain and very-long chain fatty acid profiles from C16 to C28 acyl chains. Overall, twelve AtKCS displayed a functional activity in N. benthamiana (Figure 6). The nine AtKCS previously characterized in TRIPLE and TRIPLE Δelo3 strains were functional in N. benthamiana and showed FAMEs profiles consistent with the FAMEs profiles described in yeast. Altogether, their expression affected the production of VLCFA from C20 to C28. The heterologous expression of KCS1 led to the increase of C18 up to C24 acyl chains at the expense of C16. A higher accumulation of C20:1 and C22:1 was observed with the ectopic expression of KCS18, which displays a strong affinity for monounsaturated substrates. KCS2 and KCS20 led to an increase of C22 and C24 acyl chains. The ectopic expression of KCS17, KCS9 and KCS4 led to a higher accumulation of C24 to C28 compounds whereas C26 and C28 acyl-chains were increased upon KCS6 expression. Its paralog KCS5 also led to the greater accumulation of C28 compounds, however its activity in planta was not as significant as in the yeast system. KCS1, KCS9 and KCS17 led to an increase of longer compounds compared to FAMEs profiles described in the yeast system. Those results imply that N. benthamiana endogenous FAE complexes use the products generated by AtKCS-containing FAE complexes to perform further elongation steps. In addition to the AtKCS already described in the yeast, the ectopic expression of KCS10, KCS11 and KCS15 induced significant changes in the FAMEs profiles of N. benthamiana leaves. This suggests that these enzymes require co-factors not found in yeast cells that are essential for their activities. The expression of KCS11 led to a slighter accumulation of C22 and C24. KCS11 forms the subclass ζ with KCS2 and KCS20 which produced C22 and C24 VLCFA in yeast (Figure 3B). Thus, the three enzymes of the subgroup ζ may share a similar substrate selectivity for C20 acyl chains. KCS10 and KCS15 form the subclass ε as paralogs and share 51% identity (Joubès et al., 2008). In N. benthamiana, they similarly increased C22 and C24 acyl-chain contents, but only KCS15 led to an increase in C26. The expression of the other AtKCS (KCS3, 7, 8, 12, 13, 14, 16, 19 and 21) had no significant effects on VLCFA accumulation in N. benthamiana leaves (Supplemental Figure S2).

DISCUSSION

The current view of fatty acid elongation in plants is that multiple elongase complexes perform sequential and parallel reactions to produce the broad chain-length-range of VLCFAs found in plants, and that the condensing enzymes dictate spatial and substrate specificity of each elongation complex (Batsale et al., 2021). If we consider that each KCS-containing FAE complex is able on average to lengthen the carbon chain by four carbon atoms (two cycles of elongation), the number of copies of KCS genes present in plant genomes, 21 in Arabidopis (Joubès et al., 2008), 26 in maize (Campbell et al., 2019), 28 in Medicago (Chai et al., 2021), 30 in peanut (Huai et al., 2020), and 58 in cotton and rapeseed (Xiao et al., 2016;Xue et al., 2020), largely exceeds the minimum number of KCS needed to produce all of the chain lengths found in plant VLCFA (i.e. from 20 up to 38 carbon atoms). Furthermore, studies conducted in Arabidopsis have clearly shown functional redundancy as well as broad spatiotemporal expression for many KCS. Indeed, more than half of Arabidopsis KCS genes are ubiquitously or near-ubiquitously expressed throughout plant tissues, while the others show expression patterns mainly restricted to reproductive organs (Joubès et al., 2008). This implies a complex regulation of KCS gene expression in the different tissues and throughout plant development, and may explain why most Arabidopsis kcs single mutants show no obvious phenotype. In addition, as VLCFA are incorporated into several lipid pools (phospholipids, sphingolipids or surface lipids), alterations in VLCFA levels have pleiotropic consequences, which greatly complicates unravelling the exact role of each KCS in VLCFA biosynthesis. In this study, the full set of Arabidopsis KCS genes was expressed in novel expression platforms in order to provide an exhaustive characterization of their biochemical activities and provide knowledge towards the characterization of their function in Arabidopsis. Because the yeast and plant FAE complexes are very similar, several AtKCS had previously been shown to be active in yeast (Trenkamp et al., 2004;Tresch et al., 2012;Paul et al., 2006;Blacklock and Jaworsky, 2006). Tresh et al. ( 2012) expressed 17 AtKCS genes in wild-type yeast and elo2 or elo3 single mutants and confirmed the activity of seven of them: KCS1 and KCS18, which produced saturated and monounsaturated C20 and C22 VLCFA; KCS2 and KCS20, producing C20, C22 and C24 VLCFA; KCS5 and KCS6, mainly producing C24 to C28 VLCFA; and KCS17, producing C24 VLCFA. A similar strategy was recently used to study maize (Zea mays) FAE complexes unravelling the activity of 5 out of the 26 ZmKCS tested (Campbell et al., 2019;[START_REF] Stenback | Modifying the yeast very long chain fatty acid biosynthetic machinery by the expression of plant 3-ketoacyl CoA synthase isozymes[END_REF]. Expression of none of these ZmKCS genes affected the VLCFA profiles of wild-type, elo2 or elo3 single mutants, but five of them were capable of complementing the elo2 elo3 double mutant, and showed novel VLCFA profiles reflecting their different catalytic specificities. ZmKCS2 produced C20 and C22 VLCFA, ZmKCS4, ZmKCS11 and ZmKCS20 produced VLCFA up to C24, while ZmKCS15 could elongated VLCFA up to C26. Interestingly, ZmKCS2, 4, 11 and 20 are homologous to Arabidopsis KCS 2, 4, 11 and 20, while ZmKCS15 is rather similar to AtKCS4. In addition to in vivo studies, the yeast system was also used for in vitro assays of elongation/condensation activity using microsomal membranes. This approach confirmed the chain length specificity of KCS1, 2, 18 and 20, and revealed the capacity of KCS9 to produce C22 and C24 VLCFA (Blackblock and Jaworsky, 2006;Paul et al., 2006). Using the same strategy, Blackblock and Jaworsky ( 2006) were unable to unravel the activity of several KCS tested (KCS3,[START_REF] Trinh | PUCHI Regulates Very Long Chain Fatty Acid Biosynthesis during Lateral Root and Callus Formation[END_REF][START_REF] Haslam | Extending the Story of Very-Long-Chain Fatty Acid Elongation[END_REF]16 and 19) and showed only very minor differences in the yeast fatty acid profiles when expressing KCS11 and 17, whose chain length specificities remained nevertheless unclear.

Overcoming challenges to characterize novel Arabidopsis KCS

In order to provide an exhaustive and complete description of Arabidopsis KCS we set up a novel analytic platform enabling the analyses of plant KCS activities by combining and comparing their heterologous expression in yeast and in planta. First, to provide an optimal environment for AtKCS activities in yeast, we reconstituted whole Arabidopsis FAE complex in place of the endogenous yeast FAE. Further, to avoid competition with the yeast endogenous FAE activity, we deleted the condensing enzyme ELO3 in our engineered strain. Using these engineered strains, we obtained results replicating that of previous studies concerning KCS1, KCS18, KCS2 and KCS20, KCS5 and KCS6 and KCS9 and KCS17. In addition, our strategy clearly described the activity of KCS11, which we found producing C20, C22, C24 and C26 VLCFA, and enabled the first heterologous characterization of KCS4, which mainly produced C24 and C26 VLCFA in the TRIPLE Δelo3 yeast strain. Since Tresch et al. (2012) could not observe any change in yeast VLCFA when expressing AtKCS4 with the three other core subunits from yeast FAE complexes (YBR159, PHS1 and TSC13), these results suggest that AtKCS4 could not efficiently interact with them. In contrast, a better interaction/collaboration with the plant subunits KCR1, PAS2 and CER10 likely supports strong AtKCS4 activity. Similarly, [START_REF] Stenback | Modifying the yeast very long chain fatty acid biosynthetic machinery by the expression of plant 3-ketoacyl CoA synthase isozymes[END_REF] hypothesized that most ZmKCS could not complement yeast mutant because of interaction issues between ZmKCS and the other core subunits of the yeast FAE system. Second, to palliate the potential lack of appropriate substrate in yeast cells and provide a close to native cell/membrane environment, we expressed AtKCS in the epidermis of N. Benthamiana. This strategy enabled the first characterization of KCS11, which we found producing C20, C22, C24 and C26 VLCFA, and of KCS10 and KCS15 expression of which promoted the accumulation of C22-C24 and C22-C26 levels, respectively. Given that the substrate specificity for these three enzymes (C20-C24) and their availability in yeast cells, these results suggest that KCS10, KCS11 and KCS15 may require for their activities obligatory plant-specific cofactors whose identity should be the focus of future research. The functional characterization of KCS10 and KCS15 supports previous data obtained in plants. The functional characterization of KCS10 and KCS15 support previous data obtained in plants. Indeed, the phenotype of the fiddlehead (kcs10) mutant, which is characterized by fusion events between reproductive organs and/or leaves as well as by two times fewer trichomes on leaves, suggests that KCS10 products regulate the differentiation of protoderm cells into trichomes, whose correct development is crucial for preventing organ fusions (Yephremov et al., 1999;[START_REF] Pruitt | FIDDLEHEAD, a Gene Required to Suppress Epidermal Cell Interactions in Arabidopsis, Encodes a Putative Lipid Biosynthetic Enzyme[END_REF]. Our data suggest that C22 and C24 VLCFA produced by KCS10, or derivatives, might be involved in this process. Similarly, Zhang et al. (2021) recently showed that three AtKCS genes expressed in tapetal cells at anther stages 8-10 are involved in pollen coat lipid accumulation. Indeed, cellular observation and lipid staining of the Arabidopsis kcs7/15/21 triple mutant showed that a decrease of the pollen coat lipids leads to delayed pollen grain hydratation and pollen tube growth. However, the lack of pollen coat lipid analysis in this study made it unclear which VLCFAs might be affected in this triple mutant. These results nevertheless suggest that these three KCS are functional and have overlapping roles in pollen maturation, while our data indicate that C22 to C26 VLCFA, or derivatives, might be involved in pollen coat lipid synthesis. In contrast, we were not able to show any activity for KCS13, although the phenotype of the kcs13 mutant, which exhibits a much higher stomatal density at elevated CO2, suggests a role of KCS13 in stomatal cell fate (Gray et al., 2000). Since the products generated by KCS13 remain unknown, the involvement of VLCFA or derivatives in this process still needs to be demonstrated. Similarly, Chai et al., (2021) recently characterized in Medicago truncatula a seed coat-specific KCS, KCS12, which is a close ortholog of the uncharacterized Arabidopsis KCS12. They showed that kcs12 mutant seeds lost physical dormancy, and that the amount of C24 lipid polyester monomers is decreased in the seed coat, suggesting that KCS12 is an active enzyme in seeds. The expression of AtKCS12 in yeast and tobacco in this study does not suggest a similar role in Arabidopsis, and the AtKCS responsibles for C24 seed coat suberin components still remain to be characterized. Finally, we also could not show any activity for KCS16 although Hegebarth et al. (2017), using heterologous expression in yeast, showed that AtKCS16 produces VLCFA up to 38 carbons. Demonstrating such an activity was only possible by co-expressing KCS16 with KCS6 and CER2-LIKE1, which most probably provided the required C34 acyl-CoAs substrates. More recently, results from Lv et al. (2021) suggest that AtKCS16 could also produce C22 and C24 VLCFA to support lateral root development. Nevertheless, we could not show such an activity in any of our platforms. The fact that the same KCS could be involved in the synthesis of VLCFA with such different chain lengths is quite puzzling and not consistent with most results published so far.

Other substrates, partners, or functions: what is missing?

If our results show that the heterologous expression of twelve Arabidopsis KCS affected the VLCFA profiles of yeast and/or tobacco leaves, our strategy did not allow for describing a potential activity for nine AtKCS. In our yeast platforms, KCS formed FAE complexes together with the Arabidopsis KCR1, PAS2 and CER10 enzymes, so that we can refute that weak interactions between plant KCS and the other FAE core subunits would impeach their activity. In agreement with in silico models suggesting that KCS can form dimers (Gonzalez-Mellado et al., 2019), Kim et al., (2022) recently showed using yeast two-hybrid and bimolecular fluorescence complementation assays that homo-and hetero-dimerization occur between KCS2, KCS6 and KCS9. These results suggest that FAE complexes might contain several KCS and that KCS can form heterodimers. It is therefore possible that certain KCS only function as heterodimers, a hypothesis which should be tested in future studies.

Although it has long been suggested that the elongase is an ER-associated multiprotein complex [START_REF] Cassagne | Biosynthesis of very long chain fatty acids in higher plants[END_REF]Lassner et al., 1996), still very little is known about its quaternary structure. In addition, several proteins associate with FAE complexes and are required for the completion of the elongation process. These include the CER2-LIKE proteins which are auxiliary enzymatic components of the elongase complexes and obligatory co-factors for specific condensing enzymes, such as KCS6 and KCS5, to enable the production of VLCFA with more than 30 carbons (Haslam et al. 2015, Hegebarth et al. 2017;Wang et al., 2017;[START_REF] Haslam | Arabidopsis ECERIFERUM2-LIKEs Are Mediators of Condensing Enzyme Function[END_REF]Gonzalez et al., 2021). Although the mode of action of these proteins remains to be elucidated, it was suggested that they stabilize FAE complexes, enhance their activity or allow the newly elongated acyl-CoA to be presented back to the KCS enzyme for additional elongation cycles. The Arabidopsis molecular chaperones PAS1 and AKR2A proteins, which are known to target protein complexes and regulate their assembly or activity, are other examples of FAE complex regulators (Roudier et al., 2010;Chen et al., 2020). The absence of such proteins, or that of other unidentified FAE regulators may be the reason why several KCS are found inactive in yeast cells.

Other possibilities for the uncharacterized AtKCS are that their preferred substrate was not present in our heterologous platforms, or that their products were not considered in our analytical pipeline.

Uncharacterized KCS enzymes may act on substrates other than long chain fatty acids, use short or medium chain-length fatty acids as substrates or have their products further elongated by other KCS or modified so that global changes in fatty acid profiles are not detected. For example, methyl-branched wax compounds are important components of cuticular waxes in Arabidopsis and other species (Busta et al., 2017;[START_REF] Li | Arabidopsis ACYL-ACTIVATING ENZYME 9 (AAE9) encoding an isobutyl-CoA synthetase is a key factor connecting branched-chain amino acid catabolism with iso-branched wax biosynthesis[END_REF]. Their biosynthesis is still mostly uncharacterized, however it has been hypothesized that branched LCFAs may be metabolized by pathways analogous to those generating unbranched wax compounds (Busta and Jetter, 2017). Analyses of kcs5 or kcs6 waxes showed a reduced amount of both unbranched and iso-branched compounds up to C28 suggesting that both KCS accept unbranched and branched substrates (Busta and Jetter, 2017;Huang et al., 2022). Nevertheless, we cannot exclude that some yet to be characterized AtKCS enzymes specifically accept branched compounds with shorter chain lengths.

Conclusions

Together with previous studies conducted on KCS, this work emphasized several clues based on the catalytic activity of twelve AtKCS, the biochemical and physiological roles of the nine others remain to be elucidated. First, the overall characterization performed here on the whole AtKCS family highlights the ability of the different AtKCS to cover a limited number of elongation cycles (two-three). Thanks to overlapping substrate specificities, they allow the elongation of VLCFAs from C20 to C28. Second, functional redundancies were also observed between different AtKCS generally composing a same phylogenic subclass according to the phylogeny of AtKCS proteins which are distributed into eight clades (Joubès et al., 2008). For instance, KCS2, KCS11 and KCS20 included in clade ζ, all produce C20 to C24 VLCFA, KCS9, KCS4 and KCS17, composing the clade α, produce VLCFA between C24 and C28, while KCS5 and KCS6 both produce C24 to C28 in the clade γ. Third, among AtKCS proteins characterized to date, only few isoenzymes seem to display both restricted expression patterns and functions such as KCS6 which is highly expressed in the epidermis of aerial organs or KCS18 which is specifically expressed in seeds, the condensation products of which seem to be preferentially used in the biosynthesis of cuticular waxes and TAGs, respectively. Other AtKCS, are rather broadly expressed and might be involved in various lipid biosynthetic pathways. Fourth, our data suggest that certain AtKCS may require essential co-factors (including potential homo or hetero-dimerization) or use unconventional substrates. We believe that the analytical platform developed in this study, especially the engineered yeast reconstituting the complete Arabidopsis FAE complexes, provides an efficient tool to address these questions in future research seeking to unravel further critical insights into VLCFA elongation in Arabidopsis.
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To date, the study of the conformation of membrane proteins remains a challenge to overcome, even more when these proteins form a heteropolymer complex as the FAE complex does. Protein-protein interactions with other partners in the FAE complex and the presence of two transmembrane domains make the solubilization of KCS enzymes nearly impossible. Therefore, no crystallographic structure of any plant KCS has so far been reported.

The most detailed information available on KCS structure are based on structure prediction by homology with Medicago sativa chalcone synthase and E. coli keto-acyl-ACP synthase III (KASIII/FabH) as templates (Chen et al., 2022;[START_REF] González-Mellado | Functional characterization and structural modelling of Helianthus annuus (sunflower) ketoacyl-CoA synthases and their role in seed oil composition[END_REF]Joubès et al., 2008). According to these studies, KCS enzymes display a N-terminal domain defined by two transmembrane domains anchoring the protein in the ER membrane and a C-terminal cytosolic globular structure performing the condensation reaction in the cytosol.

Additional insights were first brought by [START_REF] Blacklock | Studies into factors contributing to substrate specificity of membrane-bound 3-ketoacyl-CoA synthases : Substrate specificity of FAE1 KCSs[END_REF] who performed domain swaps between two homologous genes coding for FAE1 from Arabidopsis thaliana (equivalent to AtKCS18) and Brassica napus to identify determinants of substrate specificity. These enzymes lead respectively to the accumulation of C20:1 and C22:1 products after expression in the yeast system. The swap of a N-terminal region of 92 amino acids immediately downstream of the transmembrane domains was sufficient to dictate either Arabidopsis thaliana or Brassica napus FAE1 specificity. The use of redesigned KCS enzymes by swapping domains was therefore useful to look deeper into the domains of KCS contributing to substrate specificity. Both sequences of KCS4 and KCS9 are framed by KCS4 and KCS9 secondary structure, respectively. α-helices and π-helices are displayed as medium and large squiggles, respectively. β-strands are rendered as arrows, strict β-turns as TT and strict α-turns as TTT letters according to the nomenclature given by Espript 3.0 (B) percentage of identity and distribution of the variability between the five regions For the pair formed by KCS4 and KCS20, the fragments I, II, III, IV and V display a size of 109, [START_REF] Hegebarth | Arabidopsis Ketoacyl-CoA Synthase 16 (KCS16) Forms C36/C38 Acyl Precursors for Leaf Trichome and Pavement Surface Wax[END_REF][START_REF] Lokesh | Overexpression of SS-Ketoacyl Co-A Synthase1 Gene Improves Tolerance of Drought Susceptible Groundnut (Arachis Hypogaea L.) Cultivar K-6 by Increased Leaf Epicuticular Wax Accumulation[END_REF]151 and 128 residues respectively in KCS4 and of 108,[START_REF] Hegebarth | Arabidopsis Ketoacyl-CoA Synthase 16 (KCS16) Forms C36/C38 Acyl Precursors for Leaf Trichome and Pavement Surface Wax[END_REF][START_REF] Lokesh | Overexpression of SS-Ketoacyl Co-A Synthase1 Gene Improves Tolerance of Drought Susceptible Groundnut (Arachis Hypogaea L.) Cultivar K-6 by Increased Leaf Epicuticular Wax Accumulation[END_REF]155 and 138 residues in KCS20. The first fragment integrates the two transmembrane domains (figure 3.A). The global variability is shared differently between the different regions compared to the pair KCS4-KCS9. The N-terminus half of KCS4 and KCS20 delimited approximately by the regions I, II and III concentrates 56 % of the global variability, with 34% assigned to the region I. Thus, the global variability between KCS4 and KCS20 is characterized by a more homogenous distribution than the variability between KCS4 and KCS9 which is more concentrated in the N-terminal half of the proteins (figure 3.B). 

In this chapter, we aim to pursue the investigation of the molecular determinants of KCS

INVESTIGATION OF POTE NTIAL REGIONS DETERMINANT FOR SUBSTRATE SPECIFICITY

In order to identify key regions determinant for KCS substrate specificity, a group of constructs containing only one switchover was tested. Each chimeric gene was expressed in the strain TRIPLE elo3 and the resulting FAMEs profiles were analyzed.

SWITCHOVERS OF THE RE GIONS II AND III ENABLES A SWITCH BE TWEEN KCS4 AND KCS9

SUBSTRATE SPECIFICIT IES Domain swap constructs between KCS4 and KCS9 were first tested in order to emphasize potential specificity driving domains within the regions I to V.

N.B :

The VLC-FAMEs profiles resulting from the expression of the different constructions were represented by the relative distribution of the different VLCFA chain length. When the proportions of C20 and C22 acyl-chains increase after the expression of different KCS4/KCS9 constructions, their corresponding amounts never happen to exceed the amounts of the control strain transformed with an empty vector. Thus, an increase in the proportions of C20 and C22 compounds does not show a switch of substrate specificity towards C18 or C20 substrates but rather highlights a lower activity.

In this experiment, the level of activity is characterized by the amounts of C24 and C26 produced over the global amount of VLCFA from C20 to C26. The specificity is described by the ratio between C26 and C24 products. Such parameters were only applied to KCS4-KCS9 constructions.

The figure 4.A covers the different results obtained for KCS4 N-terminal chimeric constructions.

After expression in the yeast, KCS4-110 and KCS4-162 chimeric enzymes lead to an increase of C22 acylchains (32% and 131%, respectively) compared to KCS9. These two chimeric enzymes are therefore affected in their catalytic activity, and prevent any conclusion about the determinant role of the regions I and II in KCS9 substrate specificity.

