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Le gène FAD3 code pour une oméga-3 désaturase capable de désaturer l'acide gras linoléique estérifié à la phosphatidylcholine (C18:2-PC) en acide gras alpha linolénique (C18:3-PC). Cette enzyme est particulièrement active pendant la maturation de la graine et permet l'accumulation d'acides gras oméga-3 dans les triacylglycérols (TAG) contenus dans les corps lipidiques accumulés dans la graine. Il apparaît que la teneur en C18:3 (Oméga-3) est directement corrélé à l'expression du gène FAD3. L'objectif de la thèse est donc mieux comprendre la régulation transcriptionnelle du gène FAD3 en générant des mutants combinatoires du promoteur FAD3 et en identifiant des éléments cis régulateurs corrélés à des phénotypes lipidiques. Nous avons décidé dans un premier temps d'employer une méthode de mutagénèse CRISPR/Cas9 multiplexée combinatoire ciblant le promoteur FAD3 chez Arabidopsis thaliana, pour comprendre les implications d'une telle expérimentation dans un organisme modèle. Une méthode de mutagénèse similaire a été utilisée chez Camelina sativa pour évaluer la faisabilité de cette stratégie dans une plante agronomique hexaploïde. L'analyse globale de la population éditée chez Arabidopsis par séquençage Illumina a montré que bien que la mutagénèse combinatoire ait été efficace pour certains sites, d'autres sont peu sensibles aux mutations, probablement pour des questions d'efficacité des sgRNA ou d'accessibilité à la chromatine. Chez Arabidopsis, l'édition de FAD3 a conduit à l'apparition de phénotypes de teneurs en lipides modifiés. En revanche, le lien entre les mutations induites au locus FAD3 et les phénotypes n'a pas pu être établi. Chez Caméline, nous avons utilisé la technologie de séquençage PacBio pour séquencer l'ensemble des promoteurs CsFAD3 dans des plantes individuelles, ce qui nous a permis d'identifier les haplotypes complets avec d'importantes mutations validés chez la descendance des mutants. Des combinaisons alléliques ont été liées à des phénotypes d'accumulation de C18 :3 accrus. Les perspectives de ce travail seront d'identifier les éléments ayant abouti à la modification des phénotypes lipidiques chez Arabidopsis et de valider dans un système de gène rapporteur les nouveaux allèles CsFAD3 générés chez la Caméline pour vérifier s'ils sont bien la cause du phénotype de teneur en C18:3 accrus.
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Arabidopsis and camelina belong to Brassicaceae tribe that harbours several important crop species.

Brassicaceae, also known as Cruciferae is the plant family that includes oilseed rape, mustard plants used for the eponymous condiment, turnip, broccoli, cabbage and horseradish to cite just a few.

Rapeseed is the main Brassicacea crop being the third source of vegetable oil supply in the world with 28 million metric tons produced per year, representing 13% of the total 209 estimated million metric tons produced per year. (USDA ERS -Oil Crops Yearbook, 2021). While palm oil and soybean oil productions that represent the first and second source of vegetable oil worldwide have been constantly increasing since 2013, rapeseed oil production remained stable. The Brassicaceae also contains agronomically relevant plants such as cabbage plants, turnip and mustards and altogether this family is associated with intense breeding. Thanks to impressive breakthrough in molecular genetics, Arabidopsis thaliana has emerged as the model organism of choice for fundamental research for plant biology.

Emergence of Arabidopsis as a model organism.

While at first marginally studied before 1945, Arabidopsis has become a model plant for plant research.

Arabidopsis has a generation time of about 6 weeks in optimal conditions and 8 weeks in specific culture conditions in growth chambers and can generate from 10 000 to 30 000 seeds per plants.

Arabidopsis was used as early as 1945 for X ray mutagenesis experiments, and combined with its short life cycle and high seed count productivity was demonstrated as practical with its small size, low input requirements and autogamous reproduction, enabling an easy maintenance of pure lines [START_REF] Meyerowitz | Prehistory and History of Arabidopsis Research[END_REF]. This plant was shown to have a comparatively small genome compared to other candidate model species such as petunia, tobacco and tomato at that time [START_REF] Meyerowitz | Prehistory and History of Arabidopsis Research[END_REF]. Furthermore, the concomitant development of major molecular biology techniques such as PCR [START_REF] Saiki | Primer-directed enzymatic amplification of DNA with a thermostable DNA polymerase[END_REF] or molecular cloning [START_REF] Cohen | Construction of Biologically Functional Bacterial Plasmids In Vitro[END_REF] combined with a simple genome to work with has attracted first molecular geneticist biologists. The Arabidopsis genome is the smallest brassica genome known, with about 125 megabases distributed within 5 chromosomes (Fig. 1 A). A major advancement in plant genetics and biotechnology arose from the work of the Arabidopsis Genome Initiative who successfully reported the sequencing and analysis of Arabidopsis whole genome with 115 Mb sequenced and a functional annotation released in 2000 (The Arabidopsis Genome Initiative, 2000). The genome of Arabidopsis showed a surprising complexity despite its small size that resulted from duplication event concerning 60% of the genome with at least 20 shuffling events over 100kb in size (Fig 1 . A) (The Arabidopsis Genome Initiative, 2000).

Arabidopsis thaliana was also shown to be easy to transform genetically using agrobacterium mediated transformation through the use of modified transfer DNA (T-DNA). The use of modified T-DNAs enabled both the insertion of exogenous DNA in plant genome to introduce new functions and cause the disruption of endogenous genes. T-DNA mutagenesis represented a major breakthrough in the 90's since molecular biologists could identify the mutated sites from T-DNA flanking sequences [START_REF] Feldmann | T-DNA insertion mutagenesis in Arabidopsis: mutational spectrum[END_REF]. It allowed both forward (phenotype to mutation) and reverse genetic screen (mutation to phenotype) that accelerated the identification of gene function [START_REF] Sessions | A high-throughput Arabidopsis reverse genetics system[END_REF]. T-DNA insertions and mutagenesis techniques has enabled researchers to generate large public mutant libraries such as the one from Versailles (France), Max-Planck (Germany), Riken (Japan) or the SALK institute (USA) that are now managed by stock centres like NASC. Such an impact of Arabidopsis molecular genetics on plant biology will be illustrated with the deciphering of seed oil metabolism and fatty acid biosynthesis pathway described in chapter II.

Arabidopsis has become a reference for lipid research with for instance the existence of databases like aralip database along with the corner stone Arabidopsis Book and its chapter Acyl lipid metabolism [START_REF] Li-Beisson | Acyl-lipid metabolism[END_REF]. Chris R. Somerville was one of the pioneers in developing Arabidopsis as a model species and also sparkled research on the Arabidopsis seed lipid and with other scientists, on the molecular basis of seed development and maturation. For examples, the genes controlling the synthesis of polyunsaturated fatty acids like the desaturases FAD2 and FAD3 were discovered in Arabidopsis using EMS lines mutant [START_REF] Lemieux | Mutants of Arabidopsis with alterations in seed lipid fatty acid composition[END_REF]. The cloning of the first desaturase FAD2

was possible thanks to a T-DNA insertion mutants from Kenneth Feldmann's collection [START_REF] Okuley | Arabidopsis FAD2 gene encodes the enzyme that is essential for polyunsaturated lipid synthesis[END_REF]. FAD3 was first identified by map-based cloning using EMS mutants and the demonstration of its function was carried out by one of the first example of functional complementation with Agrobacterium mediated transformation of cDNA [START_REF] Arondel | Mapbased cloning of a gene controlling omega-3 fatty acid desaturation in Arabidopsis[END_REF]. Both examples showed the versatility and power of Arabidopsis molecular genetics at the time. However, Arabidopsis showed some limit as not being a crop and therefore the potential impact of mutant and gene discovery could not be directly tested in agronomically relevant conditions.

Camelina sativa as a translational research crop.

Camelina sativa, also called false flax is also an oilseed crop from the tribe of the Brassicaceae. It is a cultivable crop that had an old history of breeding but remained of marginal interests until recently.

Trending research interests highlight it as a novel crop for its ease of cultivation, high alpha linolenic acid content (an omega 3 fatty acid) and industrial applications.

Origins and current cultivation

Camelina most possibly originates from south-eastern Europe and Asia [START_REF] Singh | Single-nucleotide polymorphism identification and genotyping in Camelina sativa[END_REF] and was found to be cultivated from 4000BCE to the medieval age, with reports in Scandinavia, Turkey and Romania [START_REF] Berti | Camelina uses, genetics, genomics, production, and management[END_REF]. The most common use of Camelina is currently for oil production for consumption and as a dietary supplement due to its very high content in polyunsaturated fatty acids.