Conversely, KCS4-237 displays a similar level of activity compared to KCS4. With a C26/C24 ratio increased by 76% compared to KCS9, the expression of KCS4-237 chimeric enzyme leads to a slight switch of substrate specificity towards a greater production of C26 acyl-chain. This change in substrate specificity emphasizes that KCS4 specificity-driving residues are present within the region III. KCS4-LIKE substrate specificity is finally completely recovered with the swap of the region IV in KCS4-395.

The region V seems therefore to have no role in the determination of KCS4 substrate specificity. KCS9 N-terminal chimeric constructions are covered in the figure 1.B. Unlike KCS4-110 protein, KCS9-106 is not affected in its catalytic activity and displays a KCS4-LIKE profile with an even stronger accumulation of C26 products (121%). Thus, the transmembrane domains appear to have no role in the determination of elongation specificity of KCS4.

The swap of the regions I and II of KCS9 (KCS9-158) leads to a 93% increase of C24 products followed by a decrease of 72% in C26 products compared to KCS9-106. These variations highlight a clear switch towards a KCS9-like substrate specificity after expression in yeast.

The expression of KCS9-233 results in a 29% greater accumulation of combined C24 and C26 products compared to KCS9-158, as well as a VLCFA-profile even closer to that of KCS9, indicating the swap of the region III leads to a stronger activity and a more KCS4-like substrate specificity. Regions II and III likely to be determinant to orient the chimeric enzyme towards a KCS9-like or KCS4-like specificity.

In contrast, the regions IV and V play no role in the determination of KCS9 substrate specificity. Finally, KCS9-391 leads to a 65% increase of C22 acyl-chains after expression in the yeast, highlighting an altered activity compared to KCS9. Mean values (percentage of total VLCFA) are given with SD (n=3). "ev" stands for the TRIPLE elo3strain transformed with the empty vector used to clone the sequence coding for the various chimeric KCS. Each table shows for each construction the combined percentage of C24 and C26 products over total VLCFA as a first parameter to characterize the level of activity and the ratio C26/C24 as a second parameter to evaluate the substrate specificity.

Although results from KCS4 and KCS9 N-terminus chimeric constructions are not strictly comparable several findings can nevertheless be emphasized.

The swap of the regions I and V of KCS4 by KCS9 corresponding regions in KCS9-106 and KCS4-395 do not affect KCS4 substrate specificity. Thus, the region I and V are likely to play no role in KCS4 substrate preferences.

The chimeric enzyme KCS9-233 shows as well that the region IV might not determine KCS9 substrate specificity after expression in yeast.

The expression of KCS4-161 induces a 96% increase in C20 acyl-chains and slight decrease of 9% and 26% in C22 and C24 compounds compared to KCS20, indicating a lower activity.

In the yeast expressing KCS4-238, C20 compounds are increased by 160% and C24 reduced by 62%, which results in a profile very similar to that of the TRIPLE elo3 background. The swap of the region III in KCS4-238 therefore strongly affects the condensation activity.

Finally, whereas all previous chimeric enzymes containing a KCS4 N-terminus failed to produce C26 acylchains, the expression of KCS4-389 leads to their production, and resulted in a substrate specificity very close to that of KCS4. Altogether, these results suggest that the residues responsible for KCS4 substrate specificity might be restricted to the regions II, III and IV.

The figure 5.B covers the different results obtained for KCS20 N-terminal chimeric constructions.

The expression of KCS20-109 in yeast leads to a VLCFA distribution very similar to that of KCS4, confirming that the region I plays no role in determining the substrate specificity.

Expression in yeast of KCS20-160 leads to a strong decrease of C26 products (89%) compensated by increases in C22 and C24 FA compared to KCS4 (75% and 52%, respectively). This construct hence displays an intermediate profile between KCS4 and KCS20 and highlights the major role of the region II of KCS4 in determining its substrate specificity.

Finally, both KCS20-237 and KCS20-392 display a lower activity when expressed in yeast with a 70% and 68% lower accumulation of C24 products, and slight increases in C20 acyl-chains (115% and 41%) compared to KCS20. In this second experiment, a great majority of chimeric enzymes were affected in their catalytic activity after expression in yeast, preventing the accurate identification of KCS4 and KCS20 substrate specificitydriving regions. However, few results obtained with functional chimeric enzymes confirm hypotheses proposed with KCS4-KCS9 domain swap experiments.

As for KCS4-KCS9 domain-swap experiments, the swap of the regions I and V of KCS4 by KCS20 corresponding regions in KCS20-109 and KCS4-389 do not affect KCS4 substrate specificity. Thus, the region I and V are likely to play no role in KCS4 substrate specificity.

Conversely, as soon as the region II of KCS4 is replaced, the substrate specificity of the enzyme changes towards a KCS20-like specificity. The region II of KCS4 incorporates therefore essential residues determining its distinctive substrate preference.

Overall, since the swap of the N-terminal and C-terminal regions does not impact significantly KCS substrate specificity nor activity, they might play no role in KCS4, KCS9 and KCS20 substrate specificity.

Conversely, the swap of the region II and III leads to either modified elongation specificities or altered activities. Therefore, the regions II and III might both delimit a domain where residues determining KCS substrate specificity are restricted. In order to confirm these assumptions, these two regions were studied individually or in combination. 

THE DETERMINANTS OF HIGHLY DISTINCT ELONGATION SPECIFICITIES BETWEEN KCS4 AND KCS20 MIGHT NOT BE RESTRICTED TO THE REGIONS II AND III

Although the first domain swap experiment between KCS4 and KCS20 (with one overlap) was less conclusive to identify the substrate specificity-determining regions than with KCS4 and KCS9, a second experiment to isolate the regions II and III was performed in order to investigate if the regions II and III could be sufficient to determine either KCS4 or KCS20 substrate specificities.

The swap of the region II between KCS4 and KCS20 leads to intermediate VLCFA profiles compared to the parental enzymes. KCS4-110_KCS20(51) accumulates more C22 and C24 products (97% and 54% respectively) compared to KCS4 while KCS20-109_KCS4(51) increases C24 by 63% compared to KCS20 (figure 7). The region II modulates partially the elongation specificity between KCS4 and KCS20. This second experiment on the pair KCS4-KCS20 confirmed the location of residues determining substrate specificities in the region II. Unlike KCS4-KCS9 chimeric enzymes, the swap of both regions II and III do not lead to a complete switch between KCS4 and KCS20 elongation profiles. Therefore, the determinants of the highly distinct elongation specificities between KCS4 and KCS20 might not be restricted to the regions II and III. Yet, the relatively high variability of 34% between KCS4 and KCS20 sequences does not enable an easy identification of these determinants. Therefore, the following investigations towards the identification of the putative specificity-driving residues only target the pair formed by KCS4 and KCS9.

In order to predict potential residues involved in KCS4 and KCS9 substrates specificities in both regions II and III, computational studies were performed in collaboration with Florence Bordes, Isabelle André and Jérémy Esque from the Biotechnology Institute, Bio and Chemical Engineering in Toulouse.

Seven residues in both regions II and III seem to be specifically conserved in KCS4-LIKE and KCS9-LIKE proteins. In KCS4, the residues P111, H125, A147, V166, M170, V203 and K206 switch to S107, S121, S143, L162, L166, I199 and R202 respectively in KCS9. Those changes could alter locally hydrophobic and electrostatic properties and therefore modify the access of C22 and C24 substrates to the catalytic site for a successful condensation. n=6). "ev" stands for the TRIPLE elo3 strain transformed with the empty vector used to clone the sequence coding for the various chimeric KCS. The table delivers for each construction the combined percentage of C24 and C26 products over total VLCFA as a first parameter to characterize the level of activity and the ratio C26/C24 as a second parameter to evaluate the substrate specificity. (B) Sequence alignments between AtKCS4, AtKCS9 and other plant KCS displaying KCS4-or KCS9-like substrate specificities.

Despite the identification of a few conserved residues, the overall variability of the region II and III between KCS4-LIKE or KCS9-LIKE proteins suggests that the determinants of KCS4 and KCS9 substrate specificities might not be restricted to these 7 conserved amino acids. The identification of conserved residues based on multi-sequence alignment would be more efficient with a larger panel of functionally related KCS enzymes from different plant species. Regarding the lack of time and means towards further screening of KCS4-LIKE and KCS9-LIKE functional enzymes in plants, another complementary in silico approach was used.

The second strategy to identify specificity-driving residues in the regions II and III consisted in a screening among amino acids directly interacting with the condensation product of KCS4 and KCS9, based on the docking of the C26 keto-acyl product in the 3D structure of the two enzymes.

To do so, KCS4 and KCS9 3D structures were first built using homology modeling. The spatial location of the regions II and III and putative residues driving elongation specificity around the condensation product were then investigated.

SCREENING OF 6 POTENTIAL SPECIFICITY-DRIVING RESIDUES THR OUGH HOMOLOGY MODELLING AND LIGAND DOCKING

and Chemical Engineering in Toulouse (figure 9.A). The docking of C26:0 product was performed in KCS4 and KCS9 (in both chain A and B) by superposition with the complex KCS18-C22:1 keto-acylCoA. A minimization in water solution was performed to relax contacts and remove steric clashes of the ligand in complex with KCS4 or KCS9.

The resulting 3D complex reveals that the condensation product is maintained in a cavity delimited by all the regions defined in the domain swap experiment except for the region I which includes the transmembrane domains. The three residues forming the catalytic triad are oriented towards the condensation area at the bottom of the cavity delimited by the region IV and V (represented in purple and orange in figure 9.B, respectively). Conversely, the acyl chain is surrounded by the regions II, III and IV (in blue, green and purple, figure 9.B). In the 3D structure, the regions II (in blue) and III (in green) delimit the cavity around the acyl-chain. In order to identify more precisely amino acid residues involved in the chain-length selectivity of this cavity, a screening was performed among residues in both regions II and III directly interacting with the acyl chain.

IDENTIFICATION OF 6 DIVERGENT RESIDUES IN KCS4 AND KCS9 DIRECTLY INTERACTIN G WITH THE C26 KETO-ACYL PRODUCT

Putative contacts between the C26:0 keto-acyl product and KCS residues were defined when any atom (including hydrogen) of one residue is located closer than 4 Å of any atom of the ligand.

Two different parts of the ligand were considered: first the malonyl-CoA area (figure 10.B), and second the acyl-chain area (figure 10.C).

Apart from the catalytic triad residues, 21 and 18 amino acids were detected in contact with the malonyl-CoA part of the ligand, in KCS4 and KCS9 respectively. They are part of the regions II, IV and V and strictly conserved between the two enzymes (figure 10.A, green arrows). The distribution of these residues implies a complex folding which is critical for the catalytic activity.

The acyl-chain interacts with 35 and 40 residues in KCS4 and KCS9 3D structures, respectively. These residues are distributed along the regions II, III, IV and V. Despite being very well conserved between KCS4 and KCS9 in the regions IV and V, they display a variability of 33% in the regions II and III between these two enzymes (figure 10.A, purple arrows). A total of 6 varying residues directly interacting with the ligand were pointed out between KCS4 and KCS9. Several varying residues are arranged close to the end of the C26 carbon chain and might be important to maintain and drive the acyl-chain in the cavity towards a successful condensation reaction.

Moreover, the variability specific to both regions II and III is consistent with the domain swap results highlighting that those two regions are determinant for KCS4 and KCS9 substrate specificity. The points mutants were firstly generated in both KCS4 and KCS9 templates by substitution of the candidate residues at the different target positions. A total of 29 constructs were generated and expressed in the yeast strain TRIPLE elo3 to analyze the resulting VLCFA profiles (figures 12 and 13).

THE ADDITIONAL SUBSTITUTIONS OF 5 RESIDUES IN KCS4 TEMPLATE LEAD TO INTERMEDIATE ELONGATION SPECIFICITY BETWEEN KCS4 AND KCS9

Several combinations of mutations were performed in KCS4 with the expectation of a switch towards KCS9 elongation specificity (figure 12).

In the region II, the single mutations A128V and P129K affect the catalytic activity to minor extent compared to the impact on the C26/C24 ratio collapsing around a KCS9-LIKE ratio. Conversely, the mutants H125S, T140I and A147S display similar activities and substrate specificities compared to KCS4.

Thus, the residues A128 and P129 seem to be individually key residues in KCS4 substrate specificity whereas the single substitution of H125, T140 and A147 by KCS9 residues do not alter KCS4 activity nor substrate preference.

The combination of A128V mutation with P129K or T140I does not modify KCS4 activity after expression of the corresponding constructs in yeast. However, the ratio C26/C24 is decreased by 39% and 27%, respectively. These results highlight a slight switch towards KCS9 activity. On the other hand, the yeast expression of the P129K +T140I mutant leads to a lower catalytic activity compared to KCS4, with a 72% increase of C22 substrates. Yet the resulting C26/C24 ratio gets closer to KCS9 ratio, suggesting a switch towards KCS9 substrate selectivity. Finally, the simultaneous substitution of these three amino acids in the mutant A128V+P129K+T140I leads to a C26/C24 ratio and a VLCFA profile very similar to those of the double mutants A128V+P129K and A128V+T140I after expression in the yeast. A128V mutation coupled with P129K and/or T140I in double and triple mutants therefore leads to slight changes towards a KCS9like substrate specificity. Although the triple mutant does not display any additional effect of both P129K and T140I mutations, the three residues seem determinant in KCS4 and KCS9 substrate preference.

Conversely, the three multiple mutants H125S+A128V+P129K+T140I, A128V+P129K+T140I+A147S and H125S+A128V+P129K+T140I+A147S display VLCFA profiles strictly similar to the triple mutant A128V+P129K+T140I. Therefore, H125S and A147S alone or combined with other mutations do not further alter the elongation activity nor the substrate specificity.

In the region III, the single mutation V166L induces a reduction of the catalytic activity as the C24 and C26 products are decreased by 26%. On the contrary the simple mutant M170L displays a VLCFA profile very similar to KCS4. The two combined mutations lead to a similar decrease in C24 and C26 products as observed with the single mutant V166L (we observe here a decrease of 29%). Hence, whereas the mutation V166L alters the KCS catalytic activity, M170L does not have any effect on the condensation activity nor on the substrate specificity in KCS4.

Finally, the five-fold mutant A128V+P129K+T140I+V166L+M170L also displays an intermediate VLC profile between KCS4 and KCS9. Compared to the other functional and intermediate chimeric enzymes, this quintuple mutant enables the strongest switch towards KCS9 elongation specificity. Indeed, the resulting C26/C24 ratio is decreased by 68% compared to the intermediate ratio obtained with A128V+P129K+T140I triple mutant after expression in yeast (figure 12.C). Mutations in both regions II and III highlight synergic effect between the different residues, yet they lead only to a partial switch towards KCS9-like substrate specificity. Determinants of KCS4 and KCS9 substrate preference might thus not be restricted to those five positions only.

SUCCESSIVE SUBSTITUTIONS OF CANDIDATE RESIDUES IN KCS9 TEMPLATE MOSTLY AFFECT THE CONDENSATION ACTIVIT Y

Several combinations of mutations were also performed in KCS9 in order to reach KCS4 elongation specificity and see if the results obtained in the KCS4 template could be reciprocally observed in the KCS9 template (figure 13).

For the region II, the single mutants K125P and S143A display similar VLCFA profiles compared to KCS9 after expression in the yeast. Conversely, V124A and I136T lead to a lower catalytic activity with an increase of C22 compounds (of 89% and 81%, respectively). Thus, none of these candidate residues from KCS4 is able to determine alone KCS4 substrate preference when inserted in KCS9 template.

The expression of the double mutant V124A+K125P increases by 76% the accumulation of C26 products.

These two mutations simultaneously favor the accumulation of C26 products unlike the corresponding single mutants. V124A and K125P drive therefore synergistically a partial switch in substrate specificity.

Conversely, the two other double mutants V124A+I136T and K125P+I136T are strongly altered in their catalytic activities with an increase of C22 compounds of 438% and 575%, respectively, compared to the expression of KCS9 in yeast. They display similar profiles to the control strain (ev) with higher C22 content and C24 and C26 products decreased by 72% and 91%, respectively. The simultaneous substitution of amino acids at the positions V124A+I136T or K125P+I136T in KCS9 might therefore induces drastic conformational changes preventing any condensation reactions.

The catalytic activity is almost completely recovered in the triple mutant combining the mutations V124A+K125P+I136T. However, the accumulation of C26 is decreased and C24 products remains in proportions very close to those of KCS9. Compared to the double mutant V124A+K125P, the third mutation I136T cancels the partial switch towards KCS4 elongation specificity.

The addition of the forth mutation S143A does not display additional effects on the condensation activity or the substrate specificity suggesting that this residue may play no role in KCS4 or KCS9 substrate preference.

Single and double mutations in the region III also lead to slightly lower catalytic activities after expression of the different constructions in the yeast. Indeed, the C22 compounds are increased by 120%, 55% and 116% in the single mutants L162V, L166M and the corresponding double mutant, respectively. 
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Finally, the five-fold mutant V124A+K125P+I136T+L162V+L166M combining mutations from both regions II and III also displays a strongly impaired catalytic activity and is nearly devoid of any C26 products.

Conflicting results were therefore obtained when performing the corresponding point mutation in KCS4 or KCS9 templates. Simultaneous substitutions among the 7 candidate residues leads to an intermediate elongation specificity between the two KCS enzymes in KCS4 template. Conversely, most of the mutations in KCS9 templates lowered KCS9 condensation activity, without switching it specificity towards that of KCS4.

In the region II, H125 and A147 in KCS4 or S121 and S143 in KCS9 were emphasized as putative determinants for KCS4 and KCS9 substrate preferences through multi-sequence alignments. The corresponding substitutions between KCS4 and KCS9 did not affect the condensation activity nor the substrate specificity in both templates, consistently. These results suggest that these residues are not determinant in KCS4/9 substrate specificity.

Among the five putative specificity-driving residues remaining, both combinations of mutations The swapped constructions for both regions II and III and for the region II only were used as templates in order to substitute simultaneously the residues A124, P125 and T136 in KCS9-106_KCS4( 52) and KCS9-106_KCS4(127) or V128, K129 and I140 in KCS4-110_KCS9( 52) and KCS4-110_KCS9(127) (figure 14.A). If these three candidate residues indeed determine the substrate specificity, KCS4 and KCS9 specificity should be completely or partially restored in KCS4-110_KCS9(127) and KCS9-106_KCS4(127), respectively.

The three substitutions in the template KCS9-106_KCS4(127) induce a 68% decrease of C26 products leading to a KCS9-like substrate specificity (Figure 14.B). The reverse effect was not observed with KCS4-110_KCS9(127) template. Indeed, the mutations V128A+K129P+I140T results in a 119% greater accumulation of C22 compared to KCS4 after expression in the yeast, indicating a lower condensation activity.

In constructions swapped only for the region II, the three mutations in the template KCS9-106_KCS4 [START_REF] Millar | CUT1, an Arabidopsis Gene Required for Cuticular Wax Biosynthesis and Pollen Fertility, Encodes a Very-Long-Chain Fatty Acid Condensing Enzyme[END_REF] induce a 48% decrease of C26 products and therefore a switch towards KCS9 substrate specificity (figure 14.C). Conversely, the expression in yeast of KCS4-110_KCS9(52) V128A+K129P+I140T does not lead to a greater accumulation of C26 products. However, compared to the template with both regions II and III swapped, the three mutations do not alter the condensation activity. "ev" stands for the TRIPLE elo3 strain transformed with the empty vector used to clone the sequence coding for the various chimeric KCS. Each table delivers for each construction the combined percentage of C24 and C26 products over total VLCFA as a first parameter to characterize the level of activity and the C26/C24 as a second parameter to evaluate the substrate specificity.

Domain-swap experiments emphasized a N-terminal domain of 127 residues formed by the regions II and III next to the two transmembrane domains sufficient to drive either KCS4 or KCS9 substrate specificity.

The alignment between KCS4 and KCS9 highlights 26 residues strictly identical at the end of the segment III, thus the domain driving substrate preference can be restricted to 101 residues.

Blacklock et Jaworski ( 2002) consistently identified a N-terminal analogous region accurately restricted to 92 residues, immediately downstream of transmembrane domains, driving Arabidopsis and Brassica napus KCS18/FAE1 enzymes (86% of sequence homology) differential specificity towards C20:1 substrate (figure 15). The necessity to swap both regions II and III together in order to obtain a complete switch of substrate specificity between KCS4 and KCS9 reveals synergistic interactions between these two regions. Therefore, the residues determining substrate specificity should be at least located at two distinct positions within the region of 101 amino acids identified through domain swap experiments. In this chapter, we tried to further elucidate these positions in simple as well as multiple mutants. A comparison between KCS4 simple and multiple mutants in the region II emphasized contradictory effects between the different combinations of mutations. Whereas KCS4 A128V and P129K simple mutants displayed a strong shift towards a KCS9-like substrate preference, the simultaneous substitution of both residues A128V+P129K led comparatively to a diminished effect on substrate specificity.

Although no additional effect could be observed in KCS4 between the three mutations A128V, P129K and T140I, the corresponding residues appear to be determinant for KCS4 and KCS9 substrate specificity. Indeed, each mutation, alone or in combination, affects either the catalytic activity or the substrate specificity of the enzyme. Moreover, the triple mutant A128V+P129K+T140I leads to an intermediate profile between KCS4 and KCS9 substrate preference in yeast.

The additional mutations L162V+L166M in the region III lead to a greater shift towards a KCS9-like substrate specificity in KCS4 five-fold mutant A128V+P129K+T140I+ L162V+L166M whereas L162V+L166M mutations alone affect KCS4 activity. Therefore, the effect of the five mutations A128V+P129K+T140I+ L162V+L166M on KCS4 substrate specificity results from synergistic interactions between the candidate residues targeted in the regions II and III.

Inversely, none of the H125S and A147S mutations affected the catalytic activity nor the substrate specificity. Therefore, these residues are not involved in the determination of KCS4 and KCS9 specificity (figure 16). Overall, the difficulties encountered in this project not only to generate KCS9 functional multiple mutants in yeast but also to draw conclusions regarding KCS4 substrate specificity suggest that the degree of heterogeneity between KCS4 and KCS9 (28%) could lead to conformational modifications in these enzymes incompatible with their functions.