Nowadays, Camelina culture remains marginal with an estimated minimum of 10 000 cultivated hectares in Europe as estimated by Zanetti et al. [START_REF] Zanetti | Camelina, an ancient oilseed crop actively contributing to the rural renaissance in Europe. A review[END_REF] and about 5000 hectares in Canada [START_REF] Eynck | SES0787LS camelina[END_REF]. While Camelina is a low input crop that can outperform rapeseed yields in drought conditions, it doesn't provide yields matching Rapeseed in high nitrogen cultures which are dominant in occidental countries [START_REF] Murphy | Chapter 8 -Camelina (Camelina sativa)[END_REF]. In spite of this drawback, Camelina can be efficiently used as a rotation and cover crop to control weed and maintain farmer income with low intrant requirements especially in wheat cultures, as a main crop in marginal soils or in mixed cropping systems [START_REF] Royo-Esnal | Camelina as a Rotation Crop for Weed Control in Organic Farming in a Semiarid Mediterranean Climate[END_REF][START_REF] Zanetti | Camelina, an ancient oilseed crop actively contributing to the rural renaissance in Europe. A review[END_REF]. This use is currently promoted in Europe, and Camelina cultivation was encouraged in the USA as a part of crop diversification projects and for biofuel production [START_REF] Gesch | Influence of genotype and sowing date on camelina growth and yield in the north central U[END_REF].

Camelina industrial uses

Camelina can be used as for biofuel production for the production of biodiesel by conversion to methyl esters but its high ALA content results in oxidative instability, and therefore represents an issue that could be addressed by breeding [START_REF] Ciubota-Rosie | Biodiesel from Camelina sativa: A comprehensive characterisation[END_REF][START_REF] Yang | An evaluation of biodiesel production from Camelina sativa grown in Nova Scotia[END_REF]. Camelina was also identified as a viable source to produce jet fuel [START_REF] Natelson | Technoeconomic analysis of jet fuel production from hydrolysis, decarboxylation, and reforming of camelina oil[END_REF] which could also be linked with reduced CO2 emissions as blends [START_REF] Wang | Performance and emissions of camelina oil derived jet fuel blends under distributed combustion condition[END_REF].

The high unsaturated oil content, and in particular omega-3 oil content (up to 38%) has nonetheless made a part of industrial interest for food. Camelina can be used as a livestock for animal food and in particular for poultry, where the high content of ALA and proteins in pressed seed cake may have a positive impact on the nutritional value of chicken meat which increases yolk PUFA content and ALA in particular compared to a normal diet [START_REF] Aziza | Nutrient digestibility, egg quality, and fatty acid composition of brown laying hens fed camelina or flaxseed meal[END_REF]. Uses for animal feed also includes pork, cattle and sheep with slight improvement in ALA or DHA or EPA contents in meal (Halmemies-Beauchet-Filleau et al., 2011;[START_REF] Cieslak | Camelina sativa affects the fatty acid contents in M. longissimus muscle of lambs[END_REF][START_REF] Kahindi | Energy and amino acid digestibility of camelina cake fed to growing pigs[END_REF]. Camelina oil and meal products were shown to be a possible replacement of fish oil and meal in Salmon aquaculture, although it is not as effective as fish-based diets to increase long chain PUFA content [START_REF] Hixson | Full substitution of fish oil with camelina (Camelina sativa) oil, with partial substitution of fish meal with camelina meal, in diets for farmed Atlantic salmon (Salmo salar) and its effect on tissue lipids and sensory quality[END_REF]. It should be noted that Camelina diets could also have antinutritional effects at high doses in chicken [START_REF] Pekel | Nutritional characteristics of camelina meal for 3-week-old broiler chickens1 1The Scientific Research Projects Coordination Unit of Istanbul University Project number 28348 provided study fellowship for A.Y. Pekel[END_REF], potentially attributed to a high glucosinolate content and therefore represent another axis for Camelina breeding.

Camelina genetics and crop improvement

Breeding efforts are required to develop Camelina as a competitive crop. Like other Brassicaceae, Camelina is a predominantly autogamous species resulting in very low levels of intraspecific outcrossing and results in highly reduced genetic diversity, leading to an easy establishment of pure lines. The number of available accessions remains comparatively low to other Brassicaceae with 801 accessions listed in the European catalogue of plant germplasm collections, 137 at Plant Gene Resources of Canada and 44 listed in the USDA National Plant Germplasm System as of 2016 [START_REF] Berti | Camelina uses, genetics, genomics, production, and management[END_REF]. The genetic diversity of Camelina was assessed and unsurprisingly, most accessions available originates from central Europe, Scandinavia or Russia [START_REF] Luo | Genetic Diversity and Population Structure of a Camelina sativa Spring Panel[END_REF]. The genetic diversity studies generally identify homogenous populations, even when sampled from distant locations and are possibly attributed to geographical exchanges of ancient varieties that are were not efficiently documented (Vollmann et al., 2005;[START_REF] Luo | Genetic Diversity and Population Structure of a Camelina sativa Spring Panel[END_REF]. The oil profile diversity linked to microsatellite marker groups identified only two groups based on seed fatty acid content, with differences often below 6% per fatty acid class between genetic association groups [START_REF] Manca | Evaluation of genetic diversity in a Camelina sativa (L.) Crantz collection using microsatellite markers and biochemical traits[END_REF]. It should be also noted that in these group, the highest PUFA-content Camelina lines are winter cultivars that grew in colder environments than spring-type and could influence results [START_REF] Berti | Camelina uses, genetics, genomics, production, and management[END_REF]. More generally, Camelina accessions suffers from a limited fatty acid diversity among accessions [START_REF] Kurasiak-Popowska | The phytochemical quality of Camelina sativa seed and oil[END_REF].

In order to increase this biodiversity, interspecific crossing could be exploited as Brassicaceae usually show this capability but such experiments often result in sterile or genetically unstable plants [START_REF] Julié-Galau | Evaluation of the potential for interspecific hybridization between Camelina sativa and related wild Brassicaceae in anticipation of field trials of GM camelina[END_REF][START_REF] Berti | Camelina uses, genetics, genomics, production, and management[END_REF]. In order to circumvent the limitation of natural genetic diversity, biotechnological engineering was proposed as most technologies developed on the model Arabidopsis thaliana can be transposed to Camelina.

A chassis for new breeding techniques

Genetically wise, Camelina is particularly interesting for translational research, since it is a very close relative of Arabidopsis thaliana and is characterized by a highly undifferentiated hexaploid (Fig. 1. B) genome with important functional redundancy [START_REF] Kagale | The emerging biofuel crop Camelina sativa retains a highly undifferentiated hexaploid genome structure[END_REF]. The hexaploid genome of Camelina was proposed to be the result of the crossing of an allo-tetraploid related to Camelina neglecta formerly microcarpa (n=13) and Camelina hispidia (n=7) and resulted in the 20 chromosome genome that remained relatively stable after genome merging [START_REF] Mandáková | Origin and Evolution of Diploid and Allopolyploid Camelina Genomes Were Accompanied by Chromosome Shattering[END_REF]. Most of its coding genes are expressed in comparable proportions with a slight bias towards the most differentiated genome [START_REF] Kagale | The emerging biofuel crop Camelina sativa retains a highly undifferentiated hexaploid genome structure[END_REF].

This genetic proximity with Arabidopsis enabled researchers to quickly identify genes that are involved in documented genetic pathways. Furthermore, Camelina can be transformed through agrobacterium mediated transformation by floral dipping and is compatible with T-DNA insertion [START_REF] Liu | Transformation of the oilseed crop Camelina sativa by Agrobacterium-mediated floral dip and simple large-scale screening of transformants[END_REF].

Camelina turned out to be an excellent chassis to improve or induce the accumulation of lipid metabolites of industrial, therapeutic or cosmetic interest such as DHA and EPA, acetyl-TAG, waxes, wax esters, nervonic acid, terpenes, poly-hydroxybutyrate by transgenesis or mutagenesis [START_REF] Augustin | Production of mono-and sesquiterpenes in Camelina sativa oilseed[END_REF][START_REF] Liu | Field production, purification and analysis of high-oleic acetyl-triacylglycerols from transgenic Camelina sativa[END_REF][START_REF] Malik | Production of high levels of poly-3-hydroxybutyrate in plastids of Camelina sativa seeds[END_REF][START_REF] Faure | Camelina, a Swiss knife for plant lipid biotechnology[END_REF][START_REF] Iven | Synthesis of oleyl oleate wax esters in Arabidopsis thaliana and Camelina sativa seed oil[END_REF]Usher et al., 2017). A complete review listed most of the different strategies of metabolic engineering [START_REF] Yuan | Metabolic Engineering a Model Oilseed Camelina sativa for the Sustainable Production of High-Value Designed Oils[END_REF]. Several lipid biosynthetic genes were efficiently inactivated by CRISPR-Cas9 in camelina including the desaturases FAD2, the elongase FAE1 or the acyltransferase DGAT1 and PDAT1 opening the way to more efficient metabolic engineering [START_REF] Aznar-Moreno | Simultaneous Targeting of Multiple Gene Homeologs to Alter Seed Oil Production in Camelina sativa[END_REF][START_REF] Ozseyhan | Mutagenesis of the FAE1 genes significantly changes fatty acid composition in seeds of Camelina sativa[END_REF][START_REF] Lee | Increasing Monounsaturated Fatty Acid Contents in Hexaploid Camelina sativa Seed Oil by FAD2 Gene Knockout Using CRISPR-Cas9[END_REF]. Interestingly, hexaploidy with redundant sub-genomes which was a limitation in induced mutagenesis, turned out to an advantage since it could allow gene dosage by gene editing like for FAD2 [START_REF] Morineau | Selective gene dosage by CRISPR-Cas9 genome editing in hexaploid Camelina sativa[END_REF]. (3) the distribution of protein-coding regions (nucleotides per 500 Kb; orange) compared with repetitive sequences (nucleotides per 500 Kb; yellow); and (4) Ka/Ks ratios (median, bin=500 kb) of syntenic (blue) and non-syntenic (green) genes. The centre shows a graphical view of the triplicated segments of annotated genes connected with lines of colours matching those for the pseudochromosomes. Reused from [START_REF] Kagale | The emerging biofuel crop Camelina sativa retains a highly undifferentiated hexaploid genome structure[END_REF].

Chapter II -Plant polyunsaturated fatty acids: Biological roles, regulation and biotechnological applications. This review aims in describing PUFA synthesis, their biological roles and the different factors involved in their regulation with a specific focus on omega-3 linolenic acid. It will also detail in several crop species the different genetic leverage that were used to modify omega-3 content for plant breeding.

I. INTRODUCTION

The polyunsaturated fatty acids (PUFAs) are fatty acids with multiple double bonds (>1). Plant lipids contains for the most part the dienoic omega-6 linoleic acid (C18:2) and omega-3 alpha-linolenic acid or ALA (C18:3) PUFAs that are essentially found in membranes [START_REF] Harwood | 1 -Plant Acyl Lipids: Structure, Distribution, and Analysis[END_REF]. Common aspects of the function of PUFAs in animals and plants include the maintenance of membrane fluidity [START_REF] Prades | Effects of unsaturated fatty acids and triacylglycerols on phosphatidylethanolamine membrane structure[END_REF] in particular for low temperature adaptation but also for the synthesis of functional and/or signaling derivatives, such as oxylipins.

In plants, PUFAs represent a major part of the fatty acids bound to triglycerides in seed oil and are thus readily available for nutrition or industrial applications [START_REF] Iii | Flax, Perilla, and Camelina Seed Oils: α-Linolenic Acid-rich Oils[END_REF]. PUFAs are also referred to essential fatty acids, since most animals with the notable exception of the worm Caenorhabditis elegans lack the enzymes enabling the introduction of additional desaturation (desaturases) in omega 6 and 3 positions in fatty acids [START_REF] Spychalla | Identification of an animal ω-3 fatty acid desaturase by heterologous expression in Arabidopsis[END_REF]. PUFA consumption are often associated with health benefits such as lower risk for heart disease for example. [START_REF] Clifton | A systematic review of the effect of dietary saturated and polyunsaturated fat on heart disease[END_REF]. In animals, ALA can serve as a precursor for very long chain PUFAs that are important fatty acids associated with inflammatory responses and critical physiological roles in neural development [START_REF] Dyall | Long-chain omega-3 fatty acids and the brain: a review of the independent and shared effects of EPA, DPA and DHA[END_REF]. The efficiency of conversion of ALA in long chain omega-3 fatty acids is significantly demonstrated for food intake in fish species, making plant sourced food of use in this application [START_REF] Glencross | Exploring the nutritional demand for essential fatty acids by aquaculture species[END_REF].

The review will mostly focus on the specificity of omega-3 linolenic acid synthesis and function relative to omega-6 linoleic acid. We will also discuss how different stresses and physiological processes regulate PUFA synthesis in plants, and finally how the understanding of desaturation metabolism can improve crop selection and breeding.

II. SYNTHESIS AND BIOCHEMISTRY OF POLYUNSATURATED FATTY ACIDS IN PLANTS

A. De novo fatty acid synthesis and fatty acid storage.

Fatty acid synthesis occurs within plastids

Unlike other eukaryotes, plants synthesize fatty acids exclusively within plastids using acetyl-CoA as carbon donor. The simplest pathway to generate acetyl-CoA is from pyruvate produced after photosynthesis and glycolysis, through the action of the plastidial pyruvate dehydrogenase complex (PDHC). The acetyl-CoA is first converted into malonyl-CoA in plastids through the action of the heteromeric Acyl-CoA-Carboxylase, an enzyme composed of 3 nuclear-encoded subunits (BCCP, BC, alpha-CT) and the plastid-encoded beta-CT [START_REF] Baud | Multifunctional acetyl-CoA carboxylase 1 is essential for very long chain fatty acid elongation and embryo development in Arabidopsis[END_REF]. The malonyl moiety is then transferred to the Acyl-Carrier protein (ACP) by the Malonyl-Coa:ACP malonyltransferase (MCMT) to form malonyl-ACP that is finally used to elongate acyl-ACP chains by three Ketoacyl-ACP-Synthases (KAS I, II, III) [START_REF] Li-Beisson | Acyl-lipid metabolism[END_REF].

The malonyl-ACP (3 carbons chain) is first extended by KAS III using acetyl-CoA (2 carbons) to generate ACP-4:0 releasing 1 molecule of CO2 in the process. Then, KASI produces ACP-16:0 from ACP-4:0 through 6 sequential condensation reactions using malonyl-ACP as substrate and also releasing free ACP in the process. Finally, KASII synthesizes ACP-18:0 through the last condensation reaction. ACP-18:0 and ACP-C16:0 can then be desaturated by AADs, plastid localized enzymes, to yield ACP-C18:1

or ACP-C16:1. Upon completion of the elongation cycles and desaturation reactions, the fatty acids can be either used for plastid lipid synthesis or exported to the cytosol and ER.

In plastids, the "prokaryotic" synthesis pathway uses acyl-ACP to produce glycerolipids by transferring fatty acid chains to glycerol-3-phosphate (G3P) or to acyl-G3P. In the ER, the "eukaryotic" synthesis pathway uses acyl chains released from ACP by the thioesterases FATA or FATB enzymes and coupled to Coenzyme-A by thioesterification. The acyl-CoA lipid pool localized in the cytoplasm will be used subsequently by most of the ER based lipid reactions. The major fatty acids synthesized in Arabidopsis are reported in fig. 2.A and consist in 16 or 18 carbon fatty acids with varying unsaturation degrees.

Fatty acid storage as TAGs in oil bodies

Polyunsaturated fatty acids are specifically enriched in seed lipids under the form of triacylglycerol (TAGs) which are accumulated in oil bodies during seed maturation, which are lipid storage specific organelles. The synthesis of TAGs essentially relies on the sequential acylation fatty acids to glycerol with steps shared with glycerolipid de-novo synthesis. A first TAG pool to be synthesized called the primary TAG pool is the direct product of G3P acylation of FAs under the action of glycerol-3-phosphate acyltransferases (GPAT) exported from plastids to produce lysophosphatidic acid (LPA) (Figure 2).

Recently, GPAT9 was identified as being a critical acyltransferase for seed TAG accumulation and viability [START_REF] Shockey | Identification of Arabidopsis GPAT9 (At5g60620) as an Essential Gene Involved in Triacylglycerol Biosynthesis[END_REF]. The lysophosphatidic acid (LPA) is esterified in sn-2 position by a LPAAT (lysophosphatidic acid acyltransferase) using fatty acids from the acyl-CoA pool generating phosphatidic acid (PA). The phosphate in sn-1 position is cleaved by a phospholipase C to finally yield diacylglycerol (DAG). The newly synthesized DAG can then be acylated a final time by DGAT (Diacylglycerol acyltransferase) to yield TAG. This linear pathway is referred to as the Kennedy pathway as the de-novo synthesis of TAG (Fig. 2). Another, less linear way to synthesize TAG was proposed as a secondary pathway. In this case, the fatty acids esterified within DAG could enter PC under the action of the CPT (Choline phosphotransferase) by transfer of Phosphocholine from CDP-choline to become a polar head group, generating a novel PC molecule. Alternatively the PDCT (Phosphatidylcholine:Diacylglycerol Cholinephospho-Transferase) can exchange the polar head from PC to TAG, resulting in no generation of a novel PC molecule in the process but interconverting lipids.

Both of these reactions are reversible, enabling the maintenance of a PC-derived DAG pool where the coordinated action of the PDCT and potentially DAG-CPT exert a tight control on the flux from the ER to TAG (Figure 2) [START_REF] Bates | The pathway of triacylglycerol synthesis through phosphatidylcholine in Arabidopsis produces a bottleneck for the accumulation of unusual fatty acids in transgenic seeds[END_REF]. The mutation of the PDCT in Arabidopsis (rod1) causes a reduction of 40% of the accumulation of polyunsaturated fatty acids in TAG in dry seeds, confirming it is one of the main way for fatty acids to undergo poly-unsaturation in the ER [START_REF] Lu | An enzyme regulating triacylglycerol composition is encoded by the ROD1 gene of Arabidopsis[END_REF].