Very recently, Chen et al (2022) investigated several KCS candidate isoforms from Populus trichocarpa (PtKCS1, PtKCS2 and PtKCS4) sharing different degrees of homology (from 74% to 99%) in order to identify molecular determinants underlying divergent substrate specificities. PtKCS2 and PtKCS4 (99% of homology) only differ at five residues, two of which (T137K and R283C) were easily identified as substrate specificity-driving amino acids in site-directed mutants displaying undisturbed functional activities in yeast. In contrast, the higher heterogeneity between PtKCS1 and PtKCS2 (74% of homology) involved a higher level of complexity to identify residues implicated in substrate specificities, several fusion and sitedirected mutant enzymes were affected in their catalytic activity.

AN ΑLPHA-HELIX SECONDARY STRUCTURE PARTICULARLY INVOLVED IN KCS SUBSTRATE

SPECIFICITY

Back in the 3D structure of KCS4 and KCS9 in complex with a C26 β-keto-acyl-CoA (figure 10), the regions II and III (in blue and green, respectively) interact with the end of the acyl-chain of the ligand. In the region II, most of the interactions established between KCS4 or KCS9 enzyme and its ligand are concentrated in the α-helix5. In addition, three amino acids framing α-helix5 (A128+P129+T140 in KCS4) were further identified as determinant residues in KCS4 substrate preference. Therefore, this secondary structure might play a key role in the determination of KCS4 and KCS9 substrate specificity. The key domains and residues identified in [START_REF] Blacklock | Studies into factors contributing to substrate specificity of membrane-bound 3-ketoacyl-CoA synthases : Substrate specificity of FAE1 KCSs[END_REF] and Chen et al (2022) include as well this α-helix. Chen et al (2022) identified a corresponding α-helix (α-helix4) in Populus trichocarpa KCS enzymes (figure 17).

Both site-directed and domain swap mutants highlighted the essential role of helix-4 in the determination of PtKCS1, PtKCS2, PtKCS4 and PtCER6 enzymes distinct substrate preferences for monounsaturated and saturated VLCFA in yeast. Their results suggest notably that the helix-4 could partially contribute to the recognition of unsaturation motifs such as cis-ω9 in PtKCS1. Chen et al (2022) yet demonstrated that PtKCS substrate specificity determinants are not restricted to the helix-4.

Chen et al ( 2022) also highlighted a second residue driving the substrate preference of PtKCS enzymes outside the helix-4 (at the position 277 and 283 in PtKCS1 and PtKCS4, respectively) (figure 18). In PtKCS1 and PtKCS4, the of the substrate specificity-driving amino acid outside the α-helix-4 affects the ability of the enzyme to elongate substrates with longer chain. The substitution of W277 in PtKCS1 and R283 PtKCS4 by smaller amino acids led to an accumulation of both longer saturated and monounsaturated products. The corresponding residue do not vary between Arabidopsis KCS4 and KCS9

(figure 17, blue arrow at W282). Half of the 29 KCS4 and KCS9 mutants characterized in this project displayed impaired KCS catalytic activity, suggesting that important interactions for the KCS conformation were disrupted in these mutants.

The 22% of sequence heterogeneity between KCS4 and KCS9 makes it difficult to anticipate the impact of the different swap and mutations on KCS enzymes catalytic activity. Yet, a loss of the catalytic activity in KCS mutants prevents the further investigation of substrate specificity-determining residues.

In order to overcome potential conformational disruptions, we plan to perform directed mutagenesis in swapped constructs for the region II and the region III (KCS4-110_KCS9( 52), KCS4-162_KCS9( 75), KCS9-106_KCS4( 52), KCS9-158_KCS4( 75)) with the idea to restore potential inter-region interactions important for the conformation of KCS4 and KCS9.

MATERIAL AND METHODS

CONSTRUCTION OF CHIMERIC PROTEINS AND SITE-DIRECTED MUTANTS

Both domain-swap constructs and site-directed mutagenesis were generated by overlap PCR using KCS4 

HETEROLOGOUS EXPRESSION IN YEAST AND LIPID ANALYSES

TRIPLE elo3 yeast cells were transformed using the standard lithium acetate protocol [START_REF] Gietz | Studies on the transformation of intact yeast cells by the LiAc/SS-DNA/PEG procedure[END_REF].

The transformed yeasts were grown for 72 hours at 30°C in 4mL of SD-L liquid medium (Synthetic Defined Medium minus Leucine), pelleted and washed in 2mL of distilled water. Fatty acid methyl esters (FAME)

were obtained by transmethylation at 85°C for 2 hours in 1mL 0.5 M sulphuric acid in methanol containing 2% (v/v) dimethoxypropane and 20 μg of heptadecanoic acid (C17:0) as internal standard. After cooling, 1 mL of 2.5% (w/v) NaCl was added, and FAME molecules were extracted in 300 µL of hexane for analysis using an Agilent 7890A gas chromatograph equipped with an HP-5MS column (30 m x 0.25 mm x 0.25 mm) and a flame ionization detector. The initial temperature of 50°C was held for 1 min, increased at 25°C.min-1 to 150°C, held for 2 min at 150°C, increased again at 10°C.min-1 to 320°C, and held for 6 min at 320°C. Qualitative analyses were performed using an Agilent 7890A gas chromatograph equipped with an HP-5MS column and an Agilent 5975 mass spectrometric detector (70 eV, mass-to-charge ratio 50-750). The same GC program was used, with helium (1.5 mL.min-1) as carrier gas.

STRUCTURAL MODELING OF KCS4 AND KCS9 AND DOCKING OF THE C26 CONDENSATION PRODUCT

To obtain a 3D structure with a high confidence level, the KCS were divided in two parts: one small region incorporating transmembrane domains and another region covering the globular catalytic part of the enzyme. Both KCS4 and KCS9 3D structure covering the globular part were generated with AlphaFold2

Colab notebook allowing to easily predict the structure of proteins without any homologous structure as a template (https://colab.research.google.com/github/deepmind/alphafold/blob/main/notebooks/AlphaFold.ipynb

). Most sites displayed a confidence level greater than 90% according to the Local Distance Difference

Test. Due to low confidence regarding the modelling of transmembrane domains using tools such as AlphaFold, transmembrane segments were modeled separately based on their hydrophobicity.

The docking of the C26 β-keto-acyl-CoA ligand in KCS4 and KCS9 3D structures was performed by structural analogy with the complex enzyme-ligand formed by KCS18 and its C22:1-keto-acylCoA product (previously modeled in the context of another project by our collaborators). C22:1-keto-acylCoA product was then modelled using 6op5 and 1CML templates for the malonyl-CoA part and 4B0N for the fatty acyl-chain. A bond was generated between the malonyl-CoA and the acylchain and further modifications of the unsaturations were performed using the Avogadro software.

The C22:1-keto-acyl-CoA ligand was first manually fitted in KCS4 or KCS9 3D structures and modified into C26:0 keto-acylCoA using the Avogadro software. Coordinate associated with related ligand with fatty acyl chains were gathered and implemented in KCS4 and KCS9 to adjust the positioning of the C26:0 keto-acylCoA ligand. Finally, a minimization in water solution was performed to relax contacts and remove steric clashes with the software Gromacs 2020.

Few functional redundancies have already been reported in Arabidopsis KCS multigenic family. They usually happen between paralogs defined according to the phylogeny of Arabidopsis KCS genes established by Joubès et al (2008). A first pair of paralogs, KCS2/DAISY-1 and KCS20, displays functional redundancies for the elongation of C20 to C22 VLCFA, altering cuticular waxes and suberin contents in Arabidopsis. Whereas only slight or non-significant phenotypic changes could be observed in the corresponding single mutants, the double mutant kcs20kcs2/daisy-1 demonstrates an obvious reduction of cuticular waxes and root suberin amounts (Lee et al, 2009). Additive effects on wax synthesis were also observed in the double mutant kcs5kcs6 demonstrating KCS5 and KCS6 redundant roles (Huang et al, 2022).

As previously described in the chapters 1 and 2 of this manuscript, KCS4, KCS9 and KCS17 from the subgroup α of AtKCS gene family all elongate C22 into C24 to C26 VLCFA in both yeast and tobacco systems. The role of KCS9 and KCS4 has already been investigated in single mutants however there is still no report of any phenotypic trait related to the inactivation of KCS17 in Arabidopsis. The single mutant kcs9 shows slightly reduced amounts of C24 as well as increased amounts of C20 and C22 VLCFA throughout the plant, altering the synthesis of various lipids such as phospholipids, sphingolipids, cuticular waxes and suberins (Kim et al, 2013). The disruption of KCS4 causes a 16% inhibition of the pollen tube growth and decreases by 11% pollen germination, yet no change was observed in pollen lipid content. The single mutant kcs4 also displays a 14% retarded primary root growth (Kim et al, 2021). Overall, both kcs9 and kcs4 mutants show significant phenotypic traits although the lipids pools do not display drastic VLCFA content changes. These results suggest that the synthesis of various lipids containing C24 and C26 VLCFA relies on the functional redundancy of several AtKCS genes coexpressed in different tissues throughout the plant.

According to the expression analysis of KCS genes in various organs of Arabidopsis performed by Joubès et al (2008), KCS4, KCS9 and KCS17 have different expression patterns, but are coexpressed in several tissues like flowers and young silliques (figure 1). Therefore, these three KCS might have redundant activities preventing a clear characterization of their physiological role in certain tissues. RT-PCR analyses show that no transcripts could be detected for KCS4, KCS9 and KCS17 in the corresponding mutant lines suggesting a complete inactivation of their gene expression (figure 2.C).

Two overexpressing lines for each of KCS4, KCS9 and KCS17 enzymes were also generated. Semiquantitative RT-PCR analyses of KCS4, KCS9 and KCS17 transcripts were performed on flowers in the different overexpressing lines as KCS4, KCS9 and KCS17 enzymes are all expressed in flowers (Joubès et al, 2008). A greater accumulation of each transcript was observed in the corresponding overexpressing lines compared to the WT. Interestingly, KCS9 seem to by differentially expressed in KCS17Ox1 and KCS17Ox2 overexpressing lines where KCS9 transcripts are barely detected compared to the WT suggesting a transcriptional regulation upon KCS17 overexpression. Whereas no expression of KCS17 was reported in the roots, KCS4 and KCS9 show ubiquitous and overlapping expression patterns in root tissues (figure 3). The expression patterns extracted from the Bio-Analytic Resource for Plant Biology (bar.utoronto.ca) highlight overall a stronger expression of KCS9 compared to KCS4, which is consistent with the higher transcripts abundance reported by Joubès et al (2008). In order to study the functional redundancy of KCS4 and KCS9 in roots, the distribution of total FA was analyzed in kcs4 and kcs9 single mutants and the corresponding kcs4,9 double mutant (figure 4). Root tissues were directly transmethylated and silylated to establish global acyl-chain profiles. The resulting very long acyl-chains are thus distributed between three different lipid pools: α-hydroxy FA are specifically incorporated in sphingolipids whereas fatty alcohols, ω-hydroxy FA and dicarbocylic acids constitute suberin monomers, finally unmodified saturated and unsaturated FA are distributed between suberin, sphingolipids and phospholipids (figure 4.A).

N.B.

The total acyl-chain distribution presented in the figure 4 was established using only two replicates per WT and mutant line. The results were therefore depicted focusing only on drastic modifications of acyl-chains profiles.

In both kcs4 and kcs9 mutants, the acyl-chain distribution is only slightly affected. Consistently with the elongation specificity of KCS4 and KCS9 towards C22 and C24 substrates described in the two previous chapters, C26 α-hydroxy acyl-chains are decreased by 69% in kcs4 and 63% in kcs9 compared to the WT (figure 4 As strong modifications of the C22 and C24 contents specific to saturated and α-hydroxy acyl-chains were emphasized in the kcs4,9 double mutant, sphingolipids were further analyzed to dissect the distribution of the length of the fatty acyl-chains linked by an amide bond to the long-chain base (LCB) in the different sphingolipid species (figure 5). Three different sphingolipid species were quantified in the kcs4, the kcs9 and the double mutants: ceramides (Cer), glucosyl ceramides (GluCer) and glycosyl inositol phospho ceramides (GIPC) series A, which represent the dominant series in dicots (Gronnier et al. 2016).

In the mutant kcs4, no significant modification of the sphingolipids distribution was observed apart from a global reduction of C26 acyl-chains of 55% (figure 5.C-H).

Conversely, the distribution of the different sphingolipid species is modified in kcs9 single mutant with a 56% increase of total Cer compared to Col-0, and a 55% decrease of total GIPC (figure 5.B). These variations are explained by a strong accumulation of ceramides incorporating C22 acyl-chains (248%) but also C24 acyl-chains (10%) (figure 5.C and F). Inversely, GIPC incorporating C24 and C26 acyl-chains are respectively decreased by 68% and 80%, whereas C22 acyl-chains content remains similar compared to the WT (figure 5.E and H).

The simultaneous inactivation of both KCS4 and KCS9 leads to different modifications of the sphingolipids distribution with a 30% higher accumulation of α-hydroxylated GIPC compared to the WT (figure 5.B).

Although C22 acyl-chains are increased and C24/C26 acyl-chains decreased for the three species (figure 5.C-H), a stronger accumulation (507%) of GIPC incorporating α-hydroxylated C22 acyl-chains was observed, which explains the modification of the global GIPC content in the kcs4,9 double mutant (figure Preliminary results characterizing the acyl-chain distribution in the roots of KCS4, KCS9 and KCS17 overexpressing lines were also generated. Overall, variations were mostly observed in saturated FA which are the precursors of the various modified acyl-chains distributed between the different lipid pools. KCS4, KCS9 and KCS17 overexpressing lines all displayed a higher accumulation of C26 saturated FA (98%, 137%

and 169% in Ox1 lines, respectively). In the flower bud, the acyl-chain distribution was only affected by the disruption of KCS9 which led to a decrease of α-hydroxylated C24 acyl chains (26%) and a global increase in C22 compounds (63%) (figure 7.A).

Although no modification of the FA profile was observed in the flower bud of kcs4 single mutant compared to the WT Col-0, KCS4 disruption led in open flowers to a slight decrease of α-hydroxylated C24 acyl-chains (31%) compensated by an increase of saturated C22 (24%). The emergence of variations in the FA composition of kcs4 single mutant following the flower aperture consistent with the specific expression of KCS4 in mature pollen (figure 7.B).

On the other hand, the disruption of KCS9 seems to lead to similar variations in the distribution of the different chain lengths at both developmental stages, with a decrease of C24 (22%) compensated by an accumulation of C22 fatty acyl-chains (22%), if we exclude C22:1 acyl-chains displaying high variabilities between the different replicates at the bud stage (figure 7.B).

Finally, no variation of the FA distribution could be observed in kcs17 single mutant in both developmental stages (figure 7.A and B), while an independent analysis of FA distribution in the triple mutant kcs4, [START_REF] Markham | Separation and Identification of Major Plant Sphingolipid Classes from Leaves[END_REF][START_REF] Lee | Advances in the Understanding of Cuticular Waxes in Arabidopsis Thaliana and Crop Species[END_REF] in open flowers led to a larger decrease in C24 acyl-chains (59%) as well as a higher accumulation of C22 acyl-chains (182%) (figure 7.C). 

Overall

SEED COAT ANALYSES HIGHLIGHT FUNCTIONAL REDUNDANCIES BETWEEN KCS9 AND KCS17

Acknowledgements: The unpublished seed coat phenotype observed here for KCS17 was initially detected and described by Rochus Franke and Daniela Nosbüsch from Bonn University in a screen for KCS involved in seed coat biosynthesis.

The expression patterns extracted from the Seed gene network highlight overall a rather strong expression of KCS4, KCS9 and KCS17 genes, yet each gene was reported to be differentially expressed across seed development (figure 9). KCS9 is nearly ubiquitously expressed from the pre-globular stage to the maturation seeds in the different tissues except in both chalazal endosperm (CZE) and chalazal seed coat (CZSC). KCS4 is more specifically expressed in the various seed tissues during heart and linear cotyledon stages. KCS17 is finally specifically expressed in the general seed coat (GSC) during the maturation green stage (figure 9). A seed coat analysis in kcs4, kcs9 and kcs17 single and multiple mutants was performed after disruption and delipidation of the seeds to investigate a potential implication of these three KCS in the seed coat biosynthesis (figure 10).

The inactivation of KCS4 and KCS9 genes do not lead to a strong modification of the seed coat content. A slight decrease of C24 ω-hydroxy fatty acid is observed in kcs4 and kcs9 (16% and 19%, respectively), compensated by similar increases in C22 primary alcohols (PA) and diols (figure 10.A). Conversely, the single kcs17 mutant displays stronger changes in the distribution of acyl-chains illustrated by high dicreases in C24 DCA and ω-hydroxy fatty acids (58% and 66%, respectively) compared to the WT Col-0.

Inversely, C22 acyl-chains are characterized by a global increase of 115% (figure 10.A).

In order to study a potential functional redundancy between KCS4, KCS9 and KCS17 in the seed coat biosynthesis, double mutants were also investigated (figure In order to test if the modifications of the seed coat quality observed in kcs4, kcs9 and kcs17 mutants alter their permeability, a tetrazolium penetration assay was performed. In this method, the intensity of a red coloration (produced by the reduction of tetrazolium salts into red-colored formazans by active dehydrogenases in the embryo of the seeds) is directly proportional to the ability of tetrazolium salts to cross the seed-coat barrier and reach the embryo. The resulting red-coloration is measured at 485 nm to compare the permeability of the mutant lines with the WT Col0 (figure 11). Overall, only a slight increase of the permeability was detected in kcs4,9 and kcs4,17 seeds (44% and 45%, respectively). Interestingly, acyl-chains and sphingolipid species distributions were differentially rearranged in the kcs4,9 double mutant compared to kcs9 single mutant. Indeed, strong decreases in C24 acyl-chains were observed in the different sphingolipids species (Cer, GluCer and GIPC). These were compensated by significant increases of C22 acyl-chains in both Cer and GluCer, and by extremely high accumulation of C22 GIPC which led to a generally higher GIPC content.

The different sphingolipids rearrangements obtained between kcs9 and kcs4,9 mutants suggest that KCS4 and KCS9 could be specifically involved in different sphingolipid biosynthesis pathways, KCS4 would rather elongate VLCFA used in Cer and GluCer biosynthesis whereas KCS9 would elongate VLCFA used in the biosynthesis of GIPC. However, the contrary profiles observed for kcs9 and kcs4,9 regarding Cer, GluCer and GIPC acyl-chain distribution and total content need to be confirmed since previous sphingolipids analyses performed by Kim et al, (2013) The inactivation of both KCS4 and KCS9 mostly affects the accumulation of C24 sphingolipid species which constitute dominant sphingolipids VLCFA species in Arabidopsis (80%) (Msanne et al, 2015). The high abundance of VLCFA present in sphingolipids plays an essential role in plant viability and development.

Indeed, the repression of the synthesis of sphingolipids incorporating VLCFA in Arabidopsis double mutant loh1-2 loh3-2 was lethal for the plant (Markham et al, 2011).

Several major roles of VLCFA sphingolipids have been reported in the literature. They are notably very important for the plasma membrane organization since they are key players in the formation of liquid ordered nanodomains particularly enriched in proteins involved in signaling processes in response to biotic and abiotic stresses for instance (reviewed in Batsale et al, 2021). Several studies described the role of VLCFA sphingolipids including C24 and C26 fatty acyl-chains in the endosomal trafficking in plant cells notably studied in the context of auxin carriers polar secretory sorting in root epithelial cells (Roudier et al, 2010;Markham et al, 2011;Wattelet-Boyer et al, 2016). The reduction of VLCFA sphingolipids notably affects the secretory pathway addressing the auxin carriers AUX1 and PIN1 to the plasma membrane, and inhibits the emergence of the lateral root (Markham et al, 2011).

The role of KCS9 enzyme has already been investigated for its potential involvement in the context of the auxin carrier PIN2 polar secretory sorting at trans-Golgi network (TGN) subdomains (Wattelet-Boyer et al, 2016), as well as in the emergence of the LRP (Trinh et al, 2019 Compared to sphingolipids, suberin monomers were generally less affected by the simultaneous disruption of KCS4 and KCS9 enzymes since root suberin incorporates mostly C22 FA derived compounds (Batsale et al, 2021). Yet, our preliminary results showed a decrease in C24 ω-hydroxy FA in the double mutant kcs4,9, so that both KCS4 and KCS9 could be involved in C24 suberin monomers synthesis in roots.

These results should therefore be further confirmed with more replicates.

The involvement of other AtKCS (KCS1, KCS2/DAISY, KCS9 and KCS20) in root suberin biosynthesis was previously reported in several studies which showed that they notably perform elongation reactions to produce C18, C20, C22 and in lesser extent C24 products (Todd et al, 1999;Franke et al, 2008;Lee et al, 2009;Kim et al, 2013, Trinh et al, 2019). Therefore, root suberin monomers derive from VLC elongation products of KCS1, KCS2/DAISY, KCS4, KCS9 and KCS20.

As a physical barrier, suberin deposition in roots is involved in the plant adaptation to abiotic stresses such as high salinity or drought. Franke et al (2008) reported an up-regulation of KCS2/DAISY upon osmotic, drought and wounding stresses consistent with suberin biosynthesis and deposition in response to diverse abiotic stresses. Conversely, Kim et al (2013) monitored the abundance of KCS9 transcripts upon the same treatments and did not observe any significant modification of KCS9 expression, suggesting that KCS9

might not be involved in plant adaptation against abiotic stresses. cuticular waxes in stems and leaves content were reported in kcs9 single mutant as opposed to kcs4 single mutant where no significant changes were observed (Kim et al, 2013;Kim et al, 2021). biosynthesis. Among Arabidopsis KCS enzymes, only KCS2 and KCS20 were previously identified for their involvement in the seed coat biosynthesis (Franke et al, 2009;Lee et al, 2009).

A stronger diminution of C24 acyl-chains in the seed coat was observed in the double mutant kcs9,17

emphasizing functional redundancies between KCS9 and KCS17 towards seed coat biosynthesis.

TOWARDS AN ACCURATE DESCRIPTION OF MORPHOLOGICAL TRAITS ASSOCIA TED WITH KCS ENZYMES REPRESSION IN ARABIDOPSIS

If no apparent phenotypic traits were noticed while generating plant materials to perform our experiments, few morphological and developmental traits were previously reported in the literature, notably in kcs4 and kcs9 single mutants. Therefore, we will first focus on an accurate description of different morphological and developmental traits associated with KCS4, KCS9 and KCS17 enzymes repression. We first plan to look at the root growth in our different mutants. Among KCS involved in root suberin deposition, the repression of functionally redundant enzymes KCS2/DAISY and KCS20, alone or in combination, alter the root growth: whereas single mutants kcs2/daisy-1 and kcs20 root growth was reduced by 27% and 17%, the double mutant kcs2/daisy-1 kcs20 was more affected with a root growth reduced by 40% (Lee et al, 2009). More recently, the root growth was also reported to be slightly reduced (14%) in a kcs4 single mutant (Kim et al, 2021). Inversely, no significant alteration could be detected in kcs9 single mutant roots (Kim et al, 2013).

Impairments in lateral root development were previously associated with altered VLCFA content in several studies. kcs1-5 VLCFA mutant was reported to be affected in its lateral root development (Trinh et al, 2019). The same study revealed that no significant difference in lateral root primordium (LRP) formation could be observed in kcs9 single mutant. As shown in the FA analyses performed in roots (in this chapter), the repression of KCS9 leads overall to a decrease around 60% of C26 acyl-chains whereas C24 acyl-chains are barely decreased. Inversely, the FA profile associated to kcs1-5 single mutant proposed by Trinh et al (2019) shows a strong diminution of VLCFA from C20 to C24, suggesting that LRP emergence phenotype could be triggered in the context of strong modifications in the VLCFA content. As kcs4,9 double mutant is characterized by strong changes regarding its VLCFA profile, it could be interesting to check if the lateral root development could be impacted.

Other studies highlighted the impact of a diminution of C24 and C26 VLCFA sphingolipids on root gravitropism (Wattelet-Boyer et al, 2016). No obvious root gravitropism phenotype was highlighted in kcs9 single mutant in mock condition, however an additional 25 nM metazachlor treatment led to a modification of kcs9 root gravitropism and VLCFA content. The repression of KCS4 in the double mutant kcs4,9 likely mimics similar effects compared to the metazachlor treatment in kcs9 performed by Wattelet-Boyer et al (2016) in terms of VLCFA distribution. Therefore, it would be interesting to investigate the role of KCS4 and KCS9 functional redundancies in root gravitropism. As KCS4 and KCS17 are specifically expressed in male reproduction organs in flowers, we plan to look more precisely at stamens, anthers and pollen morphology and development in the different mutants generated in this chapter. Kim et al (2021) notably reported in kcs4 single mutant a stunted growth of the pollen tube.

Regarding phenotypes associated to the modification of the seed coat composition, we further plan to perform germination test on different medium in order to describe an eventual impact of KCS9 and KCS17 functional redundancies on the germination.

INVESTIGATION OF THE TRANSCRIPTIONAL REGULATION OF KCS4, KCS9 AND KCS17

In a second time, we would like to investigate the transcriptional regulation of the three KCS from the cluster α in order to generate insights into the surprising results obtained regarding the abundance of KCS9 transcripts in KCS17 overexpressing lines as well as the seed coat composition of the double mutant kcs4,17.

To do so, we plan to perform RTq-PCR analyses in the different tissues and in different lines to first confirm or discard a transcriptional regulation of KCS9 associated with the repression or overexpression of other members of the cluster α. It could be interesting to further determine if these regulations could be linked Previous studies on kcs4 and kcs9 single mutants investigated the role of KCS4 and KCS9 enzymes in cuticular waxes biosynthesis. Kim et al (2013) revealed that KCS9 is involved in cuticular waxes biosynthesis since kcs9 single mutant is generally affected in its wax content with a reduction of C26 VLCFA in leaves, stems and silique walls together with a diminution of C28 and C30 aldehydes in leaves or C26 and C28 primary alcohols in stems. Inversely, kcs4 mutant described by Kim et al (2022) displayed no modification in stems cuticular waxes contents and a fluorol yellow 088 lipid staining on pollen grains revealed no significant changes compared to the WT Col-0.

Although different lipid pools were discussed in this chapter, no analysis regarding cuticular waxes was reported. We further plan to perform wax analyses in different tissues including leaves, flowers, stems

and seeds to study the potential involvement of KCS4, KCS9 and KCS17 in cuticular waxes and to describe how their functional redundancies could eventually impact wax compounds accumulation.

(pentadecanol, heptadecanoic acid and omega-pentalactone) was used for root analyses. After cooling, 1 mL of 2.5% (w/v) NaCl was added, and FAME molecules were extracted in 300 µL of hexane for flower samples and 1mL for root samples. Flower samples were directly analysed in GC-MS and GC-FID whereas root samples undergone an additional silylation step on dried FAMEs dissolved with 100µL of N,Obis(trimethylsilyl) trifluoroacetamide:trimethylchlorosilane (BSTFA-TMCS; 99:1), and free hydroxyl groups were derivatized at 80°C for 30 minutes. Quantitative analyses were performed an Agilent 7890A gas chromatograph equipped with an HP-5MS column (30 m x 0.25 mm x 0.25 mm) and a flame ionization detector. The initial temperature of 50°C was held for 1 min, increased at 25°C.min-1 to 150°C, held for 2 min at 150°C, increased again at 10°C.min-1 to 320°C, and held for 6 min at 320°C. Qualitative analyses were performed using an Agilent 7890A gas chromatograph equipped with an HP-5MS column and an Agilent 5975 mass spectrometric detector (70 eV, mass-to-charge ratio 50-750). The same GC program was used, with helium (1.5 mL.min-1) as carrier gas.

SPHINGOLIPID EXTRACTIONS AND ANALYSIS ON ROOT SAMPLES

10 to 30 mg (FW)/sample of root tissues, grown for 10 days in vitro on sterile MS medium supplemented with 0.7% agar, were directly suspended in the lower phase of a propan-2-ol/hexane/eau (55/20/25 v/v/v) solution [START_REF] Markham | Separation and Identification of Major Plant Sphingolipid Classes from Leaves[END_REF]. For the analysis of sphingolipids by LC-MS/MS, lipids extracts were then incubated 1h at 50°C in 2 mL of methylamine solution (7ml methylamine 33% (w/v) in EtOH combined with 3mL of methylamine 40% (w/v) in water (Sigma Aldrich) in order to remove phospholipids. After incubation, methylamine solutions dried at 40°C under a stream of Nitrogen. Finally, were resuspended into 100 μL of THF/MeOH/H2O (40:20:40, v/v) with 0.1% formic acid containing synthetic internal lipid standards (Cer d18:1/h17:0, Cer d18:1/C17:0, GluCer d18:1/C12:0) was added, thoroughly vortexed, incubated at 60°C for 20min, sonicated 2min and transferred into LC vials. LC-MS/MS (multiple reaction monitoring mode) analyses were performed with a model QTRAP 6500 (ABSciex) mass spectrometer coupled to a liquid chromatography system (1290 Infinity II, Agilent). Analyses were performed in the positive mode. Nitrogen was used for the curtain gas (set to 30), gas 1 (set to 30), and gas 2 (set to 10).

Needle voltage was at +5500 V with needle heating at 400°C; the declustering potential was adjusted between +10 and +40 V. The collision gas was also nitrogen; collision energy varied from +15 to +60 eV on a compound-dependent basis. Reverse-phase separations were performed at 40°C on a Supercolsil ABZ+, 100x2.1 mm column and 5µm particles (Supelco). The Eluent A was THF/ACN/5 mM Ammonium formate The areas of LC peaks were determined using MultiQuant software (version 3.0; ABSciex) for sphingolipids quantification.

SEED COAT PERMEABILITY AND ANALYSIS OF SEED COAT COMPOSITION

The seed coat permeability was first analysed through a tetrazolium assay on 25 mg of dried seeds incubated in the dark in an aqueous solution of 1% (w/v) tetrazolium red (2,3,5-triphenyltetrazolium chloride, Sigma-Aldrich) at 30°C overnight. After incubation, the samples were washed twice with water, resuspended in 1 mL 95% (v/v) ethanol, and finely ground with the TissueLyser II (Qiagen) to extract formazans. The final volume was adjusted to 2 mL with 95% (v/v) ethanol and quickly centrifuged for 3 min at 15,000g. The supernatant was immediately recovered to measure the absorbance at 485nm of formazan products.

After removal of the supernatant, the remaining seed debris were transferred in glass tubes and heated for 30min at 85°C in 2 mL of isopropanol. The soluble lipids were then extracted during delipidation in 3mL of successive solutions inbubated for at least 9 hours at room temperature on a tube rotator : chloroform:methanol (2:1, v/v), chloroform:methanol (1:2, v/v) and methanol (100%). This delipidation was followed by a series of washes in 3mL of water (3h), 4,5mL of NaCl (3h) and 3mL of water again incubated overnight. The delipidation was then continued in 3mL of methanol 100%, followed by a solution of chloroform:methanol (1:1, v/v) and methanol 100% again during at least 9 hours. Following the delipidation, seed debris were dried in a fume hood at room temperature for 2 to 3 days and then in a dessicator for 48 hours. Transmethylation and silylation reactions as GC-MS and GC-FID analyses were then performed following the protocole used for roots samples.

In order to further elucidate Arabidopsis KCS biochemical and physiological functions, we used an integrative biochemistry approach combining the functional characterization of native and engineered enzymes in heterologous systems and a reverse genetic approach in Arabidopsis.

The functional and comparative analysis of Arabidopsis multigenic family members described in the chapter 1 allowed the characterization of the enzymatic activity of 12 AtKCS through heterologous expression in yeast and tobacco systems. AtKCS generally perform two elongation steps leading to the addition of four carbons to the growing fatty acyl-chain. Altogether, KCS1, KCS2, KCS4, KCS5, KCS6, KCS9, KCS10, KCS11, KCS15, KCS17, KCS18 and KCS20 cover the elongation process of C16 initial substrate into C18 up to C28 very long chain acyl-CoA products. Distinct substrate specificities but also functional redundancies emphasized between KCS4, KCS9 and KCS17 (Chapter 1) have been further exploited towards the elucidation of structural determinants of KCS enzymes substrate specificities (Chapter 2) and the study of the impact of functional redundancies in Arabidopsis (Chapter 3).

In particular, in order to study the molecular determinants underlying KCS enzymes substrate specificities, Overall, the integrative approach presented in this manuscript allowed the accurate functional characterization of KCS4, KCS9 and KCS17 as well as few insights into their physiological functions.

Although, the biochemical functions of 9 AtKCS could not be elucidated, the study of the functional should therefore relies on putative functional redundancies between homologs, notably in seeds and siliques.

TRIPLE : an interesting system to characterize the mechanisms underlying VLCFA elongation

The use of S. cerevisiae as a heterologous system is of great advantage to quickly express and isolate the activity of plant enzymes. The reconstitution of Arabidopsis FAE complex in the TRIPLE strain is notably a proof of concept for the use of S. cerevisae as a toolkit to elucidate the function of the enzymes involved in the synthesis of plant VLCFA. This tool could be further used to investigate the stoichiometry of the FAE complex especially through the co-expression of different KCS, suspected to dimerize, followed by coimmunoprecipitation. This would provide two advantages: a fast read-out, compared to the time that would be required to generate A. thaliana stable lines, and also avoid competitions that would occur upon heterologous expression in N. benthamiana plant model.

In the other hand, the functional mechanism of the other subunits of the complex (KCR, HCD and ECR) remains largely unknown. Indeed, their structure, their stoichiometry or the interface of the different interactions that they share with the other subunits of the complex have to be elucidated. Kim et al (2022) recently investigated potential residues involved in the interactions between KCS9 and other members of the complex through yeast two hybrid assays. Similarly, molecular engineering in the TRIPLE strain offers nice perspectives towards the study of determinant residues involved in the quaternary structure of the complex or more specifically in the activity of the different subunits, while monitoring the resulting elongation products.

Beyond the solely characterization of the FAE complex, the TRIPLE strain also represents a system in which further plant lipid pathways involving VLCFA could be isolated to investigate different partners and interactors of the complex. Several studies notably demonstrated the compatibility of yeast as a heterologous system to dissect cuticular waxes biosynthesis pathways [START_REF] Bernard | Reconstitution of Plant Alkane Biosynthesis in Yeast Demonstrates That Arabidopsis ECERIFERUM1 and ECERIFERUM3 Are Core Components of a Very-Long-Chain Alkane Synthesis Complex[END_REF][START_REF] Wang | Molecular Characterization of TaFAR1 Involved in Primary Alcohol Biosynthesis of Cuticular Wax in Hexaploid Wheat[END_REF].

Finally, VLCFA are characterized by a great thermal stability prized in the making of lubricants used in various industrial fields and can be the source for the production of high value biomolecules. The ability of the TRIPLE strain to accumulate tailored VLCFA and potential derived lipid compounds opens up further biotechnological prospects, the production of chemicals and biofuels through microbial fermentation being an economical and sustainable alternative for traditional chemical synthesis. 
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 31 ABBREVIATIONSBIFC : Bimolecular Fluorescence Complementation Cer : Ceramide CER : eceriferum CHS : Chalcone Synthase CoA : Co-Enzyme A DCA : Dicarboxylic acid ECR : Enoyl-CoA Reductase ER : Endoplasmic Reticulum FA : Fatty Acid FAE : Fatty Acid Elongase FAME : Fatty Acid Methyl Ester FAR : Fatty Acid Reductase FAS : Fatty Acid Synthase GC-FID : Gaz-Chromatography coupled with a Flame Ionization Detector GC-MS : Gaz-Chromatography coupled with Mass Spectrometry GluCer : Glucosyl Ceramide GIPC : Glycosyl Inositol Phospho Ceramides HCD : 3-Hydroxyacyl-CoA Deshydratase KASIII : ketoacyl-ACP synthase III KCS : β-Ketoacyl-CoA Synthase KCR : β-Ketoacyl-CoA Reductase KO : Knock Out LCB : Long-Chain Base LCFA : Long Chain Fatty Acid LRP : Lateral Root Primordium NADH : reduced form of Nicotinamide Adenine Dinucleotide

Figure 1 .

 1 Figure 1. Metabolic fates of very long-chain acyl-CoAs. VLC-acyl-CoA produced by fatty acid elongation complexes can be converted into aliphatic derivatives incorporated into the cuticle as cuticular waxes or serve as building blocks for the suberin biopolyester biosynthesis. VLC-acyl-CoA can be incorporated into storage lipids as triacylglycerols or in membrane lipids such as phospholipids (phosphatidylserine and phosphatidylethanolamine) or sphingolipids (ceramide, glucosylceramide and GIPCs). Abbreviations: CerS, ceramide synthase; FAH ase , fatty acid hydroxylase; GCS, glucosylceramide synthase; GIPCs, glycosyl-inositolphosphoryl-ceramides; GT ases , glycosyl-transferases; IPCS, inositolphosphoryl-ceramide synthase; IPUT, inositolphosphoryl-ceramide glucuronosyl-transferase; LCB DES ase , LCB desaturase; VLC-acyl-CoA, very-long-chainacyl-CoA.
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 2 Figure 2. Biosynthesis and selective involvement of VLC acyl-CoAs in the different lipid biosynthesis pathways in Arabidopsis. VLC acyl-CoAs are elongated from C16 and C18 long-chain fatty acids (LCFAs) synthesized in the plastid by the fatty acid synthase (FAS) complex. Plastidial saturated and monounsaturated C16 and C18 fatty acids are exported to the cytosol, where they are activated as acyl-CoAs by Long-Chain Acyl-CoA Synthetases (LACs). C16-and C18-CoA are then elongated into very-long-chain acyl-CoAs by the fatty acid elongation (FAE) complex. This complex consists of four enzymes localized in the reticulum endoplasmic membrane. Four sequential reactions lead to the addition of two carbon units: a condensation, a reduction, a dehydration and a final reduction, respectively, catalyzed by a β-Keto-acyl-CoA Synthase (KCS), a β-Keto-acyl-CoA Reductase (KCR), a 3-Hydroxyacyl-CoA Deshydratase (HCD) and an Enoyl-CoA Reductase (ECR). Different FAE complexes with different AtKCSs coexist in a same cell to produce VLC acyl-CoAs from C20 to C38. The resulting pool of acyl-CoAs is exploited towards the synthesis of different lipid categories such as membrane lipids (sphingolipids and phospholipids), surface lipids (cuticular waxes and suberin) and storage lipids (TAG). Abbreviations: ACP, acyl-carrier protein; CoA, Coenzyme A.

Figure 3 .

 3 Figure 3. VLCFA content and distribution in Arabidopsis organs. (A) Distribution of long-chain (C16 and C18) fatty acids and VLCFA in Arabidopsis tissues (% of total); (B) VLCFA chain length distribution in Arabidopsis tissues (% of total); (C) Main lipid pools containing VLCFA in Arabidopsis tissues (% of total); Data for roots and stems were calculated from Delude et al.[START_REF] Delude | Primary Fatty Alcohols Are Major Components of Suberized Root Tissues of Arabidopsis in the Form of Alkyl Hydroxycinnamates[END_REF]. Note that for roots, the suberin polymer and soluble lipids were isolated and separately analyzed, while for stems waxes were first extracted, and waxes and dewaxed stem were separately quantified. For leaves and dried seeds global acyl-chain profiling, acyl-chain was released by transmethylation in 5% sulfuric acid in methanol for 3 h at 85 • C and silylated before GC analysis as for dewaxed stems in Delude et al.[START_REF] Lv | MPK14-Mediated Auxin Signaling Controls Lateral Root Development via ERF13-Regulated Very-Long-Chain Fatty Acid Biosynthesis[END_REF]. Unmodified C20 to C24 VLCFA were considered as phospho-or storage lipids, 2-hydroxy VLCFA as sphingolipids VLCFA, and typical waxes and suberin monomers as surface lipids VLCFA. For leaves and stems, the chain-length of the products from the decarbonylation pathway was considered as n + 1 (i.e., alkane C29 was counted in C30 VLCFA and derivatives).
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 1 Figure 1 : Expansion of plant KCS multigenic families across plant evolution Adapted from Guo et al (2016). The number of KCS genes identified in each specie is indicated on the right of the phylogenic tree as well as the families of the different plant lineages.
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 2 Figure 2 : Phylogenetic analyses of plant KCS across 28 plant lineages from Guo et al (2016). Five monophyletic groups represented in red emerged among land plants, the corresponding KCS genes are differentially colored: group A in red, group B in light blue, group C in orange, group D in dark blue and group E in black. Eleven monophyletic groups characterize the angiosperms KCS genes, represented in blue.
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 3 Figure 3: Common condensation steps of fatty acid synthase β-ketoacyl-ACP synthases (KAS) from[START_REF] Ghanevati | Engineering and mechanistic studies of the Arabidopsis FAE1 β-ketoacyl-CoA synthase, FAE1 KCS[END_REF]. (1) acylation of the active-site cysteine, (2) binding of malonyl-ACP followed by a decarboxylation reaction releasing CO2,(3) condensation reaction between the acyl moiety and the product of decarboxylation producing a β-ketoacyl-ACP.

Figure 4 :

 4 Figure 4: FabH catalytic mechanism proposed by Davies et al (2000) (summarized by Heath & Rock (2002)) (1) Activation of the cysteine residue through its deprotonation driven by the α-helix dipole effect and nucleophilic attack on the acetyl-CoA towards the acetylation of the cysteine, (2) formation of transient tetrahedral acetyl-CoA bound during the loading onto the cysteine, (3) decarboxylation of the malonyl-ACP driven by the residues His244 and Asn274 and CO2 release facilitated by the Phe205 residue, (4) stabilization of the transient carbanion by the residues His244 and Asn274 towards a nucleophilic attack on the first carbon of the thio-acetate, (5) stabilization of the tetrahedral intermediates by the amide backbones of the residues Cys112 and Gly306, (6) release of the β-ketoacyl product.

Figure 5 :

 5 Figure 5: Multisequence alignments between Arabidopsis KCS enzymes and related condensation enzymes Condensing enzymes elucidated for their catalytic activity are highlighted in green. RS3 corresponds to Arachis hypogagea resveratrol synthase, FabH to E. coli FabH enzyme, CHS2 to Medicago sativa chalcone synthase. AtKCS isoforms are organized based on their phylogenetic distribution determined by Joubès et al, 2008. Confirmed and putative catalytic cysteine residues throughout the different enzymes are framed in red. The two other residues of the condensation catalytic triad are framed in purple.

Figure 6 :

 6 Figure 6: Catalytic mechanism of KCS suggested by Haslam et Kunst, 2013 (1) acylation of the enzyme onto the cysteine residue, (2) decarboxylation of the malonyl-CoA driven by the catalytic His and Asn residues, release of a molecule of CO2, (3) nucleophilic attack of the carbanion intermediate onto the C1 of the thio-acyl intermediate, (4) release of a β-ketoacyl product Despite a catalytic mechanism similar to other condensing enzymes, plant KCS have the particularity to use highly hydrophobic molecules as substrates. In order to get insights into the protein structure allowing the condensation of long chain and especially very-long chain acyl-CoA substrates, a few studies reported KCS 3D structure build through homology modelling.

Figure 7 :

 7 Figure 7: Elucidation of plant KCS structure through homology modeling (A) AtKCS1 monomeric 3D structure proposed by Joubès et al (2008). The two transmembrane segments in the N-terminal part of the enzyme are highlighted in yellow and the position of the catalytic pocket is indicated by a green star. (B) HaKCS1 homodimeric structure proposed by Gonzales-Mellado et al (2019). The catalytic triad residues are represented as green sticks at the bottom of the catalytic pocket in the chain A (purple) and the chain B (pink).