Furthermore, the exchanges of fatty acids from the acyl-CoA pool to PC (and reversely) of the lysophosphatidylcholine acyltransferase (LPCAT) that participates in the fatty acid editing cycle [START_REF] Regmi | Oil-Producing Metabolons Containing DGAT1 Use Separate Substrate Pools from those Containing DGAT2 or PDAT[END_REF]. B. PUFA are synthesized from monounsaturated fatty acids in the endoplasmic reticulum and plastids.

The PUFAs are commonly described as omega-6 and omega-3 as by their double bond position within their aliphatic chain counted from the methyl end. The omega position represents the number of carbons where a double bond starts (Fig. 3 A). Within land plants, the omega-6 fatty acids are overrepresented as C18:2 Δ9,12 , the linoleic acid. For omega-3 fatty acids, they exist essentially as the alphalinolenic acid (ALA) C18:3 Δ9,12,15 which harbours three unsaturations from their omega-3 carbon position and is the main constituent of leaf glycerolipids within for example phospholipids and plastid glycolipids. Nonetheless, in land plants, the C16:3 Δ7,10,13 (omega 3,6,9 as described in Fig. 2. A.) is also a major omega-3 fatty acid constituent of leaves, representing up to 30% of fatty acids and is considered to be a marker of plastid fatty acid synthesis activity (Browse et al., 1986b;[START_REF] Mongrand | The C16:3\C18:3 fatty acid balance in photosynthetic tissues from 468 plant species[END_REF]. The work presented in this thesis also shows that C20:3 fatty acids can be produced, and may be due to a marginal elongation mechanism of C18:3 in the ER although this has not been confirmed.

Desaturases add double bonds in a sequential manner on omega-9 oleic acid (C18:1). First, omega-6 desaturases yield dienoic omega-6 fatty acids C18:2 [START_REF] Miquel | Arabidopsis mutants deficient in polyunsaturated fatty acid synthesis. Biochemical and genetic characterization of a plant oleoylphosphatidylcholine desaturase[END_REF][START_REF] Falcone | Identification of a Gene that Complements an Arabidopsis Mutant Deficient in Chloroplast [omega]6 Desaturase Activity[END_REF].

The omega-6 desaturases are coded by two genes in Arabidopsis that have a distinct localization and function. FAD2 is present in the endoplasmic reticulum outer membrane leaflet where it is inserted co-translationally. FAD2 desaturates C18:1 esterified to phosphatidylcholine (PC) [START_REF] Mccartney | Membrane-bound fatty acid desaturases are inserted co-translationally into the ER and contain different ER retrieval motifs at their carboxy termini[END_REF] to yield C18:2-PC. The omega-6 desaturase FAD6 is localized within the chloroplast membrane [START_REF] Ferro | Proteomics of the chloroplast envelope membranes from Arabidopsis thaliana[END_REF] where it regulates plastid lipid composition. FAD6 has a different substrate specificity compared to FAD2 since it desaturates galactolipids and phosphatidylglycerol (PG) C16:1 and C18:1 [START_REF] Browse | A Mutant of Arabidopsis Deficient in the Chloroplast 16:1/18:1 Desaturase 1[END_REF].

The omega-6 class fatty acids can then be desaturated by omega-3 desaturases to yield trienoic fatty acids (TFAs). The omega-3 desaturases exist as 3 isoforms in Arabidopsis, FAD3, localized in the ER, and FAD7 and FAD8 which are two plastidial desaturases. Like FAD2, FAD3 acts on PC-C18:2 to yield PC-C18:3 and FAD7 and FAD8 like FAD6, acts on galactolipids and PG C16:2 and C18:2 [START_REF] Román | Non-redundant Contribution of the Plastidial FAD8 ω-3 Desaturase to Glycerolipid Unsaturation at Different Temperatures in Arabidopsis[END_REF].

The sequential desaturation reactions are illustrated in Figure 3 and on lipid classes described in Table 1.

The chloroplastic desaturases FAD6, FAD7 and FAD8 are transmembrane enzymes with 4 integral transmembrane helices and possess three histidine box motifs (Fig. 4A andB) [START_REF] Shanklin | Eight histidine residues are catalytically essential in a membrane-associated iron enzyme, stearoyl-CoA desaturase, and are conserved in alkane hydroxylase and xylene monooxygenase[END_REF] which are conserved and necessary elements among all desaturases identified so far. The histidine boxes stabilizes a di-iron center essential for the desaturation reaction and which has been well characterized in the closely related mammalian SCD1 [START_REF] Bai | X-ray structure of a mammalian stearoyl-CoA desaturase[END_REF]. Plastidial desaturase substrate specificity is restricted by the acyl chain length [START_REF] Broadwater | Desaturation and Hydroxylation: RESIDUES 148 AND 324 OF ARABIDOPSIS FAD2, IN ADDITION TO SUBSTRATE CHAIN LENGTH, EXERT A MAJOR INFLUENCE IN PARTITIONING OF CATALYTIC SPECIFICITY[END_REF] and their activity require ferredoxin as electron donor [START_REF] Schmidt | Involvement of Ferredoxin in Desaturation of Lipid-Bound Oleate in Chloroplasts 1[END_REF]. Table 1 summarizes desaturases accession numbers, localization and respective cofactors. The ER localized FAD2 and FAD3 are also transmembrane proteins and possess three histidine boxes but require cytochrome B5 as electron donors [START_REF] Kumar | Higher Plant Cytochrome b5 Polypeptides Modulate Fatty Acid Desaturation[END_REF]. The omega-6 and 3 desaturases can act as homodimers or heterodimers associating FAD2/FAD3, FAD6/FAD7 and FAD6/FAD8 complexes while FAD7 and FAD8 were not reported to associate [START_REF] Lou | FAD2 and FAD3 desaturases form heterodimers that facilitate metabolic channeling in vivo[END_REF].

A The PUFAs are molecules sensitive to oxidation either through the action of biological enzymes or by chemical reaction to produce a large variety of lipid derivatives named oxylipins.

Oxylipins are involved in many stress responses ranging from abiotic (freezing) and biotic stresses (pathogens) to mechanical stress (wounding). Among oxylipins, the signaling molecule jasmonic acid (JA) is the most studied [START_REF] Routaboul | Arabidopsis mutants reveal that short-and long-term thermotolerance have different requirements for trienoic fatty acids[END_REF]. Jasmonate synthesis requires first the release of linolenate by lipases. This step is of critical importance and varies between tissues. For example, DAD1 is a phospholipase A1 required for JA synthesis specifically in stamen filaments of Arabidopsis [START_REF] Ishiguro | The DEFECTIVE IN ANTHER DEHISCIENCE gene encodes a novel phospholipase A1 catalyzing the initial step of jasmonic acid biosynthesis, which synchronizes pollen maturation, anther dehiscence, and flower opening in Arabidopsis[END_REF].

The jasmonate pathway involves first different lipoxygenases (LOX) in plastids that metabolise free trienoic fatty acids. Following their oxidation by LOX, a series of sequential reactions involving the allene oxide synthase (AOS) and the allene oxide cyclase (AOC) in plastids, followed by the 12-OPDA reductase (OPR) in peroxisomes and 3 rounds of beta-oxidation leads eventually to JA [START_REF] Schaller | Enzymes in jasmonate biosynthesis -Structure, function, regulation[END_REF]. However, trienoic fatty acids are also implied in pathogen stress tolerance independently of JA since they are essential to plant survival even in aos mutants defective in JA [START_REF] Mène-Saffrané | Nonenzymatic oxidation of trienoic fatty acids contributes to reactive oxygen species management in Arabidopsis[END_REF]. This result would be worth investigating in other mutants like lox to check if C18:3 lipoxygenation products are also involved in biotic stress tolerance.

The non-enzymatic and enzymatic oxylipin generation and subsequent acyl chain breakdown also contributes to the synthesis of malondialdehyde (MDA), a major PUFA by-product that is an oxidation marker involved in stress response as well as carbonyl species that have been well

summarized recently (Tsikas, 2017;[START_REF] Yalcinkaya | Lipid peroxidation-derived reactive carbonyl species (RCS): Their interaction with ROS and cellular redox during environmental stresses[END_REF]. MDA seems to be involved in large variety of processes. It was involved in post-translational modification of proteins that are regulated by PUFA [START_REF] Yamauchi | Malondialdehyde generated from peroxidized linolenic acid causes protein modification in heat-stressed plants[END_REF]. MDA could also be a major sink for reactive oxygen species (ROS) since they are produced by the oxidation of PUFAs (mostly C18:3) and could be re-incorporated into lipids preferentially in trienoic or dienoic galactolipids by a still unknown mechanism [START_REF] Schmid-Siegert | Membranes as Structural Antioxidants: RECYCLING OF MALONDIALDEHYDE TO ITS SOURCE IN OXIDATION-SENSITIVE CHLOROPLAST FATTY ACIDS[END_REF]. PUFA oxidative catabolism is complex but recent works suggest that many intermediates of these pathways could be involved in several biological processes related to PUFA regulation and functions. 

D. Endoplasmic reticulum and plastid desaturase crosstalks

Genetic analyses of omega-6 and 3 desaturases have demonstrated the existence of a rather complex metabolic network leading to C18:3 accumulation that depends on the tissue and subcellular localization but also the specificity of the enzymes (Table 1).

In seeds, the loss of FAD2 function (fad2-1 mutant) led as expected to a 10 and 4-fold reduction of C18:2 and C18:3 contents respectively mostly in triacylglycerol. However in leaves, fad2-1 mutation is characterized by a 70% reduction of C18:2 content (from 14 to 4 mol% ) but only a 20% decrease in C18:3 content in total lipids [START_REF] Lemieux | Mutants of Arabidopsis with alterations in seed lipid fatty acid composition[END_REF]. The loss of function of the plastidial omega-6 desaturase FAD6 has however a more important impact on leaf lipid composition since it resulted in 50% decreased in C18:3 content associated with an important increase in C16:1 and C18:1, but with little effect on C18:2 composition. So, the accumulation of C18:3 is more dependent on plastidial activity of FAD6 than FAD2 in photosynthetic tissue. Interestingly, leaf C18:2 content is not much affected in fad6 mutant suggesting that ER FAD2 activity could still compensate for the loss of FAD6 activity and produce C18:2 by using plastidial C18:1 as substrate. But FAD2 does not fully compensate for the function of FAD6 as C18:3 content never reached wild type levels in fad6 mutant [START_REF] Falcone | Identification of a Gene that Complements an Arabidopsis Mutant Deficient in Chloroplast [omega]6 Desaturase Activity[END_REF]. The fad6 mutation did not affect seed and roots C18:3 content in contrast to fad2-1, confirming the importance of FAD6 mainly for photosynthetic tissues and the major role of the microsomal desaturation in non-photosynthetic tissues [START_REF] Browse | A Mutant of Arabidopsis Deficient in the Chloroplast 16:1/18:1 Desaturase 1[END_REF].

As expected, fad2 fad6 double mutants have negligible levels of PUFAs in general and C18:3 in particular and are not capable of autotrophic growth, highlighting the importance of PUFAs for photosynthesis [START_REF] Mcconn | Polyunsaturated membranes are required for photosynthetic competence in a mutant of Arabidopsis[END_REF]. Interestingly, the light harvesting complexes are quantitatively not much altered and the presence of a single functional FAD2 allele is sufficient to recover autotrophy and normal development [START_REF] Mcconn | Polyunsaturated membranes are required for photosynthetic competence in a mutant of Arabidopsis[END_REF].

Omega 3 desaturation in seeds and roots depends mostly on FAD3 activity since fad3 mutation drastically reduces C18:3 levels in those tissues with a two thirds reduction (29 to 10 mol%) in roots and a 10 fold reduction in dry seeds (20 to 2 mol%) compared to leaf tissues (only 3 mol% reduction) [START_REF] Lemieux | Mutants of Arabidopsis with alterations in seed lipid fatty acid composition[END_REF]. Omega 3 desaturation in plastids is carried out by the 2 desaturases FAD7 and FAD8. The double mutant fad7 fad8 could therefore only synthesize C18:3 bound to PC thanks to ER FAD3. FAD3 activity is sufficient to synthesize about one third (15 mol%) of C18:3 in total leaf lipids [START_REF] Román | Non-redundant Contribution of the Plastidial FAD8 ω-3 Desaturase to Glycerolipid Unsaturation at Different Temperatures in Arabidopsis[END_REF]. Interestingly, FAD7 and FAD8 are not completely redundant. FAD7 appears to be more active at high temperature since C18:3 content decreased by 65% in leaves of fad7 mutants grown between 26 and 32°C and decreased only by 25% in mutants grown between 10 and 23°C (Browse et al., 1986a). On the contrary, FAD8 showed increased expression upon cold application [START_REF] Gibson | Cloning of a temperature-regulated gene encoding a chloroplast omega-3 desaturase from Arabidopsis thaliana[END_REF][START_REF] Mcconn | A Mutation at the fad8 Locus of Arabidopsis Identifies a Second Chloroplast [omega]-3 Desaturase[END_REF].

Finally, genetic studies highlighted the importance of fatty acid exchange between plastids and ER compartments [START_REF] Mcconn | Polyunsaturated membranes are required for photosynthetic competence in a mutant of Arabidopsis[END_REF]. This is well illustrated by the absence of phenotype of the single mutants fad6 or fad2-1 while the double mutant showed chloroplast defects and chlorosis.

Interestingly, the double mutant between fad6 and tgd1, a plastid lipid carrier is also extremely chlorotic like fad2fad6. While tgd1-1 mutation caused a strong decrease in C18:3, the double mutations tgd1-1fad2 did not further reduce C18:3 levels within plastids confirming that an important part of plastidial C18:3 are from ER origin and that TGD1 is one of the main entry gate for trienoic trafficking [START_REF] Xu | Lipid Transport Mediated by Arabidopsis TGD Proteins is Unidirectional from the Endoplasmic Reticulum to the Plastid[END_REF]. 

III. PUFA PHYSIOLOGICAL ROLES

A. PUFA are required for temperature tuning of photosynthesis.

The desaturase mutants showed the importance of PUFAs for plant photosynthesis as detailed above but also the importance of dienoic and trienoic C18 fatty acids for temperature adaptation. The critical requirement for PUFA synthesis for sustaining cold temperature is obvious in Arabidopsis fad2-2 mutants as they fail to germinate if the siliques and seeds develop at 6°C for more than 10 days. Even seeds of fad2-2 mutants developed at permissive temperature showed delayed germination at 6°C [START_REF] Miquel | High-Oleate Oilseeds Fail to Develop at Low Temperature[END_REF]. At low temperatures after 3 weeks of culture at 5°C, the fad6 mutant exhibited a two-fold reduction of the chloroplast area associated with slow growth phenotype and chlorotic appearance [START_REF] Hugly | A Role for Membrane Lipid Polyunsaturation in Chloroplast Biogenesis at Low Temperature[END_REF]. Similarly, fad2-2 mutant showed chlorotic phenotype and an impaired growth at 12°C that could not recover even when re-exposed to normal temperatures. The fad2-2 plants would even die after a long exposure (50 days) to cold (6°C). But a residual FAD2 activity is enough for cold adaptation since the fad2-1 allele which was shown to be a leaky mutation exhibited a wild type phenotype at cold temperatures [START_REF] Miquel | Arabidopsis requires polyunsaturated lipids for low-temperature survival[END_REF]. These results indicated that for omega-6 desaturation, the plastidial and the ER activities are redundant at normal temperatures but are both necessary for the plant to cope with low temperatures.

For trienoic FAs, FAD7 activity is also critical for plastid function since fad7 mutation affects chloroplast size and also its structure but with minimal physiological impact because this alteration is compensated by a 45% increase in chloroplast number [START_REF] Mccourt | The Effects of Reduced Amounts of Lipid Unsaturation on Chloroplast Ultrastructure and Photosynthesis in a Mutant of Arabidopsis[END_REF]. Both effects are directly related to C18:3 synthesis since these phenotypes are complemented by FAD7 ectopic expression [START_REF] Iba | A gene encoding a chloroplast omega-3 fatty acid desaturase complements alterations in fatty acid desaturation and chloroplast copy number of the fad7 mutant of Arabidopsis thaliana[END_REF]. To our knowledge, no specific role on chloroplast structure and function had been identified for FAD8 but the modified expression of FAD7 and FAD3 genes in fad8 mutant as well as the specific FA profile of ER and plastid lipids suggested an alternative function. Interestingly, the overexpression of FAD8 in wild type Arabidopsis did not modify plastid lipid composition but caused a significant increase of C18:3 and a mirrored decrease of C18:2 in ER synthesized glycolipids [START_REF] Román | Non-redundant Contribution of the Plastidial FAD8 ω-3 Desaturase to Glycerolipid Unsaturation at Different Temperatures in Arabidopsis[END_REF]. These results suggest that ER-plastid PUFA trafficking is important for plastidial homeostasis in particular at low temperature. The different desaturases are required to work in a coordinated manner to tune and adapt photosynthesis to environmental changes. In depth analysis of plastid functions in fad8 and fad3 mutants and combination of fad3 fad7 or fad3 fad8 mutants are still missing to better understand the interplay between these genes and the precise role of the omega -6 and -3 FA in plastid function but also in non-photosynthetic tissues like roots. ER-plastid PUFA trafficking is also important for cold adaptation during seed development and germination. Desaturase mutants suggest that seed germination, particularly at cold temperatures, requires minimal PUFA synthesis from the activity of plastidial desaturases even if their activities have most probably a marginal role during late seed development since chloroplasts are undergoing dedifferentiation [START_REF] Allorent | Plastid gene expression during chloroplast differentiation and dedifferentiation into non-photosynthetic plastids during seed formation[END_REF]. For instance, during germination of fad2-2 mutants, PUFAs can not be provided by storage lipids that are strongly impacted but their synthesis relied mainly on FAD6, FAD7 and FAD8 activities. Plastidial desaturases use the reducing power of ferredoxins which have high cost on photosynthesis and possibly impact seedling viability. Another explanation could be a direct impairment of photosynthesis in the plastids caused by a low-PUFA membrane content [START_REF] Allorent | Adjustments of embryonic photosynthetic activity modulate seed fitness in Arabidopsis thaliana[END_REF].