Figure 8 :

 8 Figure 8 : Dimeric interface of FabH enzyme described in Qiu et al (1999) (A) Dimeric 3D structure of E. coli FabH condensing enzyme. A first chain is colored in cyan and magenta and a second chain in yellow and green to distinguish α-helixes from βsheets. Phe87 are represented in ball-and-sticks models in both chains as well as the catalytic cysteine Cys112 colored in red (B) stereo-chemical view of the acetyl binding pocket. An atom color code was used here: carbons are represented in yellow, nitrogen in blue, oxygen in red, sulfur in green. The acetyl group bound onto the cysteine display a red skeleton whereas Phe87 skeleton is represented in magenta. The mercapto-ethylamine group of CoA only is represented here in green. The dashed lines illustrate hydrogen bonds.

Figure 9 :

 9 Figure 9: Confirmed/potential domain and residues involved in the variability of KCS18/FAE1 orthologs substrate specificity and functional activity in the Brassicaceae family Confirmed/potential domain and residues determinant for the substrate specificity are indicated along the alignment of AtKCS18 (Col0) and BnKCS18 sequences. The substrate specificity-driving domain (92 amino acids) and K92 residue confirmed by[START_REF] Blacklock | Studies into factors contributing to substrate specificity of membrane-bound 3-ketoacyl-CoA synthases : Substrate specificity of FAE1 KCSs[END_REF] are highlighted in pink. Knowing that Bay-0 displays the same L407 residue, the mutation L407V emphasized between Bay-0 and Shahdara ecotypes is framed in blue[START_REF] Jasinski | Natural Variation in Seed Very Long Chain Fatty Acid Content Is Controlled by a New Isoform of KCS18 in Arabidopsis thaliana[END_REF]. 16 residues differentially conserved in accessions displaying high or low erucic acid contents in the Brassicaceae family are highlighted in orange[START_REF] Sun | Evolutionary Pattern of the FAE1 Gene in Brassicaceae and Its Correlation with the Erucic Acid Trait[END_REF]. The catalytic triad residues Cys-His-Asn are framed in red.

Table 1 :

 1 Overview of the functional characterization of AtKCS multigenic family White cells indicate that the AtKCS were not functionally characterized through either Arabidopsis KO mutants or yeast in vivo and in vitro assays. Cells colored in green, orange and blue indicated AtKCS functionally characterized though Arabidopsis KO mutants, yeast in vivo and in vitro assays, respectively. Cells colored in grey in the column of Arabidopsis KO mutants indicate that the physiological functions of the corresponding isoenzymes where investigated in planta.

  . The most in depth investigation of AtKCS functional activity in Saccharomyces cerevisiae was reported by Tresh et al, (2012) covering the heterologous expression of 17 AtKCS among which only 6 AtKCS could show a enzymatic activity.

CHAPTER 1 :

 1 FUNCTIONAL CHARACTERIZATION OF THE WHOLE AtKCS FAMILY IN YEAST AND TOBACCO HETEROLOGOUS SYSTEMSThis chapter is presented as a paper recently accepted for publication : "Tackling functional redundancy of Arabidopsis elongase complexes". This work covers the comparative analysis of the whole AtKCS family in both yeast and tobacco heterologous systems. My contribution consisted in performing the heterologous expression in both systems as well as the lipid analyses and interpretations under the supervision of Jérôme Joubès and Frédéric Domergue. The engineered yeast platform was generated and characterized by Marie Alonso, Stéphanie Pascal and Didier Thoraval. Acyl-CoA analyses were finally performed in collaboration with Richard P.Haslam and Frédéric Beaudoin from Rothamsted Institute, who ran LC-MS analyses on our samples.

Figure 1 .

 1 Figure 1. Genetic complementation of yeast elongase by Arabidopsis components. CRISPR Cas9 technology was used to replace the coding sequences of the yeast last three enzymes involved in fatty acid elongation (YBR159, PHS1 and TCS13) by their plant orthologues (KCR, HCD/PAS2 and ECR/CER10) and to delete the ELO3 gene encoding the enzyme which elongates C22:0 to C24:0 and C26:0. A. Schematic of the strategy. B. Analysis of gene expression by RT-PCR in the modified TRIPLE and TRIPLE elo3 strains compared to non-modified InvSc1 strain. ACT1 transcripts are used as a loading control. C. Growth analysis of InvSc1, TRIPLE, TRIPLE elo3 and elo3 strains. Values are the average of ten samples. D. Comparison of the FAMEs profile of InvSc1 control strain with the FAMEs profiles of the TRIPLE, TRIPLE elo3 and elo3 strains grown for 72 hours. Mean values (µg/uOD or percentage of total VLCFA) are given with SD (n = 5). Each FAME species is designed by carbon chain length and degree of unsaturation.

Figure 2 .

 2 Figure 2. Principal component analysis (PCA) of the effect of KCS enzymes on FAMEs profiles after expression in InvSc1 TRIPLE and TRIPLE Δelo3 strains. Scores obtained for the two first principal components PC1 and PC2 in (A) InvSc1 TRIPLE and (B) InvSc1 TRIPLE Δelo3. Corresponding biplots in (C) InvSc1 TRIPLE and (D) InvSc1 TRIPLE Δelo3. The PCA analyses are of data presented in Figure 3.

Figure 3 .

 3 Figure 3. Expression of AtKCS in yeast triggers an over-production of VLCFA. Comparison of FAMEs profiles of TRIPLE strain (transformed with empty vector, ev) and TRIPLE transformed with KCS1 and 18 (A), TRIPLE transformed with KCS2 and 20 (B). Comparison of FAMEs profiles of TRIPLE Delo3 strain (transformed with empty vector, ev) and TRIPLE Delo3 transformed with KCS5 and 6 (C), TRIPLE Delo3 transformed with KCS4, 9 and 17 (D). Mean values (µg/uOD or percentage of total VLCFA) are given with SD (n = 6). Each FAME species is designated by carbon chain length and degree of unsaturation. Significance was determined with a Tukey post hoc test (* P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 1e -4 ).

Figure 4 .

 4 Figure 4. Comparison of acylCoA profiles of TRIPLE Delo3 strain (transformed with empty vector, ev) and TRIPLE Delo3 strain transformed with different AtKCS. A. KCS1 and 18, B. KCS2 and 20, C. KCS5 and 6, D. KCS4, 9 and 17. Mean values (percentage of total acyl-CoA > or = C16) are given with SD (n = 3 to 5). Each acyl-CoA species is designated by carbon chain length and degree of unsaturation. Significance was determined with a Tukey post hoc test (* P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 1e -4 ).

Figure 5 .

 5 Figure 5. The 21 Arabidopsis KCSs localize in the endoplasmic reticulum of tobacco cells. Confocal images of Nicotiana benthamiana leaves transiently transformed with KCS-YFP constructs. The 21 Arabidopsis KCS ORFs have been cloned into the pK7YWG2 destination vector, transferred into the Agrobacterium tumefaciens strain GV3101 and used for transient expression in leaves. The plasmid ER-gk CD3-955 was used as an ER marker. Bars = 20µm.

Figure 6 .

 6 Figure 6. Heterologous expression of 12 AtKCS impacts FAMEs composition of Nicotiana benthamiana leaves. Comparison of FAMEs profiles obtained in leaves co-expressing KCS and the gene silencing suppressor P19 with the control condition (leaves transformed with P19 only). Mean values (percentage of total FA > or = C16) are given with SD (n>6). Significant changes were determined through a Wilcoxon test (* P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 1e -4 ).

Figure 1 .

 1 Figure 1. Genetic complementation of yeast elongase by Arabidopsis components. CRISPR Cas9 technology was used to replace the coding sequences of the yeast last three enzymes involved in fatty acid elongation (YBR159, PHS1 and TCS13) by their plant orthologues (KCR, HCD/PAS2 and ECR/CER10) and to delete the ELO3 gene encoding the enzyme which elongates C22:0 to C24:0 and C26:0. A. Schematic of the strategy. B. Analysis of gene expression by RT-PCR in the modified TRIPLE and TRIPLE elo3 strains compared to non-modified InvSc1 strain. ACT1 transcripts are used as a loading control. C. Growth analysis of InvSc1, TRIPLE, TRIPLE elo3 and elo3 strains. Values are the average of ten samples. D. Comparison of the FAMEs profile of InvSc1 control strain with the FAMEs profiles of the TRIPLE, TRIPLE elo3 and elo3 strains grown for 72 hours. Mean values (µg/uOD or percentage of total VLCFA) are given with SD (n = 5). Each FAME species is designed by carbon chain length and degree of unsaturation.
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 2 Figure 2. Principal component analysis (PCA) of the effect of KCS enzymes on FAMEs profiles after expression in InvSc1 TRIPLE and TRIPLE Δelo3 strains. Scores obtained for the two first principal components PC1 and PC2 in (A) InvSc1 TRIPLE and (B) InvSc1 TRIPLE Δelo3. Corresponding biplots in (C) InvSc1 TRIPLE and (D) InvSc1 TRIPLE Δelo3. The PCA analyses are of data presented in Figure 3.
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 3 Figure 3. Expression of AtKCS in yeast triggers an over-production of VLCFA. Comparison of FAMEs profiles of TRIPLE strain (transformed with empty vector, ev) and TRIPLE transformed with KCS1 and 18 (A), TRIPLE transformed with KCS2 and 20 (B). Comparison of FAMEs profiles of TRIPLE elo3 strain (transformed with empty vector, ev) and TRIPLE elo3 transformed with KCS5 and 6 (C), TRIPLE elo3 transformed with KCS4, 9 and 17 (D). Mean values (µg/uOD or percentage of total VLCFA) are given with SD (n = 6). Each FAME species is designated by carbon chain length and degree of unsaturation. Significance was determined with a Tukey post hoc test (* P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 1e -4 ).
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 4 Figure 4. Comparison of acyl-CoA profiles of TRIPLE elo3 strain (transformed with empty vector, ev) and TRIPLE elo3 strain transformed with different AtKCS. A. KCS1 and 18 B. KCS2 and 20 C. KCS5 and 6 D. KCS4, 9 and 17. Mean values (percentage of total acyl-CoA > or = C16) are given with SD (n = 3 to 5).Each acyl-CoA species is designated by carbon chain length and degree of unsaturation. Significance was determined with a Tukey post hoc test (* P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 1e -4 ).
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 5 Figure 5. The 21 Arabidopsis KCSs localize in the endoplasmic reticulum of tobacco cells. Confocal images of Nicotiana benthamiana leaves transiently transformed with KCS-YFP constructs. The 21 Arabidopsis KCS ORFs have been cloned into the pK7YWG2 destination vector, transferred into the Agrobacterium tumefaciens strain GV3101 and used for transient expression in leaves. The plasmid ER-gk CD3-955 was used as an ER marker. Bars = 20µm.

Figure 6 .

 6 Figure 6. Heterologous expression of 12 AtKCS impacts FAMEs composition of Nicotiana benthamiana leaves. Comparison of FAMEs profiles obtained in leaves co-expressing KCS and the gene silencing suppressor P19 with the control condition (leaves transformed with P19 only). Mean values (percentage of total FA > or = C16) are given with SD (n>6). Significant changes were determined through a Wilcoxon test (* P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 1e -4 ).

  . RT-PCR analysis of steady-state KCS, KCR, HCD and ECR transcripts in INVSc1 TRIPLE (A) and INVSC1 TRIPLE Delo3 (B) transformed with the different constructs as indicated. ev corresponds to the strain transformed with the empty vector. The yeast actin1 (act1) gene was used as a constitutively expressed control.

  substrate specificity using the different tools presented in the first chapter. Candidate KCS enzymes with strong homologies and distinct substrate specificities were selected among AtKCS enzymes characterized in the first chapter. Domain swap experiments were first performed to identify large domains driving the substrate specificity. Putative key residues determinant for elongation specificity in the identified domains were then screened by multi-sequence alignments and 3D modelling to undergo site-directed mutagenesis. TRIPLE elo3, preventing the estimation of the exact amounts of KCS20 VLC products from ELO2 VLC products. Yet, KCS20 stands as one of the most active AtKCS through ectopic expression in the yeast model. Its expression leads to an increase of 67% in the global amount of VLCFA compared to the control condition (TRIPLE elo3 transformed with an empty vector). The highly distinct substrate specificities between KCS4 and KCS20 highlights nevertheless these two enzymes as interesting candidates to study the changes in substrate specificity in the different variant generated through domain swap.

Figure 1 :

 1 Figure 1 : Phylogeny and FAMEs profiles of KCS4, KCS9, KCS17 and KCS20 (A) Phylogenic analysis of the Arabidopsis KCS sequences from Joubès et al, 2008. (B) Table listing the ratio of C26 compounds produced over C24 in the strain TRIPLE elo3 expressing KCS4, KCS9 and KCS17 and the combined proportions of C24 and C26 over total VLCFA in each strain. (C) (D) (E) (F)FAMEs profiles obtained in the strain TRIPLE elo3expressing KCS4, KCS9, KCS17 and KCS20 compared to the strain transformed with an empty vector "ev". Mean values (percentage of total VLCFA) are given with SD (n=6).

Figure 2 :

 2 Figure 2 : Alignment of AtKCS4 and AtKCS9 sequences (A) Identical residues are included in the shaded box. Each region delimited for the domain-swap experiment is highlighted with a different color from the region I in yellow to the region V in orange. The region I includes the two transmembrane domains TMD1 and TMD2 highlighted in yellow. The catalytic cysteine in a red frame is located in the region IV in purple and the two other residues completing the catalytic triad are framed in purple in the region V.Both sequences of KCS4 and KCS9 are framed by KCS4 and KCS9 secondary structure, respectively. α-helices and π-helices are displayed as medium and large squiggles, respectively. β-strands are rendered as arrows, strict β-turns as TT and strict α-turns as TTT letters according to the nomenclature given by Espript 3.0 (B) percentage of identity and distribution of the variability between the five regions

Figure 3 :

 3 Figure 3 : Alignment of AtKCS4 and AtKCS20 sequences Identical residues are included in the shaded box. Each region delimited for the domain-swap experiment is highlighted with a different color from the region I in yellow to the region V in orange. The region I includes the two transmembrane domains TMD1 and TMD2 highlighted in yellow. The catalytic cysteine in a red frame is located in the region IV in purple and the two other residues completing the catalytic triad are framed in purple in the region V.Both sequences of KCS4 and KCS9 are framed by KCS4 and KCS20 secondary structure, respectively. α-helices and π-helices are displayed as medium and large squiggles, respectively. β-strands are rendered as arrows, strict β-turns as TT and strict α-turns as TTT letters according to the nomenclature given by Espript 3.0 (B) percentage of identity and distribution of the variability between the five regions

Figure 4 :

 4 Figure 4 : Domain-swap between KCS4 and KCS9 (A) and (B) describe respectively the results obtained for KCS4 and KCS9 Nterminal domain swap chimeric enzymes. Each barplot represent the relative distribution of quantified VLC species after the expression of each construction in the yeast TRIPLE elo3. Mean values (percentage of total VLCFA) are given with SD (n=3). "ev" stands for the TRIPLE elo3strain transformed with the empty vector used to clone the sequence coding for the various chimeric

Figure 5 :

 5 Figure 5 : Domain-swapping between KCS4 and KCS20 (A) and (B) describe respectively the results obtained for KCS4 and KCS20 N-terminal domain swap chimeric enzymes. Each barplot represent the relative distribution of quantified VLC species after the expression of each construction in the yeast TRIPLE elo3. Mean values (percentage of total VLCFA) are given with SD (n=3). "ev" stands for the TRIPLE elo3strain transformed with the empty vector used to clone the sequence coding for the various chimeric KCS.

Figure 6 :

 6 Figure 6 : Isolation of the regions II and III of KCS4 and KCS9 in the opposite template (A) represents the relative distribution of quantified VLC species from TRIPLE elo3transformed with the different constructions. Mean values (percentage of total VLCFA) are given with SD (n=6). "ev" stands for the TRIPLE elo3strain transformed with the empty vector used to clone the sequence coding for the various chimeric KCS. (B) delivers for each construction the combined percentage of C24 and C26 products over total VLCFA as a first parameter to characterize the level of activity and the ratio C26/C24 as a second parameter to evaluate the substrate specificity.

Figure 7 :

 7 Figure 7 : Isolation of the regions II and III of KCS4 and KCS20 in the opposite enzyme Relative distribution of quantified VLC species samples from TRIPLE elo3 transformed with the different constructions. Mean values (percentage of total VLCFA) are given with SD (n=3). "ev" stands for the TRIPLE elo3strain transformed with the empty vector used to clone the sequence coding for the various chimeric KCS.

Figure 9 :

 9 Figure 9 : Identification of residues specifically conserved in KCS4-LIKE and KCS9-LIKE enzymes (A) the barplot represents the relative distribution of quantified VLC species from TRIPLE elo3 transformed with the different KCS genes. Mean values (percentage of total VLCFA) are given with SD (n=6). "ev" stands for the TRIPLE elo3 strain transformed with the empty vector

Figure 9 :

 9 Figure 9 : Docking of the C26 keto-acyl product (A) Modelling of the C26 keto-acyl-CoA condensation product adapted from the 3D model of a C22:1 keto-acyl-CoA. The keto-acyl backbone is represented in purple, yellow and pink whereas the CoA part backbone is colored in lila (B) Chain A of the homodimer KCS4 in complex with C26 keto-acyl product. Each region switched during the domain swap experiment display different color. The blue, green, purple and orange colors cover the regions II, III, IV and V, respectively. The catalytic residues are represented in red sticks in the bottom of the catalytic pocket.

Figure 10 :

 10 Figure 10 : Identification of amino acid residues in contact with the C26:0 keto-acyl-product in the 3D structure (A) alignment between AtKCS4 and AtKCS9. Green arrows represent contact between residues and the ligand in the malonyl-CoA area and purple arrows represent residues in contact with the ligand in the acyl chain area. The catalytic triad residues are highlighted by red arrows. (B) (C) Visualization in pyMOL of residues in contact with the ligand in the malonyl-CoA area and the acyl-chain area, respectively, in the chain A of KCS4.

Figure 11 :

 11 Figure 11 : Candidate residues for directed mutagenesis (A) KCS4 and KCS9 sequence alignment. The red stars indicate the different residues undergoing point-mutations. (B) (C) 3D structure of the chain A of KCS4 and KCS9 in complex with the ligand (C26:0 keto-acyl-CoA). The candidate residues towards directed-mutagenesis selected after multi-sequence alignment and structural modelling are represented in pink and blue, respectively. The 3 residues composing the catalytic triad are represented in red.

Figure 13 :

 13 Figure 13 : Directed-mutagenesis in KCS9 template towards a KCS4 -like ac vity (A) represents the rela ve distribu on of quan fied VLC species from TRIPLE Δelo3 transformed with the different construc ons. Mean values (percentage of total VLCFA)are given with SD (n=6). "ev" stands for the TRIPLE Δelo3 strain transformed with the empty vector used to clone the sequence coding for the various chimeric KCS. (B) delivers for each construc on the combined percentage of C24 and C26 products over total VLCFA as a first parameter to characterize the level of ac vity and the ra o C26/C24 as a second parameter to evaluate the substrate specificity.

  A128V+P129K in the KCS4 template and V124A+K125P in KCS9 initiate consistently a partial switch of elongation specificity. Additional mutations of other residues in the regions II and III accentuate the switch towards a KCS9-like specificity in KCS4 template, yet the corresponding mutations in KCS9 template result in lower condensation activities.As KCS4 and KCS9 display 22% of variability, the substitution of one or several amino acids can lead to variable conformational foldings in the globular part of the enzyme, affecting the condensation activity, which create difficulties to compare the substrate specificities. In order to overcome this problem, directed-mutagenesis was performed in swapped-constructions, restricting the variability between the two enzymes to the swapped region only.MUTATIONS IN CONSTRUCTIONS SWAPPED IN THE REGION II DO NOT AFFECT THE CONDENSATION ACTIVIT Y

  KCS9 substrate specificity is restored when the three residues A124, P125 and T136 are substituted in the region II of both KCS9-106_KCS4(52) and KCS9-106_KCS4(127). These residues are thus essential to favor the condensation of C24 substrates into C26 products specific to KCS4. The reverse mutations in the KCS4 template do not restore KCS4 substrate preference, suggesting that other specificity-driving residues might be determinant within the regions II. Mutations in KCS4-110_KCS9(127) and KCS9-106_KCS4(127), swapped in both regions II and III, leads to impairments regarding the catalytic activity in yeast (figure 14.B). These results suggest that interactions between the regions II and III, critical for both substrate specificity and catalytic activity, might be disturbed upon mutations on the residues A124/V128, P125/K129 and T136/I140 (in KCS4/KCS9) and provoke a conformational reorganization affecting the catalytic activity. Inversely, the condensation activity remains almost intact in mutants solely swapped in the region II, after expression in the yeast (figure 14.C). These outcomes imply that enzymes swapped in smaller regions might lead to site-directed mutants with more stable catalytic activities since potential structural incompatibilities are decreased. Therefore, site directed-mutagenesis in chimeric enzymes swapped in restricted regions to reduce structural incompatibilities could be more efficient to study KCS4 and KCS9 residues determining their substrate specificity. This new approach would notably aim to restore the substrate specificity of the initial template enzyme which was disturbed upon domain swap.

Figure 14 :

 14 Figure 14 : Directed-mutagenesis in swapped constructions (A) sequence alignments of the region II between the swapped constructions (B)(C) relative distribution of quantified VLC species from TRIPLE elo3 transformed with the constructions swapped for both regions II and III (B) or only for the region II (C), respectively. 6 replicates per condition are represented here.

Figure 15 :

 15 Figure 15 : Comparison of substrate specificity-driving domains identified through domain-swap experiments between AtKCS18/BnKCS18 and AtKCS4/AtKCS9 The domain emphasized in AtKCS18 and BnKCS18 by Blacklock and Jaworski (2002) is represented in pink. The domain highlighted in this chapter in AtKCS4 and AtKCS9 is represented in orange. Both regions II and III delimited in our domain swap experiments are indicated in blue and green respectively.