Mirrored effect could be seen with PUFA accumulation and its effect on temperature adaptation. PUFA accumulation is clearly associated with low temperature in seeds of various oilseed crops [START_REF] Canvin | THE EFFECT OF TEMPERATURE ON THE OIL CONTENT AND FATTY ACID COMPOSITION OF THE OILS FROM SEVERAL OIL SEED CROPS[END_REF][START_REF] Menard | Genome Wide Analysis of Fatty Acid Desaturation and Its Response to Temperature[END_REF]. Omega-3 desaturases mutants and overexpressors exhibit only subtle phenotypes and are quite difficult to study. The overexpression of FAD8 and to a lesser extent FAD3, reduced growth of tobacco BY-2 cells at high temperature [START_REF] Zhang | Modulated fatty acid desaturation via overexpression of two distinct omega-3 desaturases differentially alters tolerance to various abiotic stresses in transgenic tobacco cells and plants[END_REF], indicating that omega-3 desaturation levels should be tuned down at elevated temperatures to avoid deleterious effects.

Nonetheless, trienoic fatty acids are also required for long term thermotolerance, since the inactivation of the three desaturases FAD3, FAD7 and FAD8 led to plant death after 15 days at 33°C. This lethality is not caused by a deficiency in jasmonate or JA response since aos, opr3 and coi1 mutants are thermotolerant [START_REF] Routaboul | Arabidopsis mutants reveal that short-and long-term thermotolerance have different requirements for trienoic fatty acids[END_REF].

B. PUFA involvement in abiotic and biotic stress responses.

Salt, drought and oxidative stresses

High salt medium is known to induce oxidative stress delaying fad2 germination. Interestingly, fad2

mutants grown in presence of high salt showed 30% increase of MDA [START_REF] Zhang | Arabidopsis Fatty Acid Desaturase FAD2 Is Required for Salt Tolerance during Seed Germination and Early Seedling Growth[END_REF]. Similarly, fad6 mutant is also sensitive to salt stress and exhibited increased MDA levels [START_REF] Zhang | Fatty acid desaturase-6 (Fad6) is required for salt tolerance in Arabidopsis thaliana[END_REF]. The increase in MDA production is relatively counterintuitive since lower levels of C18:2 and C18:3 in fad2 and fad6 mutants should have been associated with lower lipid peroxidation [START_REF] Ayala | Lipid Peroxidation: Production, Metabolism, and Signaling Mechanisms of Malondialdehyde and 4-Hydroxy-2-Nonenal[END_REF]. As expected, the suppression of all trienoic fatty acids in the fad3 fad7 fad8 led to reduced steady-state levels of MDA [START_REF] Mène-Saffrané | Genetic removal of tri-unsaturated fatty acids suppresses developmental and molecular phenotypes of an Arabidopsis tocopherol-deficient mutant. Whole-body mapping of malondialdehyde pools in a complex eukaryote[END_REF]. The link between trienoic fatty acids and oxidative stress was clearly observed in tomato over-expressing LeFAD3 with an increase of ROS detoxification with the activity of superoxide dismutase. Conversely, the antisense expression of LeFAD3 reduced ROS detoxification and resulted in a net decrease in photosynthetic efficiency [START_REF] Wang | A tomato endoplasmic reticulum (ER)-type omega-3 fatty acid desaturase (LeFAD3) functions in early seedling tolerance to salinity stress[END_REF]. Similarly, the expression in tobacco of antisense AtFAD7 that most probably impaired the expression of both FAD7 and FAD8, enhanced salt and drought sensitivity [START_REF] Im | Antisense expression of an Arabidopsis omega-3 fatty acid desaturase gene reduces salt/drought tolerance in transgenic tobacco plants[END_REF].

Metals and heavy metals

Oxidative stress could also be induced by heavy metals leading to the production of lipid hydroxyperoxides and MDA from PUFAs [START_REF] Skórzyńska-Polit | Lipid peroxidation and antioxidative response in Arabidopsis thaliana exposed to cadmium and copper[END_REF]. Nickel accumulation was shown to cause a drastic reduction of PUFAs in favor of saturated fatty acids in roots and shoots of wheat seedlings [START_REF] Gajewska | Effect of Nickel on Membrane Integrity, Lipid Peroxidation and Fatty Acid Composition in Wheat Seedlings: Niinduced Alteration of Fatty Acid Composition[END_REF], and in young leaves of tomato seedlings (Verdoni et al., 2001).

In Arabidopsis, copper application led to a similar decrease of PUFAs particularly in roots [START_REF] Yuan | Internalization and Phytotoxic Effects of CuO Nanoparticles in Arabidopsis thaliana as Revealed by Fatty Acid Profiles[END_REF]. In Camelina, the exposure to Cadmium and Copper particularly reduces the accumulation of C18:3 in dry seeds and the overexpression of the Heavy-Metal ATPase CsHMA3 could partially alleviate this defect reducing the associated oxidative stress [START_REF] Park | Changes in fatty acid content and composition between wild type and CsHMA3 overexpressing Camelina sativa under heavy-metal stress[END_REF].

Contrary to heavy metals, limitation of iron bioavailability was shown to induce preferential accumulation of PUFAs in whole plants. Even more importantly, it was shown that the addition of C18:2 or C18:3 can increase the activity of the Ca2+ ATPases in isolated wild-type plasma membrane vesicles of Arabidopsis roots. The rate of this activity was only significantly reduced in fad2-2 but not in fad3-2 mutants, suggesting that C18:2 is sufficient to maintain membrane dynamics for Ca2+ dependent

ATPases activity [START_REF] Oh | Cytochrome b5 Reductase 1 Triggers Serial Reactions that Lead to Iron Uptake in Plants[END_REF]. Both C18:2 and C18:3 seems to be important for optimal ATPases activities but C18:3 content was more specifically modified by cadmium-or copper-induced stress in camelina.

Interestingly, Boron uptake was shown to be reduced in fad7-2, fad7 fad8 mutants compared to wild type when the plants were exposed to boric acid. However, the chilling sensitive mutant chs1-1 that exhibits an absence of FAD8 expression (see below) showed an increased Boron uptake [START_REF] Dordas | Permeability of Boric Acid Across Lipid Bilayers and Factors Affecting It[END_REF]. The link with PUFA content remains to be demonstrated.

Biotic stresses

Linolenic acid is directly involved in biotic stress responses by the fact that it is a direct substrate for jasmonate synthesis. However, several jasmonate independent effects could be associated with C18:3 during pathogen response. C18:3 was found to be important in the tolerance toward Botrytis cinerea and the oomycete Hyaloperonospora in Arabidopsis. Indeed, the triple fad3 fad7 fad8 mutants showed increased sensitivity toward pathogens compared with opr3 mutant that is impaired only in JA synthesis suggesting a JA-independent effect of trienoic acid probably based on the alleviation of oxidative stress [START_REF] Mène-Saffrané | Nonenzymatic oxidation of trienoic fatty acids contributes to reactive oxygen species management in Arabidopsis[END_REF].

The subcellular synthesis of C18:3 is also important for pathogen response The fad3-2 mutant showed for instance a 45% decrease in crown gall tumor induced by Agrobacterium tumefaciens compared to wild type or fad7 fad8 mutant [START_REF] Klinkenberg | Two fatty acid desaturases, STEAROYL-ACYL CARRIER PROTEIN Δ9-DESATURASE6 and FATTY ACID DESATURASE3, are involved in drought and hypoxia stress signaling in Arabidopsis crown galls[END_REF]. However, plastidial synthesis of C18:3 is important in Arabidopsis to induce Systemic Acquired Resistance (SAR). FAD7 in combination with SUPPRESSOR OF FATTY ACID DEFICIENCY 1 (SFD1 or GLY1) and SFD2 were necessary for the production of a SAR signal in petiole exudate of leaves challenged with an avirulent strain of Pseudomonas syringae that promoted subsequent resistance to Arabidopsis, tomato and wheat. The SAR signal is independent from JA and is most probably derived from plastid glycerolipid synthesis since the three proteins FAD7, SFD1 and SFD2 are involved in this metabolic pathway and the SAR effect is dependent on the lipid transfer protein DIR1 [START_REF] Chaturvedi | Plastid ω3-fatty acid desaturase-dependent accumulation of a systemic acquired resistance inducing activity in petiole exudates of Arabidopsis thaliana is independent of jasmonic acid[END_REF].

FAD7 was also involved in aphid resistance since antisense inactivation of tomato LeFAD7 reduced aphid infestations in a JA-independent way but with increased SA accumulation. Aphid infestations were also reduced in Arabidopsis fad7-2 and fad7-1 fad8 mutants [START_REF] Avila | Loss of Function of FATTY ACID DESATURASE7 in Tomato Enhances Basal Aphid Resistance in a Salicylate-Dependent Manner[END_REF]. It should be noted that the works involving fad7-1 alleles and pathogen responses have to be analyzed cautiously since it was conducted in the glabra1 background known to be involved in JA and Gibberellic signaling pathways [START_REF] Xia | The glabra1 Mutation Affects Cuticle Formation and Plant Responses to Microbes1[C][W][OA[END_REF].

Concluding remark.

The management of ROS could be a common link between trienoic acid and biotic or abiotic stresses since the trienoic fatty acids were proposed to act as a sink for ROS. The production of MDA could act as a non-enzymatic reaction to protect cells from oxidative stress [START_REF] Mène-Saffrané | Nonenzymatic oxidation of trienoic fatty acids contributes to reactive oxygen species management in Arabidopsis[END_REF]. While free MDA is a marker of oxidative damage, its accumulation after a long time has deleterious effects for the cells, but a transient accumulation could be the sign of oxidative stress adaptation and detoxification [START_REF] Morales | Malondialdehyde: Facts and Artifacts[END_REF]. A hypothesis could be the incorporation of MDA back into membrane lipids. Application of labelled MDA to plants showed specific carbon flux into C18:3-MGDG as a terminal product, and in a lesser extent in C18:2-MGDG through an unknown metabolic pathway most probably to detoxify this product [START_REF] Schmid-Siegert | Membranes as Structural Antioxidants: RECYCLING OF MALONDIALDEHYDE TO ITS SOURCE IN OXIDATION-SENSITIVE CHLOROPLAST FATTY ACIDS[END_REF].

IV. REGULATION OF OMEGA-6 AND OMEGA-3 DESATURASES

A. Regulation of microsomal desaturases

In Arabidopsis, FAD2 and FAD3 desaturases are responsible for the accumulation of C18:2 and C18:3 in seeds. These fatty acids are constantly accumulated from pollination to full seed maturation without any plateau but C18:3 accumulates at a slower rate and with a delay of 3 days compared to C18:2 [START_REF] Rossak | Expression of the FAE1 gene and FAE1 promoter activity in developing seeds of Arabidopsis thaliana[END_REF][START_REF] Baud | An integrated overview of seed development in Arabidopsis thaliana ecotype WS[END_REF]. C18:2 and C18:3 accumulation is correlated with enhanced expression of FAD2 and FAD3 that respectively peaked 5 to 11 and 8 and 11 days after flowering and decreased sharply afterward [START_REF] Ruuska | Contrapuntal Networks of Gene Expression during Arabidopsis Seed Filling[END_REF][START_REF] Schmid | A gene expression map of Arabidopsis thaliana development[END_REF].

Seed C18:3 content is tightly correlated with FAD3 expression levels. The duplication of the FAD3 locus in two Arabidopsis mutants resulted in an increase of FAD3 expression and C18:3 content in seed oil [START_REF] O'neill | Two high linolenic mutants of Arabidopsis thaliana contain megabase-scale genome duplications encompassing the FAD3 locus[END_REF]. The overexpression of Arabidopsis FAD3 with seed specific promoters caused at least a two-fold increase in C18:3 levels compared to wild type plants [START_REF] Yadav | Cloning of higher plant omega-3 fatty acid desaturases[END_REF][START_REF] Puttick | Overexpression of a FAD3 Desaturase Increases Synthesis of a Polymethylene-Interrupted Dienoic Fatty Acid in Seeds of Arabidopsis thaliana L[END_REF]. The overexpression of FAD3 using the constitutive 35S promoter increased only by 50% the levels of C18:3 in seeds, stressing the importance of transcriptional regulation of FAD3 expression [START_REF] Hu | Histone acetyltransferase GCN5 is essential for heat stress-responsive gene activation and thermotolerance in Arabidopsis[END_REF]. Conversely, the fad3 SALK-042036 mutant which has a T-DNA insertion between its 5'UTR and promoter which impaired its transcriptional activity but not the enzyme activity showed strong reduction of C18:3 content in seed oil (Claessens, 2012.).

Regulation of FAD3 expression during seed development.

Unbiased genetic analysis of omega 3 desaturation regulation carried out by Genome wide association study (GWAS) demonstrated that C18:3 content is controlled by several factors but most predominantly by the FAD3 locus [START_REF] Menard | Genome Wide Analysis of Fatty Acid Desaturation and Its Response to Temperature[END_REF]. FAD3 promoter defined at least as 1138bp upstream of the FAD3 transcription starting site (TSS) was shown to be sufficient to induce a luciferase activity in shoot apical meristems, flowers and developing siliques in Arabidopsis, as well as providing response to auxin, cytokinins and abscisic acid especially in roots [START_REF] Matsuda | Hormonal regulation of tissue-specific ectopic expression of an Arabidopsis endoplasmic reticulum-type omega-3 fatty acid desaturase (FAD3) gene[END_REF]. Several known transcription factor binding sites were found in this region and in particular two G-boxes and one 400 and 191bp upstream of FAD3 TSS). This promoter region was also able to be transactivated by several transcription factor complexes including LEC1, LEC-1-Like (L1L), NFYC2 and one of the following bZIP family transcription factors: bZIP67 or AREB3 or EEL or ABI5. The transcription factor bZIP67 is able to bind the G-box1 (-174) in vitro and is required with the G-boxes for the transactivation by the complex L1L/NFYC2. However, only a limited effect has been reported on seed lipid composition in the bzip67 mutant suggesting that other transcription factors are important for FAD3 expression in the seed [START_REF] Mendes | bZIP67 regulates the omega-3 fatty acid content of Arabidopsis seed oil by activating fatty acid desaturase3[END_REF]. EEL, AREB3 and bZIP67 are homologous transcription factors coexpressed with FAD3 in embryos that could be also direct regulators [START_REF] Bensmihen | Characterization of three homologous basic leucine zipper transcription factors (bZIP) of the ABI5 family during Arabidopsis thaliana embryo maturation[END_REF]. Furthermore, it has been shown that bZIP12 could directly bind FAD3 promoters in Camelina [START_REF] Na | Enhancing microRNA167A expression in seed decreases the α-linolenic acid content and increases seed size in Camelina sativa[END_REF]. Data also suggest that the histone acetyltransferase GCN5 could promote FAD3 expression in a direct manner within the 0-200bp region upstream of the TSS, suggesting a potential transcriptional regulatory hub near FAD3 TATA Box [START_REF] Hu | Histone acetyltransferase GCN5 is essential for heat stress-responsive gene activation and thermotolerance in Arabidopsis[END_REF]. The fact that gcn5 mutation has a larger effect on seed lipid profile and in particular on C18:3/C18:2 ratio compared to individual bzip mutants like bzip67, indicates the existence of redundant or additive transcriptional effects. The histone methyltransferase CLF28 that is involved in the PRC2 complex appears also to be important for FAD3 expression. The clf28 mutants showed a 2.5-fold increased FAD3 expression in 5-week-old plant siliques followed by a significant decrease in mature green isolated embryos. In consequence the clf28 mutation resulted in a reduced C18:2 and C18:3 content but an increase in C20:1. The effect of the clf28 mutation could be linked to small RNA that would then deregulate other master regulators of seed development like FUS3, ABI3, LEC1 and LEC2 [START_REF] Liu | CURLY LEAF Regulates Gene Sets Coordinating Seed Size and Lipid Biosynthesis1[OPEN][END_REF].