  THE VARIABILITY BETWE EN KCS4 AND KCS9 PREVENTS THE CLEAR IDENTIFICATION OF RESIDUES DETERMINING THE SUBSTRATE SPECIFICITYOver the 29 site-directed mutants targeting 7 potential specificity-driving residues, only KCS4 mutants could display intermediate specificities between KCS4 and KCS9 after expression in the yeast TRIPLE elo3.Inversely, KCS9 site-directed mutants were mostly affected in their catalytic activity, yet a slight shift towards KCS4 substrate specificity was observed in TRIPLE elo3 after expression of KCS9 V124A+K125P double mutant. The difficulties encountered to accumulate more C26 products in yeast expressing KCS9 mutants suggest that other residues apart from the seven candidate residues tested in this project should be involved in KCS4 substrate specificity.

Figure 16 :

 16 Figure 16: Site-directed mutagenesis experiments outcomes regarding residues involved in KCS4 and KCS9 substrate specificity. Grey stars represent residues showing no involvement in KCS4 and KCS9 substrate specificity. Red stars indicate residues likely involved in KCS4 and KCS9 elongation specificities according to site-directed experiments results.

Figure 17 :

 17 Figure 17: Alignment of KCS4 and KCS9 enzymes from Arabidopsis with Populus trichocarpa KCS1, KCS2 and KCS4 Identical residues are included in the shaded box. Each region delimited for the domain-swap experiment in AtKCS4 and AtKCS9 is highlighted with a different color from the region I in yellow to the region V in orange. The catalytic triad Cys-His-Asn residues are framed in pink. AtKCS4 secondary structure is indicated above the aligned sequences of amino acids. α-helices and π-helices are displayed as medium and large squiggles, respectively. β-strands are rendered as arrows, strict β-turns as TT and strict α-turns as TTT letters according to the nomenclature given by Espript 3.0. The α-helix4 investigated in Chen et al (2022) is framed in red. Two residues emphasized as determinant in Populus trichocarpa KCS substrate specificity are indicated by blue arrows..

Figure 18 :

 18 Figure 18: Potential coupling of residues between the regions II and III (A) Alignments between KCS4 and KCS9, the bounds between the red stars indicate a potential coupling (B) (C) respectively, 3D structure of the chain A of KCS4 and KCS9 in complex with the ligand (C26:0 keto-acyl-CoA). The residues involved in potential coupling interactions are represented as blue sticks in the region II and green sticks in the region III. The 3 residues composing the catalytic triad are represented in red.

  and KCS9 coding sequence including a C-terminal Myc tag as initial matrices. Primers used to generate the different constructs are listed in the Annex 1. The resulting PCR fragments were first cloned into a pDONR TM 221 ENTRY vector using the GATEWAY® recombinational cloning technology (Invitrogen) and then transferred into pvtLEU DESTINATION vector towards their expression under a strong yeast alcohol dehydrogenase I promoter (pADH1).

Figure 1 :

 1 Figure 1: Relative transcript abundance of KCS genes in various organs of Arabidopsis from Joubès et al (2008), the gene expression level was determined by real-time RT-PCR analysis.

Figure 2 :

 2 Figure 2 : Isolation of homozygous tDNA mutants and generation of overexpressing lines (A) Schematic view of exonic T-DNA insertion in kcs4, kcs9 and kcs17 mutants (B) isolation of kcs4, kcs9 and kcs17 single and multiple mutants using LP/RP primers to amplify KCS4, KCS9 and KCS17 genetic sequences and LB/RP primers to amplify the T-DNA insertion in the targeted gene. (C) and (D) Semi-quantitative RT-PCR analysis of steady-state KCS4, KCS9 and KCS17 transcripts in flowers of the different lines compared to the wild-type plants in knockout and overexpressing lines, respectively. The Actin2 gene was used as a constitutively expressed control.

Figure 3 :

 3 Figure 3 : Gene expression patterns of KCS4, KCS9 and KCS17 in root tissues extracted from the Bio-Analytic Resource for Plant Biology

  .A). A tendency towards an overall diminution of C24 acyl-chains in both kcs4 and kcs9 should also be noted (figure 4.A and B).Inversely, the double mutant kcs4,9 displays overall a strong decrease in C24 acyl-chains of 85% generally observed in the different lipid pools (figure 4.B). The inactivation of KCS4 and KCS9 also leads to an overall 99% increase of C22 acyl-chains (figure 4.B), yet their distribution between the different lipid pools is restricted to saturated and α-hydroxy acyl-chains where 89% and 813% increases in C22 acyl-chains were respectively observed (figure 4.A). Despite a strong modification of C22 and C24 distribution in the double mutant kcs4,9, no significant variations could be noticed regarding the total content of the different acyl compounds emphasizing a compensation between C24 acyl-chains diminution versus C22 acyl-chain accumulation in the different mutant lines (figure 4.C).Overall, the drastic changes obtained in kcs4,9 double mutant regarding fatty acyl-chain lengths distribution highlight strong functional redundancies between KCS4 and KCS9 in root tissues.

Figure 4 :

 4 Figure 4 : Acyl-chains global distribution in kcs4, kcs9 and kcs4,9 compared to the WT Col0 (A) global acyl-chains profile obtained after direct transmethylation and sylilation on root tissues. Mean values (quantity of the different species in µg/mgDW) are given with SD (n=2). A mix of three internal standards (pentadecanol, heptadecanoic acid and omega-pentalactone) was used in order to quantify the different acyl-chain compounds. (B) Global distribution of acyl-chain length (C) global distribution of the different acyl compounds.

9 (

 9 The overall modifications observed in terms of global acyl-chain distribution in kcs9 single mutant (89% increase of C22 and 40% decrease of C24 acyl-chains) were exacerbated in the double mutant kcs4,481% increase of C22 and 80% decrease of C24 acyl-chains), emphasizing functional redundancies between KCS4 and KCS9 towards C24 acyl-chains accumulation in roots. Yet, contrary effects were noticed regarding the sphingolipid species distribution: C22 VLCFA preferentially accumulate in Cer and GluCer in kcs9 single mutant whereas they are preferentially accumulated in GIPC in the double mutant kcs4,9.

Figure 5 :

 5 Figure 5 : Sphingolipid distribution in in kcs4, kcs9 and kcs4,9 compared to the WT Col0 Sphingolipids were extracted from root tissues. Mean values of the different sphingolipids species content are given (in A.u./mgFW) with SD (n=4). (A) Structure of a ceramide molecule extracted from Buré et al. (2014). The fatty-acyl chain linked by an amide bond to the LCB is illustrated in a dotted frame. (B) global distribution of the ceramides (Cer), glucosylceramides (GulCer) and glycosyl inositol phospho ceramides (GIPC) with or without a α-hydroxylated fatty acyl-chain. (C) (D) (E) Distribution of non hydroxylated fatty acyl-chains among total Cer, GluCer and GIPC, respectively. (F) (G) (H) Distribution of α-hydroxylated fatty acyl-chains among total Cer, GluCer and GIPC, respectively.

Figure 6 :

 6 Figure 6 : Preliminary analyses of the acyl-chains distribution in KCS4, KCS9 and KCS17 overexpressing lines Distribution of fattyacyl chains after direct transmethylation reaction on dry root samples. Mean values (µg/mgDW) are given with SD (n=3) . (A) (B) (C) represent the acyl-chains distribution for KCS4, KCS9 and KCS17 overexpressors, respectively.

Figure 7 :

 7 Figure 7 : Gene expression patterns of KCS4, KCS9 and KCS17 in flower tissues extracted from the Bio-Analytic Resource for Plant Biology In order to investigate the impact of the differential expression patterns of KCS4, KCS9 and KCS17 during flower development, the fatty-acyl chains distribution in the single mutants kcs4, kcs9 and kcs17 compared to the WT Col-0 was analyzed in two different stages: in the bud and in open flowers (figure 7.A and B).

  , no or only slight modifications regarding FA acid profiles were observed in the single mutants kcs17 (no modification), kcs4 (slight variations following flower aperture) and kcs9 (slight variations in both developmental stages). Greater modifications in the triple mutant kcs4,9,17 observed in an independent experiment suggests that at least two KCS enzymes investigated in this chapter should display functional redundancies in flower tissues. According to the variations observed in single mutants, these two KCS enzymes might be KCS4 and KCS9.

Figure 8 :

 8 Figure 8 : Fatty acid distribution in kcs4, kcs9 and kcs17 mutants during flower development (A) (B) The mean value of the percentage of total FA in kcs4, kcs9 and kcs17 single mutants compared to Col0 in flower buds and open flowers, respectively , are given with SD (n=5) (C) percentage total FA in the triple mutant kcs4,9,17 compared to the WT Col0 in open flowers (3 replicates per line were tested).

Figure 9 :

 9 Figure 9 : Gene expression patterns of KCS4, KCS9 and KCS17 in seed tissues extracted from the Seed gene network (http://seedgenenetwork.net/arabidopsis). Peripheral endosperm (PEN), General seed coat (GSC), Embryo proper (EP), Suspensor (S), Chalazal endosperm (CZE), Chalazal seed coat (CZSC), Micropylar endosperm (MCE).

Figure 10 :

 10 Figure 10 : Seed coat analysis in kcs4, kcs9 and kcs17 single and double mutants all the data presented in this figure were collected from a same experiment. Analyses were performed after delipidation of the seeds. Distribution of FA and derivatives composing the seed coat, mean values (µg/mgDW) are given with SD (n=4) (A) in the single mutants kcs4, kcs9 and kcs17, (B) in the double mutants kcs4,9, kcs4,17, kcs9,17. (C) total content of FA and FA derivatives compositing the seed coat in the double mutants kcs4,9, kcs4,17, kcs9,17. (D) total content of the different chain-lengths found in the seed coat compounds. Fatty acids and derivatives were annotated this way: fatty acid (FA), dicarboxylic acid (DCA), primary alcohols (PA), poly-hydroxy fatty acids (PolyOH FA), ω-and α-hydroxy fatty acids (ω-and α-OH FA).

Figure 11 :

 11 Figure 11 : Tetrazolium penetration assay 25 mg of seeds per sample were used to perform this assay. The red-coloration resulting from the reduction of tetrazolium salts in the embryo cells was measured by spectrophotometry at 485nm. The mean value is given for each line with SD (n=4).
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 22 KCS4 AND KCS17 TISSUE SPECIFIC EXPRESSION PATTERNS IN POLLEN AND STAMENS SUGGEST A PUTATIVE INVOLVEME NT IN ARABIDOPSIS REPRODUCTION Flowers constitute complex organs and the specific expression of KCS4 and KCS17 enzymes respectively in mature pollen and stamens suggests that KCS enzymes may play specific functions related to the development of different flower organs involved notably in plant reproduction. Accordingly, the study of kcs4 single mutant by Kim et al (2021) emphasized KCS4 as a key player in pollen tube elongation. The role of three other Arabidopsis KCS isoenzymes (KCS7, KCS15 and KCS21) in pollen coat lipid synthesis during anther development was also recently described by Zhang et al (2021). These KCS are specifically expressed in the tapetum during anther development, and their simultaneous repression led to a reduction of the amount of pollen coat lipids as well as a delay in pollen hydration, emphasizing the redundant roles of KCS7, KCS15 and KCS21 in pollen grain development. These studies targeting specific organs in flowers displayed a certain efficiency to address more precisely the elucidation of KCS functions during flower development. The expansion of KCS genetic diversity in flowering plants (Guo et al, 2016) further suggests that a large diversity of KCS isoenzymes could be associated with flower development and reproduction. Therefore, the elucidation of KCS involvement in functions associated to flower development should to be investigated in depth in the multiple mutant lines generated during my PhD. FUNCTIONAL REDUNDANCIES BETWEEN KCS9 AND KCS17 WERE OBSERVED TOWARDS SEED COAT BIOSYNTHESIS Whereas seed coat composition was not altered in kcs4 and kcs9 single mutants, kcs17 mutant displayed a clear seed coat phenotype with a strong diminution of C24 seed coat major compounds compensated by an increase in C22 acyl-chains. Therefore, KCS17 enzyme characterized by a strong expression in the seed coat during the maturation green stage of seed development constitutes a key player in seed coat

3. 4

 4 .1.2 STUDY OF OTHER PHENOTYPIC TRAITS ASSOCIATED TO FLOWER AND SEEDS TISSUES

  to variations in different VLCFA content, notably C24 VLCFA, by applying different VLCFA treatments as performed by[START_REF] Uemura | A very long chain fatty acid responsive transcription factor, MYB93, regulates lateral root development in Arabidopsis[END_REF] (bioRxiv preprint) for instance.In case in which transcriptional regulations in response to VLCFA content fluctuations could be demonstrated, it would be interesting to keep up with further investigations of potential VLCFA responsive transcription factors involved in the transcriptional regulation of KCS enzymes from the cluster α. Some transcription factors targeting KCS enzymes have been already reported in the literature (reviewed inBatsale et al, 2021) and could be used as candidates 3.4.3 INVESTIGATION OF THE POTENTIAL INVOLVEMENT IN KCS4, KCS9 AND KCS17 IN CUTICULAR WAXES BIOSYNTHESIS

( 3 /

 3 2/5 v/v/v) with 0.1% formic acid and eluent B was THF/ACN/5 mM Ammonium formate (7/2/1 v/v/v) with 0.1% formic acid. The gradient elution program for Cer and GluCer quantification was as follows: 0 to 1 min, 1%eluent B; 40 min, 80%eluent B; and 40 to 42, 80%eluent B. The gradient elution program for GIPC quantification was as follows: 0 to 1 min, 15%eluent B;31 min, 45%eluent B; 47.5 min, 70%eluent B; and 47.5 to 49, 70%eluent B. The flow rate was set at 0.2 mL/min, and 5mL sample volumes were injected.

  KCS4 and KCS9 were chosen to perform domain-swap and point-mutations experiments since they display distinct substrate preferences and strong sequence homologies. Both enzymes are characterized by similar level of activity as they produce comparable amounts of VLCFA after expression in yeast, unlike KCS17 which leads to lesser amounts of VLCFA products. Structural modelling associated with molecular engineering led to the identification and structural mapping of a region of 101 residues driving KCS4 and KCS9 substrate specificities.On the other hand, the study of functional redundancies between KCS4, KCS9 and KCS17 in multiple Arabidopsis knockout mutants emphasized exacerbated lipid phenotypes in different tissues and different lipid pools, compared to changes of lipid content observed in single mutants. Lipid profiles in double and triple mutants were notably characterized by a strong diminution of C24 VLCFA together with the accumulation of C22 VLCFA. As C22 and C24 VLCFA are precursors of many different lipid compounds incorporated into suberin barriers, cuticular waxes or membrane lipids (sphingolipids and phospholipids), many perspectives developed in chapter 3 have to be considered to pursue the study of KCS4, KCS9 and KCS17 physiological roles in Arabidopsis.
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Supplemental Figure S2 : Heterologous expression of 9 AtKCS in Nicotiana benthamiana leaves.

  Comparison of FAMEs profiles obtained in leaves co-expressing KCS and the gene silencing suppressor P19 with the control condition (leaves transformed with P19 only). Mean values (percentage of total FA > or = C16) are given with SD (n>6). No significant changes were detected using Wilcoxon test.infrastructure is supported by a grant from ANR (no. ANR-10-INBS-04). The Bordeaux Metabolome-Lipidome Facility-MetaboHUB is supported by a grant from ANR (no. ANR-11-INBS-0010).

). Each acyl-CoA species is designated by carbon chain length and degree of unsaturation. Supplemental Figure

S1

: RT-PCR analysis of steady-state KCS, KCR, HCD and ECR transcripts in INVSc1 TRIPLE (A) and INVSC1 TRIPLE elo3 (B) transformed with the different constructs as indicated. ev corresponds to the strain transformed with the empty vector. The yeast actin1 (act1) gene was used as a constitutively expressed control.

Table S2 :

 S2 FAMEs profiles of the yeast strains TRIPLE and TRIPLE Delo3 transformed with the 21 AtKCS. Mean values (µg/uOD) are given with SD (n = 6). Each FAME species is designated by carbon chain length and degree of unsaturation.

																									1.53 ± 0.25	0.96 ± 0.07	2.18 ± 0.70	1.47 ± 0.20	1.11 ± 0.07	1.02 ± 0.15	0.87 ± 0.13	1.27 ± 0.14	1.31 ± 0.07	0.98 ± 0.15	1.51 ± 0.28	1.23 ± 0.37	1.16 ± 0.32	1.09 ± 0.16	1.37 ± 0.17	1.14 ± 0.13	0.99 ± 0.11	1.17 ± 0.32	2.91 ± 0.75	1.67 ± 0.47	2.55 ± 0.14	1.52 ± 0.22
		0.76 ± 0.10	0.44 ± 0.06	1.43 ± 0.17	0.72 ± 0.11	0.90 ± 0.33	0.83 ± 0.36	0.64 ± 0.17	0.69 ± 0.32	0.69 ± 0.14	1.11 ± 0.12	0.67 ± 0.18	1.21 ± 0.22	0.85 ± 0.12	0.48 ± 0.08	0.55 ± 0.13	0.51 ± 0.09	0.47 ± 0.08	1.07 ± 0.32	2.89 ± 0.83	1.03 ± 0.31	2.46 ± 1.18	0.66 ± 0.37		0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.02 ± 0.00	0.07 ± 0.08	0.01 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.01 ± 0.01	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.00 ± 0.00
		0.00 ± 0.00	0.00 ± 0.00	0.01 ± 0.01	0.01 ± 0.01	0.04 ± 0.02	0.08 ± 0.05	0.05 ± 0.02	0.01 ± 0.01	0.01 ± 0.00	0.01 ± 0.00	0.00 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.00 ± 0.00	0.01 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.01 ± 0.01	0.00 ± 0.00	0.01 ± 0.01	0.00 ± 0.00	0.00 ± 0.00		0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.15 ± 0.01	0.14 ± 0.10	0.14 ± 0.04	0.00 ± 0.00	0.00 ± 0.00	0.06 ± 0.01	0.00 ± 0.00	0.01 ± 0.02	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.01 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00
		0.47 ± 0.07	0.21 ± 0.02	0.28 ± 0.06	0.42 ± 0.05	0.34 ± 0.11	0.37 ± 0.13	0.30 ± 0.08	0.40 ± 0.20	0.41 ± 0.09	0.42 ± 0.06	0.41 ± 0.11	0.54 ± 0.13	0.52 ± 0.09	0.28 ± 0.05	0.34 ± 0.10	0.31 ± 0.05	0.29 ± 0.05	0.48 ± 0.16	0.30 ± 0.08	0.63 ± 0.12	0.47 ± 0.17	0.45 ± 0.26		0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.27 ± 0.02	0.06 ± 0.06	0.04 ± 0.02	0.00 ± 0.00	0.00 ± 0.00	0.04 ± 0.01	0.00 ± 0.00	0.00 ± 0.01	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00
		0.12 ± 0.02	0.03 ± 0.00	0.30 ± 0.15	0.13 ± 0.02	0.31 ± 0.14	0.18 ± 0.14	0.17 ± 0.06	0.13 ± 0.06	0.13 ± 0.03	0.41 ± 0.05	0.12 ± 0.04	0.38 ± 0.08	0.14 ± 0.02	0.08 ± 0.02	0.09 ± 0.02	0.08 ± 0.01	0.07 ± 0.01	0.27 ± 0.14	0.19 ± 0.18	0.21 ± 0.15	0.42 ± 0.29	0.08 ± 0.05	2OH-C24:0	0.06 ± 0.01	0.03 ± 0.00	0.11 ± 0.02	0.06 ± 0.01	0.18 ± 0.02	0.10 ± 0.08	0.20 ± 0.02	0.05 ± 0.01	0.05 ± 0.00	0.30 ± 0.05	0.06 ± 0.01	0.05 ± 0.01	0.05 ± 0.01	0.05 ± 0.01	0.06 ± 0.01	0.05 ± 0.01	0.04 ± 0.00	0.35 ± 0.10	0.06 ± 0.01	0.08 ± 0.02	0.17 ± 0.01	0.07 ± 0.02
		0.04 ± 0.00	0.04 ± 0.01	0.06 ± 0.02	0.05 ± 0.00	0.03 ± 0.01	0.02 ± 0.01	0.02 ± 0.01	0.04 ± 0.02	0.04 ± 0.01	0.04 ± 0.00	0.04 ± 0.01	0.05 ± 0.01	0.05 ± 0.01	0.03 ± 0.00	0.04 ± 0.01	0.04 ± 0.01	0.03 ± 0.00	0.06 ± 0.03	0.06 ± 0.02	0.04 ± 0.02	0.11 ± 0.05	0.04 ± 0.02		0.01 ± 0.00	0.00 ± 0.00	0.07 ± 0.02	0.01 ± 0.00	0.20 ± 0.01	0.05 ± 0.01	0.12 ± 0.01	0.01 ± 0.00	0.01 ± 0.00	0.35 ± 0.06	0.01 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.08 ± 0.03	0.01 ± 0.00	0.01 ± 0.00	0.26 ± 0.06	0.01 ± 0.00
		0.03 ± 0.01	0.02 ± 0.01	0.32 ± 0.09	0.03 ± 0.02	0.06 ± 0.03	0.03 ± 0.01	0.02 ± 0.01	0.02 ± 0.01	0.02 ± 0.00	0.14 ± 0.01	0.02 ± 0.01	0.07 ± 0.01	0.03 ± 0.00	0.02 ± 0.00	0.02 ± 0.00	0.02 ± 0.00	0.02 ± 0.00	0.10 ± 0.00	0.12 ± 0.05	0.03 ± 0.01	0.65 ± 0.40	0.02 ± 0.01		0.27 ± 0.05	0.16 ± 0.03	0.27 ± 0.06	0.27 ± 0.04	0.06 ± 0.01	0.05 ± 0.03	0.04 ± 0.01	0.23 ± 0.03	0.24 ± 0.02	0.03 ± 0.01	0.26 ± 0.05	0.26 ± 0.05	0.26 ± 0.03	0.27 ± 0.03	0.28 ± 0.02	0.24 ± 0.05	0.23 ± 0.02	0.10 ± 0.03	0.31 ± 0.06	0.34 ± 0.07	0.29 ± 0.02	0.30 ± 0.08
		0.01 ± 0.00	0.01 ± 0.00	0.01 ± 0.01	0.01 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.01 ± 0.01	0.01 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.02 ± 0.01	0.01 ± 0.01	0.02 ± 0.01	0.01 ± 0.00		0.01 ± 0.00	0.01 ± 0.00	0.02 ± 0.01	0.01 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.00 ± 0.00	0.01 ± 0.00	0.03 ± 0.05	0.01 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.17 ± 0.06	0.01 ± 0.00	0.03 ± 0.00	0.01 ± 0.00
		0.00 ± 0.00	0.00 ± 0.00	0.02 ± 0.01	0.00 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.01 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.01 ± 0.00	0.01 ± 0.01	0.01 ± 0.01	0.00 ± 0.00	0.00 ± 0.00	0.01 ± 0.00	0.19 ± 0.06	0.00 ± 0.00	0.05 ± 0.03	0.00 ± 0.00		0.80 ± 0.13	0.42 ± 0.04	1.43 ± 0.53	0.80 ± 0.11	0.10 ± 0.01	0.32 ± 0.05	0.13 ± 0.02	0.68 ± 0.07	0.70 ± 0.04	0.09 ± 0.02	0.80 ± 0.14	0.55 ± 0.24	0.55 ± 0.23	0.50 ± 0.10	0.70 ± 0.11	0.54 ± 0.10	0.46 ± 0.08	0.39 ± 0.11	0.94 ± 0.24	0.84 ± 0.28	1.53 ± 0.07	0.78 ± 0.07
		0.02 ± 0.00	0.02 ± 0.01	0.30 ± 0.06	0.02 ± 0.01	0.02 ± 0.01	0.02 ± 0.01	0.01 ± 0.00	0.01 ± 0.01	0.01 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.05 ± 0.01	0.02 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.01 ± 0.01	0.01 ± 0.00	0.03 ± 0.00	0.12 ± 0.05	0.02 ± 0.00	0.59 ± 0.33	0.01 ± 0.01		0.06 ± 0.01	0.04 ± 0.01	0.03 ± 0.01	0.05 ± 0.01	0.02 ± 0.00	0.02 ± 0.00	0.02 ± 0.00	0.04 ± 0.01	0.05 ± 0.00	0.01 ± 0.00	0.05 ± 0.01	0.05 ± 0.01	0.05 ± 0.00	0.05 ± 0.01	0.05 ± 0.00	0.05 ± 0.01	0.05 ± 0.00	0.03 ± 0.01	0.07 ± 0.01	0.07 ± 0.01	0.04 ± 0.00	0.06 ± 0.01
		0.02 ± 0.01	0.05 ± 0.02	0.03 ± 0.00	0.02 ± 0.00	0.03 ± 0.01	0.04 ± 0.01	0.02 ± 0.00	0.02 ± 0.01	0.02 ± 0.00	0.02 ± 0.00	0.02 ± 0.00	0.02 ± 0.01	0.02 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.02 ± 0.01	0.01 ± 0.00	0.04 ± 0.01	1.64 ± 0.54	0.02 ± 0.01	0.05 ± 0.02	0.02 ± 0.01		0.02 ± 0.01	0.03 ± 0.01	0.02 ± 0.01	0.02 ± 0.00	0.02 ± 0.00	0.02 ± 0.00	0.01 ± 0.00	0.02 ± 0.00	0.02 ± 0.00	0.01 ± 0.00	0.03 ± 0.01	0.02 ± 0.01	0.02 ± 0.00	0.02 ± 0.00	0.02 ± 0.00	0.02 ± 0.00	0.02 ± 0.00	0.02 ± 0.01	0.87 ± 0.27	0.03 ± 0.01	0.03 ± 0.00	0.02 ± 0.01
		0.04 ± 0.01	0.05 ± 0.02	0.09 ± 0.02	0.03 ± 0.00	0.06 ± 0.01	0.07 ± 0.02	0.04 ± 0.01	0.04 ± 0.02	0.03 ± 0.00	0.04 ± 0.00	0.03 ± 0.01	0.08 ± 0.01	0.04 ± 0.00	0.03 ± 0.00	0.03 ± 0.00	0.03 ± 0.01	0.03 ± 0.01	0.06 ± 0.02	0.25 ± 0.12	0.04 ± 0.01	0.12 ± 0.03	0.02 ± 0.01		0.28 ± 0.05	0.27 ± 0.03	0.22 ± 0.07	0.25 ± 0.04	0.09 ± 0.01	0.18 ± 0.02	0.14 ± 0.02	0.23 ± 0.02	0.23 ± 0.01	0.07 ± 0.01	0.28 ± 0.06	0.24 ± 0.08	0.21 ± 0.06	0.19 ± 0.03	0.23 ± 0.03	0.23 ± 0.03	0.18 ± 0.02	0.18 ± 0.05	0.49 ± 0.11	0.29 ± 0.07	0.19 ± 0.02	0.26 ± 0.03
		8.85 ± 1.46	9.82 ± 1.36	5.48 ± 1.47	8.57 ± 1.04	8.87 ± 1.85	9.42 ± 2.39	7.51 ± 1.24	8.70 ± 3.83	8.81 ± 1.07	8.23 ± 0.60	8.04 ± 1.28	7.59 ± 0.48	8.47 ± 1.17	7.14 ± 0.73	7.02 ± 0.80	7.56 ± 0.64	6.60 ± 0.70	9.23 ± 2.18	6.07 ± 0.99	8.84 ± 1.40	5.72 ± 0.70	7.68 ± 1.70		4.29 ± 0.65	5.67 ± 0.93	2.84 ± 0.74	4.08 ± 0.60	4.15 ± 0.50	3.63 ± 0.47	4.22 ± 0.89	3.47 ± 0.32	3.79 ± 0.30	4.51 ± 0.95	4.46 ± 0.85	3.98 ± 0.83	4.02 ± 0.41	4.04 ± 0.48	4.36 ± 0.26	4.12 ± 0.71	3.81 ± 0.16	4.72 ± 1.19	3.85 ± 0.79	4.91 ± 0.89	2.59 ± 0.24	4.02 ± 0.65
		1.97 ± 0.31	2.07 ± 0.30	1.06 ± 0.37	1.83 ± 0.22	1.88 ± 0.39	2.23 ± 0.57	1.63 ± 0.26	1.83 ± 0.80	1.92 ± 0.25	1.78 ± 0.12	1.79 ± 0.32	1.62 ± 0.11	1.78 ± 0.23	1.47 ± 0.16	1.58 ± 0.18	1.74 ± 0.16	1.67 ± 0.16	2.41 ± 0.90	1.40 ± 0.22	2.07 ± 0.57	1.16 ± 0.16	1.57 ± 0.38		1.33 ± 0.26	1.57 ± 0.27	0.73 ± 0.19	1.24 ± 0.19	0.99 ± 0.12	0.95 ± 0.10	1.12 ± 0.22	1.08 ± 0.13	1.14 ± 0.08	1.11 ± 0.22	1.45 ± 0.33	1.21 ± 0.28	1.17 ± 0.14	1.11 ± 0.13	1.21 ± 0.08	1.24 ± 0.18	1.08 ± 0.04	1.14 ± 0.30	1.07 ± 0.25	1.44 ± 0.29	0.61 ± 0.08	1.25 ± 0.22
		12.38 ± 2.19	8.47 ± 1.25	14.02 ± 0.76	11.83 ± 1.46	13.04 ± 2.58	12.93 ± 3.68	10.41 ± 1.91	12.00 ± 5.32	12.12 ± 1.47	11.23 ± 0.89	11.05 ± 1.66	11.97 ± 0.72	11.98 ± 1.69	10.17 ± 1.09	9.82 ± 1.28	10.27 ± 0.93	9.70 ± 1.12	12.64 ± 3.60	11.93 ± 1.58	12.42 ± 2.60	15.61 ± 3.91	10.62 ± 2.45		8.28 ± 1.22	5.92 ± 0.83	10.16 ± 2.27	7.95 ± 1.19	7.99 ± 0.98	6.86 ± 0.76	7.63 ± 1.49	6.81 ± 0.64	7.45 ± 0.60	7.86 ± 1.76	8.55 ± 1.65	7.99 ± 1.61	7.89 ± 0.77	8.45 ± 0.86	8.98 ± 0.46	8.43 ± 1.41	7.88 ± 0.33	8.81 ± 2.14	8.96 ± 1.84	9.70 ± 1.82	9.96 ± 0.66	7.92 ± 1.30
		4.65 ± 0.80	3.04 ± 0.53	3.64 ± 0.57	4.15 ± 0.49	4.72 ± 0.93	4.83 ± 1.32	3.92 ± 0.67	4.29 ± 1.88	4.44 ± 0.54	3.54 ± 0.26	4.01 ± 0.66	4.38 ± 0.27	4.21 ± 0.54	3.62 ± 0.39	3.69 ± 0.44	3.95 ± 0.34	3.66 ± 0.39	4.81 ± 2.01	3.24 ± 0.30	4.51 ± 1.24	3.87 ± 1.26	3.70 ± 0.82		2.70 ± 0.47	1.48 ± 0.25	2.81 ± 0.61	2.48 ± 0.37	2.48 ± 0.31	2.24 ± 0.23	2.50 ± 0.50	2.16 ± 0.29	2.34 ± 0.19	2.25 ± 0.48	2.90 ± 0.67	2.56 ± 0.56	2.37 ± 0.31	2.59 ± 0.26	2.86 ± 0.20	2.93 ± 0.40	2.53 ± 0.08	2.45 ± 0.62	2.30 ± 0.51	2.97 ± 0.57	2.55 ± 0.19	2.55 ± 0.41
	TRIPLE	ev	KCS1	KCS2	KCS3	KCS4	KCS5	KCS6	KCS7	KCS8	KCS9	KCS10	KCS11	KCS12	KCS13	KCS14	KCS15	KCS16	KCS17	KCS18	KCS19	KCS20	KCS21	TRIPLE Delo3	ev	KCS1	KCS2	KCS3	KCS4	KCS5	KCS6	KCS7	KCS8	KCS9	KCS10	KCS11	KCS12	KCS13	KCS14	KCS15	KCS16	KCS17	KCS18	KCS19	KCS20	KCS21

  ). Each acyl-CoA species is designated by carbon chain length and degree of unsaturation.

	26:0	0.03 ± 0.01	0.01 ± 0.00	0.03 ± 0.02	0.12 ± 0.04	0.19 ± 0.04	0.06 ± 0.02	0.03 ± 0.02	0.03 ± 0.03	0.00 ± 0.00	0.02 ± 0.01	0.02 ± 0.01	0.01 ± 0.01	0.02 ± 0.01
		0.06 ± 0.04	0.01 ± 0.00	0.03 ± 0.02	0.03 ± 0.01	0.03 ± 0.01	0.01 ± 0.00	0.02 ± 0.01	0.03 ± 0.02	0.01 ± 0.00	0.03 ± 0.02	0.02 ± 0.01	0.03 ± 0.02	0.05 ± 0.05
		0.35 ± 0.20	0.07 ± 0.00	0.22 ± 0.05	2.69 ± 0.99	1.07 ± 0.22	2.03 ± 0.53	2.80 ± 0.66	0.15 ± 0.02	0.16 ± 0.02	0.10 ± 0.01	2.00 ± 0.27	0.11 ± 0.01	0.68 ± 0.14
		0.17 ± 0.08	0.22 ± 0.03	0.49 ± 0.11	0.37 ± 0.11	0.26 ± 0.04	0.17 ± 0.05	0.38 ± 0.07	0.36 ± 0.10	0.52 ± 0.23	0.22 ± 0.13	0.14 ± 0.03	0.65 ± 0.14	1.21 ± 0.04
		0.05	0.03	0.10	0.11	0.03	0.06	0.07	0.10	0.14	0.12	0.04	0.12	0.14
		0.15 ±	0.23 ±	0.46 ±	0.34 ±	0.30 ±	0.17 ±	0.25 ±	0.27 ±	0.44 ±	0.29 ±	0.13 ±	0.47 ±	1.14 ±
		3.39	1.40	1.91	1.39	0.50	0.77	0.40	1.31	0.23	1.25	0.62	1.75	1.22
		8.50 ±	7.55 ±	8.55 ±	3.66 ±	2.36 ±	3.10 ±	1.98 ±	6.83 ±	8.73 ±	7.16 ±	2.08 ±	5.59 ±	7.72 ±
	20:1	0.08 ± 0.01	0.41 ± 0.08	0.99 ± 0.26	0.70 ± 0.16	0.53 ± 0.06	0.26 ± 0.07	0.45 ± 0.17	0.53 ± 0.18	1.03 ± 0.44	0.41 ± 0.28	0.24 ± 0.07	1.74 ± 0.09	2.63 ± 0.37
		0.02	0.05	0.20	0.16	0.06	0.05	0.10	0.14	0.33	0.26	0.07	0.22	0.38
		0.08 ±	0.44 ±	0.90 ±	0.69 ±	0.58 ±	0.22 ±	0.42 ±	0.41 ±	0.92 ±	0.40 ±	0.27 ±	0.95 ±	2.38 ±
		0.37	0.19	0.30	0.44	0.24	0.33	0.21	0.37	0.22	0.32	0.31	0.27	0.13
		1.41 ±	2.51 ±	1.04 ±	1.76 ±	1.93 ±	1.20 ±	0.99 ±	1.30 ±	2.01 ±	1.25 ±	1.10 ±	1.93 ±	0.59 ±
		0.33	0.54	0.07	0.45	0.31	0.58	0.31	0.26	0.19	0.21	0.72	0.24	0.18
		4.34 ±	5.67 ±	1.58 ±	4.31 ±	4.17 ±	3.13 ±	2.27 ±	2.50 ±	3.48 ±	3.52 ±	4.70 ±	3.09 ±	1.57 ±
		0.01	0.11	0.03	0.04	0.05	0.02	0.07	0.02	0.09	0.07	0.04	0.05	0.06
		0.04 ±	0.31 ±	0.13 ±	0.21 ±	0.29 ±	0.12 ±	0.19 ±	0.18 ±	0.29 ±	0.14 ±	0.20 ±	0.64 ±	0.37 ±
		0.03	0.10	0.03	0.10	0.09	0.04	0.06	0.03	0.06	0.05	0.08	0.07	0.06
		0.10 ±	0.53 ±	0.21 ±	0.47 ±	0.57 ±	0.18 ±	0.20 ±	0.27 ±	0.36 ±	0.23 ±	0.38 ±	0.40 ±	0.35 ±
		0.52	0.33	0.08	0.92	0.39	0.28	0.08	0.24	0.13	0.30	0.82	0.10	0.11
		1.33 ±	2.44 ±	0.50 ±	2.26 ±	2.28 ±	0.95 ±	0.51 ±	1.12 ±	1.51 ±	1.24 ±	2.45 ±	0.83 ±	0.50 ±
		5.68	2.59	2.58	6.91	3.54	2.93	2.08	1.91	1.47	1.28	5.18	2.64	2.60
		69.86 ±	63.51 ±	70.77 ±	62.93 ±	66.18 ±	75.40 ±	78.30 ±	71.21 ±	63.22 ±	66.72 ±	66.71 ±	67.80 ±	65.87 ±
		0.19	0.52	0.26	0.34	0.24	0.05	0.20	0.39	0.23	0.76	0.63	0.47	0.36
		1.14 ±	3.25 ±	2.01 ±	1.50 ±	2.05 ±	0.52 ±	0.49 ±	2.81 ±	4.13 ±	4.70 ±	1.79 ±	3.56 ±	2.39 ±
		2.05	0.57	0.81	3.35	1.91	0.25	0.34	0.33	0.60	1.25	2.27	0.54	0.59
		9.15 ±	7.09 ±	8.07 ±	12.90 ±	12.21 ±	8.44 ±	8.12 ±	7.78 ±	8.09 ±	9.15 ±	12.43 ±	6.07 ±	7.20 ±
		0.02	0.04	0.04	0.06	0.03	0.03	0.02	0.02	0.03	0.03	0.08	0.06	0.05
		0.16 ±	0.18 ±	0.19 ±	0.21 ±	0.14 ±	0.19 ±	0.16 ±	0.16 ±	0.27 ±	0.24 ±	0.30 ±	0.28 ±	0.32 ±
		0.66	0.76	0.54	1.00	0.53	0.80	0.20	0.16	0.58	0.48	0.50	0.81	0.56
		2.30 ±	2.89 ±	2.66 ±	3.09 ±	3.00 ±	3.01 ±	1.42 ±	2.88 ±	3.06 ±	2.69 ±	3.40 ±	3.47 ±	2.57 ±
		0.27	0.51	0.19	0.46	0.26	0.18	0.10	0.21	0.21	0.18	0.32	0.43	0.27
		0.65 ±	1.72 ±	0.89 ±	1.24 ±	1.33 ±	0.65 ±	0.66 ±	0.95 ±	1.31 ±	1.16 ±	1.19 ±	1.43 ±	1.33 ±
		ev	KCS1	KCS2	KCS4	KCS5	KCS6	KCS9	KCS10	KCS11	KCS15	KCS17	KCS18	KCS20

Table 1 : Listing of the chimeric constructions generated for the domain swap experiment

 1 

These seed coat analyses overall emphasize functional redundancies between KCS9 and KCS17 since modifications in C24 and C22 contents are exacerbated compared to variations observed in kcs17 single mutant. Surprisingly, the combined disruption of KCS4 and KCS17 cancelled the seed coat phenotype highlighted in the single mutant kcs17. Hypotheses for this complementation are discussed in the conclusions.

  10.B-D). No significant modification of the acyl-chain distribution could be observed in the kcs4,9 and kcs4,17 double mutants. Conversely, the

	double mutant kcs9,17 displayed a global 80% decrease of C24 acyl-chains compensated by an increase
	of C22 compounds (179%) (figure 10.D). These variations concern all the FA derivatives composing the
	seed coat (figure 10.B), but led to global increases in primary alcohols (PA) and diols (123% and 196%,
	respectively; figure 10.C) as these subclasses contain C22 but not C24 compounds.

  in kcs9 single mutant seedlings highlighted different outcomes: a general decrease of C24 acyl-chains compensated by an increase of C22 acyl-chains in the different sphingolipid species (Cer, GluCer and GIPC). According to the relative transcripts abundance established in different organs of Arabidopsis by Joubès al. (2008), KCS9 displays a stronger expression in seedlings than in roots. In case the results obtained in this chapter regarding sphingolipids variations observed in the roots of kcs9 single mutant would be confirmed through further experiments, the differential expression of KCS9 in seedlings and roots could lead to distinct sphingolipids rearrangements.

3.1.1.2 VLCFA SPHINGOLIPIDS ARE KNOWN TO BE KEY PLAYERS IN ENDOSOMAL TRAFFICKING

  ).Wattelet-Boyer et al (2016) particularly looked for gravitropism phenotypes in mutants affected in their VLCFA content and reported no obvious root gravitropism phenotype in mock conditions for kcs9 single mutant. Inversely, an additional treatment with 25 nM metazachlor (an herbicide molecule known for inhibiting KCS enzymes activity;Tresch et al, 2012) on kcs9 roots led to a root gravitropism defect as well as lower VLCFA content. No significant phenotype in LRP formation could be detected in the single mutant kcs9(Trinh et al, 2019).

	Both studies emphasized that the VLCFA content is not sufficiently affected in kcs9 single mutant to trigger
	phenotypes regarding root gravitropism or LRP emergence. However, the stronger modifications of VLCFA
	content observed in kcs4,9 roots might affect gravitopism and/or LRP emergence and should be further
	investigated.
	3.1.2 KCS4 AND KCS9 ARE ALSO INVOLVED TO MINOR EXTENT IN C24 SUBERIN MONOMERS
	ACCUMULATION IN ROOT S

  3.4.1.1 FURTHER STUDY OF ROOT PHENOTYPES ASSOCIATED WITH STRONGLY AFFECTED VLCFA CONTENT IN KCS4,9

	DOUBLE MUTANT
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The Arabidopsis KCS proteins are organized into eight subclasses according to previous phylogenetic analyses (Joubès et al., 2008) (figure 1.A). As shown in Chapter 2, AtKCS from a same subclass tend to cover the same elongation steps, however they can produce different ratios of VLCFAs. The heterologous expression of AtKCS from the subclass α (KCS4, KCS9 and KCS17) in TRIPLE elo3 strain led to an increase in C24 and C26 VLCFAs. Among those three enzymes, KCS9 accumulates C24 products in higher amount than KCS4 and KCS17 (1,9 and 1,8 times more, respectively). Conversely, the expression of KCS4 leads to higher amounts of C26 products compared to KCS9 and KCS17 (2,5 and 72,5 times more, respectively) (figures 1.C, 1.D, 1.E).

Relative substrate specificity of KCS4, KCS9 and KCS17 can be compared by calculating the ratio of C26 compounds produced over C24 compounds (figure 1.B). Whereas KCS4 and KCS9 accumulate similar amounts of C24 and C26 products combined together, the C26/C24 ratio of KCS4 is seven times higher than KCS9 ratio implying that KCS4 leads to a greater production of C26 acyl-chains when KCS9 enables a higher accumulation of C24 compounds after expression in yeast. KCS17 shows a combined production of C24 and C26 products around two times lower than for KCS4 and KCS9. As it accumulates less VLCFA products, KCS17 had a lower activity compared to KCS4 and KCS9 when expressed in TRIPLE elo3.

Despite their strong sequence homology between 72% and 76%, AtKCS in the subclass α show various activities and substrate specificities. KCS4 and KCS9 are characterized by a great sequence homology, a similar level of activity, and different substrate specificities highlighting those two enzymes as good candidates for successful redesign of chimeric KCS enzymes.

KCS4 and KCS20 display 66% of sequence identity and have more distinct substrate specificities compared to the pair KCS4-KCS9. Whereas KCS4 elongates C22 and C24 substrates into C24 and C26 products, KCS20 elongates C20 acyl-chains into C22 to C24 products (figure 1.F). The level of activity of KCS4 and KCS20 cannot be compared based on the accumulation of VLC products with the current tools used here. Indeed, KCS20 displays overlapping substrate specificities with the yeast endogenous ELO2 protein in the strain Five overlapping fragments were used to generate chimeric AtKCS. These fragments were delimited based on the domain swapping experiments performed by [START_REF] Blacklock | Studies into factors contributing to substrate specificity of membrane-bound 3-ketoacyl-CoA synthases : Substrate specificity of FAE1 KCSs[END_REF]. Alignments between AtKCS4, AtKCS9, AtKCS20, and Arabidopsis thaliana and Brassica napus FAE1 KCS enzymes enabled to map the different fragments that were assembled by overlap PCR after few adjustments.

For the pair formed by KCS4 and KCS9, the fragments I, II, III, IV and V display a size of 109, [START_REF] Millar | CUT1, an Arabidopsis Gene Required for Cuticular Wax Biosynthesis and Pollen Fertility, Encodes a Very-Long-Chain Fatty Acid Condensing Enzyme[END_REF][START_REF] Kosma | The Impact of Water Deficiency on Leaf Cuticle Lipids of Arabidopsis[END_REF]158 and 122 residues respectively in KCS4 and of 105, 52, 75, 158 and 122 residues in KCS9. The fragment I incorporates the two predicted transmembrane domains (figure 2.A) and concentrates 42% of the global variability. The regions II and III each display 13% of the variability. Thus the N-terminal half displays the highest variability between KCS4 and KCS9 (figure2.B). The catalytic triad could be mapped through sequence alignment with Arabidopsis FAE1/KCS18 enzyme. The cysteine residue is localized in the region IV whereas both asparagine and histidine residues are localized in the region V.

A total of twenty-six constructs were generated for the domain swapping experiments over the two pairs KCS4-KCS9 and KCS4-KCS20.

In order to identify one or several regions determinant for substrate specificity over the five different segments, constructs with only one overlap were first tested. Those constructs are named accordingly to the nomenclature used by [START_REF] Blacklock | Studies into factors contributing to substrate specificity of membrane-bound 3-ketoacyl-CoA synthases : Substrate specificity of FAE1 KCSs[END_REF] : they are identified based on the origin of the N-terminus and the residue at which the switchover occurs. For instance, in the context of a domain swap between AtKCS4 and AtKCS9, KCS4-110 refers to a chimeric protein where the residues 1-109 are derived from AtKCS4 and the rest of the protein from the residue 110 is derived from AtKCS9 (Table1).

In a second time, the regions identified as potential determinants for substrate specificity were isolated in constructs displaying two switchovers. The resulting chimeric proteins are named with the origin of the N-terminus, the residue at which the first switchover occurs and the length of the isolated region. For instance, KCS4-110_KCS9 [START_REF] Millar | CUT1, an Arabidopsis Gene Required for Cuticular Wax Biosynthesis and Pollen Fertility, Encodes a Very-Long-Chain Fatty Acid Condensing Enzyme[END_REF] refers to the chimeric enzyme where a region of 52 residues from AtKCS9 is inserted in AtKCS4 from the residue 110 (Table 1). In order to confirm if we can generalize the results obtained with KCS4-KCS9 chimeric enzymes to other KCSs, we applied the same strategy on the pair KCS4 and KCS20 which display highly distinct substrate specificities.

Conversely, as soon as the region

N.B.:

The VLC-FAMEs profiles resulting from the expression of the different constructions were represented by the relative distribution of the different VLCFA chain length. When the proportions of C20 acyl-chains increase after the expression of different KCS4/KCS20 constructions, their corresponding amounts never happen to exceed the amounts of the control strain transformed with an empty vector. Thus, an increase of the proportions of C20 compounds does not show a switch of substrate specificity towards C18 substrates but rather highlights a lower activity. KCS20 displays overlapping substrate specificities with the yeast ELO2 endogenous condensing enzyme, preventing the exact estimation of VLC compounds it produces. Yet the level of activity of KCS20 derived enzymes can be monitored based on the decrease of C20 acyl-chains and their ability to produce C22 and C24 products.

The figure 5.A covers the different results obtained for KCS4 N-terminal chimeric constructions.

The construction KCS4-110 swapped with the first region of KCS4 leads to similar VLCFA profile than its closest parental enzyme KCS20 after expression in yeast, suggesting that the transmembrane domains in the region I are not determinant for KCS20 substrate specificity. The domain swap of the region II between KCS4 and KCS9 leads to intermediate VLCFA profiles between the two parental enzymes (figure 6). This region is therefore determinant for the substrate specificity of the two enzymes. Yet, the substrate specificity of the KCS4 or KCS9 is not completely recovered as indicated by the C26/C24 ratios: KCS4-110_9( 52) displays a ratio 89% higher than KCS9 and KCS9-106_4( 52) ratio is 58% lower compared to KCS4 (figure 6.B). Thus, the residues determining substrate specificity may not be restricted to the region II only. 75) and KCS9-158_4( 75) lead respectively to a 22% and 80% increase of C22 acyl-chains compared to KCS9 and KCS4 respectively, highlighting a reduced activity (figure 6.B). The swap of the region III alone hence affects the activity of KCS4 and KCS9.

KCS4-162_9(

Conversely, both regions inserted together in the other KCS lead to a complete switch. Indeed, KCS4-110_KCS9(127) and KCS9-106_KCS4(127) display respectively KCS9-like and KCS4-like VLCFA profiles (figure 6.A and B). Thus, both region II and III incorporates residues synergistically determinant in KCS4 and KCS9 elongation specificity. A phylogenic analysis between Arabidopsis KCS and KCS from other plant species including Zea mays, Brassica napus and Setaria viridis highlighted 66% to 88% sequence homologies of ZmKCS4, ZmKCS15, BnKCS9 and SvKCS4 with AtKCS4 and AtKCS9.

The heterologous expression of those four KCS in the yeast TRIPLE elo3 led to KCS4-or KCS9-like profiles.

ZmKCS4, ZmKCS15 and SvKCS4 display high C26/C24 ratios comparable to KCS4 ratio (figure 9.B).

Conversely, BnKCS9 favors the condensation of C24 products, displaying a KCS9-like FAMEs profile (figure 9.A).

MODELLING OF KCS4 AND KCS9

The overall structure of plant KCS exhibits two distinct parts: a major globular catalytic part and two transmembrane domains anchoring the KCS to the ER membrane. To date, no experimental data on the structure of membrane anchored proteins sharing homology with plant KCS could be collected. Therefore, the current available templates for structural modelling are soluble proteins, i.e., they enable to KCS enzymes with a high confidence level except for their N-terminal transmembrane domains. Note, that domain swap experiments likely showed that transmembrane segments do not impact substrate specificity.

The 3D structures of KCS4 and KCS9 were modeled with AlphaFold2 Colab notebook. In order to obtain a 3D structure with a high confidence level, the KCS were divided in two parts: one small region incorporating transmembrane domains and another region covering the globular catalytic part of the enzyme. The globular part only was modelled in AlphaFold and most site display a confidence level greater than 90% according to the Local Distance Difference Test. The region covering the two transmembrane domains was folded based on the residues hydrophobicity and displays in contrast a low confidence level (Figure 8). Insights into the crystal homodimer structures of related condensing enzymes (M. sativa chalcone synthase and E.coli KASIII) previously elucidated led to the hypothesis that a dimeric interface might be conserved among condensing enzymes [START_REF] Jez | Dissection of Malonyl-Coenzyme A Decarboxylation from Polyketide Formation in the Reaction Mechanism of a Plant Polyketide Synthase[END_REF][START_REF] Qiu | Crystal Structure of β-Ketoacyl-Acyl Carrier Protein Synthase III : a key condensing enzyme in bacterial fatty acid biosynthesis*[END_REF]. Therefore, KCS4 and KCS9 3D structures are modeled and represented as homodimers showing a large contact interface between the two monomers maintained by β sheets. 

DOCKING OF THE C26 KETO-ACYL PRODUCT IN KCS4 AND KCS9 3D STRUCTURES

To date, very few crystal data were reported for any very-long chain acyl substrate or product in complex with enzymes related to acyl-lipid metabolism. KCS4 and KCS9 condensation products have therefore to be modelled from closed crystal structures. In the current study, the C26 keto-acyl product accumulated differentially by KCS4 and KCS9 was selected to model the product-enzyme complex.

The C26 keto-acyl condensation product was modelled in KCS4 and KCS9 after the 3D model of KCS18 in complex with C22:1 keto-acyl-CoA established by our collaborators from the Biotechnology Institute, Bio SELECTION OF 7 CANDIDATE RESIDUES TOWARDS POINT MUTATION EXPERIMENTS Multi-sequence alignment and structural modelling pointed out 7 and 6 potential specificity-determining residues, respectively. As two of them were reported in both approaches, 11 residues were then identified.

In order to dissect further the KCS4 and KCS9 specificity-driving residues, candidates among variable residues in contact with the ligand or conserved residues between KCS4-like or KCS9-like enzymes have to be selected to undergo directed mutagenesis.

In the region II, the residues Y130 to L139 in KCS4 or Y126 to K135 in KCS9 form an alpha-helix localized above the end of the acyl-chain in the 3D structure (figure 2 and figure 10.C). Most of the residues involved in this alpha-helix display interactions with the end of the ligand acyl-chain. This conformation suggests that this helix could play an important role in the positioning of the substrate in the cavity towards a successful condensation reaction. We chose here to target the residues flanking the alpha helix and interacting with the end of the acyl-chain: A128, P129 and T140 in KCS4 and V124, K125 and I136 in KCS9 (figure 11).

Among the amino acids highlighted by multi-sequence alignment, two point-mutations were also performed in the region II on H125+A147 in KCS4 and S121+S143 in KCS9 (figure 11).

In the region III, KCS4 V166 and M170 and inversely KCS9 L162 and L166 were highlighted as putative specificity-driving residues by both computational methods. Besides interacting with the ligand, these residues are differentially conserved between KCS4-LIKE and KCS9-LIKE enzymes. Consequently, they are interesting to test by directed-mutagenesis.

Moreover, the residue at the first position (V166 in KCS4 and L162 in KCS9) seems to be oriented towards candidate residues selected to perform point-mutations in the region II, A128 in KCS4 and V124 in KCS9 (figure 11.B and C). A potential coupling between these residues should be investigated to identify synergistic determinants between the regions II and III. Overall, 7 different positions among both regions II and III were chosen (figure 11.A).

DISCUSSION

Since no crystal data was reported due to constraints inherent to the crystallization of membrane-bound proteins, the study of KCS enzymes structure-function relationship requires different approaches. The work of [START_REF] Ghanevati | Engineering and mechanistic studies of the Arabidopsis FAE1 β-ketoacyl-CoA synthase, FAE1 KCS[END_REF] already emphasized the efficient combination of directedmutagenesis and functional characterization of KCS mutants through yeast heterologous expression and in vitro assays, towards a better understanding of catalytic mechanisms underlying KCS condensation activity. A similar approach was used in this chapter combining domain-swap and site-directed mutagenesis experiments to identify key residues in AtKCS substrate specificity after expression of the different KCS mutants in the yeast TRIPLE elo3.

The different outcomes can be compared to two other studies using the same approach to study the molecular determinants of KCS substrates specificity in other plant KCS candidates: Blacklock and Jaworski 

KCS4-KCS9, A RELEVANT PAIR OF ATKCS TO STUDY STRUCTURAL DETERMINANTS OF SUBSTRATE SPECIFICIT Y

The selection of AtKCS enzymes displaying high sequence homology was critical to successfully generate functional chimeric enzymes. Domain-swap experiments on the pair KCS4-KCS9 (78% of sequence homology) led to the clear identification of a delimited region driving substrate specificity. Inversely, domain-swap experiments between KCS4 and KCS20 (66% of sequence homology) led to chimeric enzymes impaired in their catalytic activity, preventing any accurate identification of substrate specificitydriving regions.

The functional activity of KCS4, KCS9 and related chimeric enzymes could be easily characterized in the yeast strain TRIPLE elo3. Indeed, any accumulation of C24 and C26 products is strictly associated to the heterologous expression of KCS4 and KCS9 enzymes since yeast endogenous condensation enzymes ELO1 and ELO2 allow the elongation of VLCFA until C22 acyl chains whereas KCS4 and KCS9 use C22 acyl-CoA as initial substrate.

PERSPECTIVES

Regarding the necessity to swap both regions II and III in order to observe a shift between KCS4 and KCS9 substrate specificity, potential coupling of residues between the regions II and III will be further investigating. In addition, further site-directed mutagenesis experiments are going to be performed in domain-swap chimeric proteins to restrict the variability between KCS4 and KCS9 to the swapped domain and prevent any conformational disruption leading to a reduction of the catalytic activity.

INVESTIGATION OF POTENTIAL COUPLING BETWEEN RESIDUES IN BOTH REGIONS II AND III

In order to identify new candidate residues potentially involved in the determination of KCS4 and KCS9 substrate specificities, the potential coupling between residues in both regions II and III were investigated in the 3D structure representing KCS4 or KCS9 in complex with a C26 β-keto-acyl-product. A new residue from the region III was emphasized, V173/I169 in KCS4/KCS9, interacting with an amino acid at the end of the α-helix-5 in the region II (figure 18). As indicated by the two approaches previously used in this project to identify candidate residues implicated in KCS4 and KCS9 substrate specificity, the residue V173/I169 is not conserved in KCS4-like and KCS9-like enzymes and does not display any direct interaction with the substrate in the complex KCS-ligand. Its proximity with α-helix-5 however suggest that V173/I169 could participate to the conformation of this helix and therefore affect substrate specificity.

In order to investigate further this residue, we plan to generate simple and multiple mutants in KCS4 and KCS9. Multiple mutants will notably aim to the potential coupling interaction between V173/I169 in the region III with T140/I136 in the region II (in KCS4/KCS9 enzymes) (figure 18).

Although KCS4 and KCS9 initial substrate specificities could not be restored, encouraging results regarding the preserved catalytic activity were observed in the chimeric constructs KCS4-110_KCS9( 52) and KCS9-106_KCS4( 52) mutated for the three residues V128A+K129P+I140T and A124V+P125K+T136I, respectively (figure 14.C).

-------------CHAPTER 3:

STUDY OF THE FUNCTIONAL REDUNDANCY OF ARABIDOPSIS AtKCS WITHIN THE CLUSTER α

The overexpression of KCS9 and KCS17 also led to a strong increase in C24 saturated FA (147% and 167% in Ox1 lines, respectively) while C22 saturated FA remained rather stable compared to the WT Col-0, except in KCS9Ox1 in which we observe a large decrease of 44%.

Inversely, KCS4 overexpressing lines did not show significant changes in C22 and C24 acyl-chains content.

Regarding α-hydroxy and ω-hydroxy acyl chains, C24 acyl-chains were slightly increased whereas C22 compounds seemed to accumulate in lesser amounts. Nevertheless, further analyses should be performed to confirm whether these variations are reproducible or not. An independent analysis of the triple mutant kcs4,9,17 compared to the wild type Col-0 (figure 8.C) highlighted stronger variations of C22 and C24 acyl-chains in flowers, suggesting functional redundancies in the genetic cluster formed by KCS4, KCS9 and KCS17. Regarding the phenotypes described in kcs4 and kcs9 single mutants, both KCS4 and KCS9 might be involved in the accumulation of C24 acyl-chains in flowers. Further FA analyses need to be performed in single and double mutants in comparison with the triple mutant in order to clearly describe or discard the putative additional involvement of KCS17 in these functional redundancies.

THE UNAFFECTED ACCUMULATION OF C26 ACYL-CHAINS IN SINGLE AND TRIPLE MUTANTS

COMPARED TO THE WT COL-0 SUGGESTS FUNCTIONAL REDUNDANCIES WITH KCS5 AND KCS6 ISOENZYMES Overall, no decrease of C26 acyl-chains in both single and triple mutants was observed in flowers. This outcome could be due to functional redundancies between KCS4, KCS9 with KCS5 and KCS6 also performing elongation steps towards C26 products accumulation. The repression of KCS6 notably leads to a stronger accumulation of C24 fatty acids in stems (Millar et al, 1999). Fatty acid elongation products of both KCS5 and KCS6 are addressed to cuticular waxes biosynthesis in aerial organs of the plant, including flowers (Millar et al, 1999;Huang et al, 2022). No analysis regarding cuticular waxes content in flowers or other organs could be performed in this project because of the late obtention of the complete set of mutant lines. Yet, KCS4 and KCS9 constitute potential players in cuticular waxes biosynthesis since they generate C26 products which could be broadly used as substrates towards further elongation steps and derivation into wax compounds (alkanes, aldehydes, wax esters). To date, only slight alterations in Surprisingly, the simultaneous inactivation of both KCS4 and KCS17 does not induce modification of the seed coat composition, the seed coat phenotype associated to the single repression of KCS17 seems completely cancelled. Nevertheless, these outcomes were observed in a single experiment and need to be further confirmed. 

PERSPECTIVES

Following the preliminary results described in this chapter, we first plan to confirm each result and comparatively perform all these analyses in the triple mutant kcs4,9,17 in order to go further in the description of functional redundancies between KCS4, KCS9 and KCS17 in different tissues. As we broadly analyzed the impact of the repression of these three KCS enzymes in different tissues, we obtained results emphasizing the distinct functions of KCS4, KCS9 and KCS17 in several physiological processes.

Regarding the next perspectives, we chose to continue to investigate the different aspects of the functional redundancies between KCS4, KCS9, KCS17 in different tissues.

MATERIEL AND METHODS

PLANT MATERIAL AND GROWTH CONDITIONS

T-DNA mutants in Col-0 background referenced in the Arabidopsis Biological Resource Center (http://www.arabidopsis. org) were used: Salk095739c for kcs4, Salk_028563 for kcs9 and GK-128C11.01 for kcs17. The SALK lines were screened for T-DNA insertion using the primer LB1 and RP1 (in kcs4) or RP2 (in kcs9) genetic primers. The T-DNA insertion in the GABI line kcs17 was checked with the left border primer LB2 and RP3 genetic primer. The pairs of primers LP/RP were used to amplify KCS4, KCS9 and KCS17 genetic sequences. Double and triple mutants were generated crossing the different kcs mutants.

Homozygous lines were selected within the F2 and F3 progeny. Arabidopsis thaliana plants were cultivated under optimal growth conditions as previously described in Joubès et al (2008) RNA was extracted from Arabidopsis tissues using the RNeasy Plant mini kit (Qiagen), and purified RNA was treated with DNase I. First-strand cDNA was prepared from 1 µg of total RNA with SuperScript Reverse

Transcriptase II (Invitrogen) and oligo(dT)18. A 0.2-mL aliquot of the total reaction volume (20 mL) was used as a template in real-time (quantitative) RT-PCR. Amplification by PCR was performed using the genespecific primers labeled as LP/RP (Table 1).

FAMEs ANALYSES

Between 10 and 30 mg/sample of plant material (flowers and roots) were collected. Roots were more particularly grown during 10 days in vitro on sterile MS medium supplemented with 0.7% agar and freezedried. Fatty acid methyl esters (FAME) were obtained by transmethylation at 85°C for 2 hours in 1mL 0.5 M sulphuric acid in methanol containing 2% (v/v) dimethoxypropane and 20 μg of heptadecanoic acid (C17:0) as internal standard for flower analyses whereas a mix of 20 µg of three internal standards mechanism to understand the substrate selectivity of KCS enzymes as well as the results obtained in Arabidopsis multiple mutants offer encouraging perspectives to further characterize non elucidated AtKCS.

The study of functional redundancies in Arabidopsis allows to dissect further the functions of the different KCS isoenzymes

The study of multiple mutants in Arabidopsis between KCS4, KCS9 and KCS17 homologous genes described in this manuscript was efficient to overcome the difficulties inherent to functional redundancies persisting in Arabidopsis KCS family and preventing a clear identification of the roles of the different isoenzymes.

This strategy could be furthermore applied to other challenging AtKCS to unravel their biochemical and physiological functions.

To date, only 9 out of 21 Arabidopsis kcs T-DNA mutant lines were reported to show a lipid phenotype.

Similarly, only 9 AtKCS have been successfully characterized after expression in the TRIPLE and TRIPLE Δelo3 yeast strains (see chapter 1). No functional activity was detected for KCS7, KCS15, KCS16 and KCS21 in our comparative functional analysis in yeast. However, other studies reported lipid or physiological phenotypes in corresponding T-DNA mutants. KCS16 is notably involved in the synthesis of C35 and C37 wax compounds in trichomes. In yeast, KCS16 needs to be co-expressed with both KCS6 and CER2-LIKE proteins (producing VLCFA up to C34) to detect an accumulation of C36 and C38 products (Hegebarth et al, 2017). KCS7, KCS15 and KCS21 are specifically expressed in tapetal cells and the triple mutant kcs7,15,21 is affected during pollen development (Zhang et al, 2021). These studies suggest that some AtKCS could be involved in the elongation of peculiar substrates found in specific plant tissues. The use of distinctive substrates would notably explain that no functional activity has been detected in the yeast after expression of some AtKCS.

Overall, the substrate specificities of 8 AtKCS (KCS3, KCS7, KCS8, KCS12, KCS13, KCS14, KCS19, KCS21)

remain to be elucidated. The comparative analysis reported in the chapter 1 generally highlighted functional redundancies between KCS enzymes composing a same genetic cluster apart from the cluster β where KCS16 and KCS18 display distinct substrate specificities. We can thus hypothesize that KCS3, KCS12 and KCS19 in the cluster θ might display similar substrate preferences. These three AtKCS are also characterized by overlapping expression patterns in seed and siliques according to microarray data available in the Bio-Analytic Resource for Plant Biology. The further investigation of these unknown AtKCS