The transcription factors LEC1 and L1L, NFYB factors alone cannot trans-activate FAD3 expression but are nonetheless necessary to fully activate FAD3. Transcriptomic data during Arabidopsis silique development showed that FAD3 expression is reduced in lec-1 mutants compared to WT [START_REF] Yamamoto | Cell-by-Cell Developmental Transition from Embryo to Post-Germination Phase Revealed by Heterochronic Gene Expression and ER-Body Formation in Arabidopsis leafy cotyledon Mutants[END_REF]. The inducible overexpression of LEC1 in Arabidopsis increased FAD3 expression and the C18:3 content. This effect is conditional to the presence of functional ABI3 and FUS3 activity confirming the importance of these three master regulators during seed development [START_REF] Mu | LEAFY COTYLEDON1 is a key regulator of fatty acid biosynthesis in Arabidopsis[END_REF]. BnLEC1

and BnL1L overexpression in Brassica napus led also to significant increase in FAD3 expression and C18:3 content during seed development [START_REF] Tan | Enhanced seed oil production in canola by conditional expression of Brassica Wang C-T, Xu Y-N (2010) The 5′ untranslated region of the FAD3 mRNA is required for its translational enhancement at low temperature in Arabidopsis roots[END_REF]. These data suggest that LEC1 and potentially LEC1-Like are sufficient for inducing FAD3 expression even in ectopic tissues. Therefore, these two transcription factors could be considered as a critical integrator of developmental cues required for the correct expression of FAD3 during seed development.

Other transcription factors from the MYB and/or BhLh family have also been shown to have an effect on FAD3 expression. TT2 and TT8 for instance are potentially integrating inhibitory signals since tt2 and tt8 mutants showed an increased expression of FAD3. These mutations resulted in modified seed fatty acid composition in specific arabidopsis accessions but with decreased C18:3 accumulation, which is counter-intuitive. The effect on FAD3 expression appeared to be indirect in the case of TT8 since the expression of LEC-1 ABI1 FUS3 LEC2 genes (LAFL) was also modified in tt8. However, TT2 did not appear to directly impair master regulator expressions and could therefore be a downstream regulator in the FAD3 transcriptional regulatory network [START_REF] Chen | The Effect of TRANSPARENT TESTA2 on Seed Fatty Acid Biosynthesis and Tolerance to Environmental Stresses during Young Seedling Establishment in Arabidopsis[END_REF][START_REF] Chen | TRANSPARENT TESTA8 Inhibits Seed Fatty Acid Accumulation by Targeting Several Seed Development Regulators in Arabidopsis[END_REF]. MYB76 is also a candidate for PUFA regulation since FAD2 and FAD3 expressions were decreased as well as PUFA levels in myb76 mutant [START_REF] Duan | MYB76 Inhibits Seed Fatty Acid Accumulation in Arabidopsis[END_REF].

Interestingly, the overexpression of the transcription factor AmDREB2C from Ammopiptanthus mongolicus in Arabidopsis increased FAD3 expression and C18:3 levels during seed development.

However, the overexpression of other DREB transcription factors resulted in downregulation of FAD3 and FAD8 indicating complex regulatory pattern of the DREB family of transcription factors [START_REF] Yin | AmDREB2C, from Ammopiptanthus mongolicus, enhances abiotic stress tolerance and regulates fatty acid composition in transgenic Arabidopsis[END_REF].

Regulation of FAD3 expression in response to stresses.

Cold stress appears to have a positive effect on FAD3, since FAD3 expression can be transiently induced during cold stress in birch [START_REF] Martz | Contribution of omega-3 fatty acid desaturase and 3-ketoacyl-ACP synthase II (KASII) genes in the modulation of glycerolipid fatty acid composition during cold acclimation in birch leaves[END_REF], oilseed rape (Tasseva et al., 2004), Arabidopsis [START_REF] Kilian | The AtGenExpress global stress expression data set: protocols, evaluation and model data analysis of UV-B light, drought and cold stress responses[END_REF], tomato roots [START_REF] Yu | Overexpression of endoplasmic reticulum omega-3 fatty acid desaturase gene improves chilling tolerance in tomato[END_REF] and in wheat [START_REF] Golizadeh | Physiological Responses and Expression Changes of Fatty Acid Metabolism-Related Genes in Wheat (Triticum aestivum) Under Cold Stress[END_REF]. Those reports mostly point toward a rapid and transient upregulation of FAD3 in vegetative tissues. Conversely, heat stress downregulates FAD3 expression in FAD3 expression roots during a 3 hours exposure to 38°C and subsequent recovery [START_REF] Kilian | The AtGenExpress global stress expression data set: protocols, evaluation and model data analysis of UV-B light, drought and cold stress responses[END_REF]. LeFAD3 expression in tomato roots is also markedly reduced upon exposure to high temperature 40°C [START_REF] Yu | Overexpression of endoplasmic reticulum omega-3 fatty acid desaturase gene improves chilling tolerance in tomato[END_REF].

FAD3 can be transiently induced in cowpea by drought (Torres-Franklin et al., 2009) and transcriptomic analysis showed that hypoxia induces FAD3 as well in Arabidopsis [START_REF] Klinkenberg | Two fatty acid desaturases, STEAROYL-ACYL CARRIER PROTEIN Δ9-DESATURASE6 and FATTY ACID DESATURASE3, are involved in drought and hypoxia stress signaling in Arabidopsis crown galls[END_REF]. Other transcriptomic reports showed that FAD3 can be downregulated during drought in Arabidopsis [START_REF] Perera | Transgenic Arabidopsis Plants Expressing the Type 1 Inositol 5-Phosphatase Exhibit Increased Drought Tolerance and Altered Abscisic Acid Signaling[END_REF][START_REF] De Simone | Redox Changes During the Cell Cycle in the Embryonic Root Meristem of Arabidopsis thaliana[END_REF].

The application of DMTU, a ROS scavenger molecule, in guard cell suspension cultures caused a twofold increase in FAD3 expression, an effect that could be blocked by the addition of ABA with DMTU.

These results, if confirmed, could be a first step toward a mechanistic link between C18:3, FAD3 expression and ROS-mediated stresses discussed above [START_REF] Böhmer | Quantitative transcriptomic analysis of abscisic acid-induced and reactive oxygen species-dependent expression changes and proteomic profiling in Arabidopsis suspension cells[END_REF].

Very few reports described an effect of soil metals on FAD3 expression which is surprising considering their effect on PUFA levels (see above). FAD3 expression was nonetheless reported to be induced with FAD2 and CBR1 in seedlings after application of the iron chelatant ferrozine [START_REF] Oh | Cytochrome b5 Reductase 1 Triggers Serial Reactions that Lead to Iron Uptake in Plants[END_REF].

Similarly, to metals, FAD3 expression was modified by biotic stresses in crown gall infection where its expression correlated with tumor development [START_REF] Klinkenberg | Two fatty acid desaturases, STEAROYL-ACYL CARRIER PROTEIN Δ9-DESATURASE6 and FATTY ACID DESATURASE3, are involved in drought and hypoxia stress signaling in Arabidopsis crown galls[END_REF].

FAD3 post-transcriptional regulation.

While transcriptional regulation of FAD3 was clearly associated with tissue specific expression and with several abiotic and biotic stresses, post-transcriptional regulation of FAD3 was mostly associated with temperature control. The Brassica napus FAD3 protein could be degraded faster at 30°C than at 20°C by the ER associated degradation pathway while tung tree FAD3 desaturase was more stable [START_REF] O'quin | Temperature-sensitive Post-translational Regulation of Plant Omega-3 Fatty-acid Desaturases Is Mediated by the Endoplasmic Reticulumassociated Degradation Pathway[END_REF]. It has later been confirmed that the N-termini of both FAD3 proteins could induce proteasome mediated degradation, potentially coupling transcription with protein degradation [START_REF] Khuu | The N termini of Brassica and tung omega-3 fatty acid desaturases mediate proteasome-dependent protein degradation in plant cells[END_REF]. Surprisingly, BnFAD3 expressed in yeast showed lower enzymatic activity at cold temperatures suggesting the existence of plant specific factors stabilizing FAD3 at low temperature [START_REF] Dyer | Chilling-Sensitive, Post-Transcriptional Regulation of a Plant Fatty Acid Desaturase Expressed in Yeast[END_REF]. In wheat roots, accumulation of C18:3 in the cold was linked to higher levels of FAD3 protein compared to RNA [START_REF] Horiguchi | Characterization of Arabidopsis mutants that are associated with altered C18 unsaturated fatty acid metabolism[END_REF]. Wheat 5' untranslated region FAD3 was found to slightly increase the translation efficiency of Arabidopsis FAD3 during cold stress (Wang & Xu, 2010) but that effect was not sufficient to explain the accumulation of FAD3 protein in cold-treated wheat.

Another mechanism enhancing desaturase activity is metabolite channeling. FAD2 and FAD3 are able to interact and to form stable heterodimer that enable sequential desaturation reactions from C18:1 to C18:3 with limited release of C18:2 [START_REF] Lou | FAD2 and FAD3 desaturases form heterodimers that facilitate metabolic channeling in vivo[END_REF]. The positive effect of this regulation on C18:3 production could be further modulated by ALA10, a phospholipid flippase that also physically interacts with both microsomal desaturases enhancing the availability of the C18:1 or C18:2 substrates from the plastid lipids [START_REF] Botella | ALA10, a Phospholipid Flippase, Controls FAD2/FAD3 Desaturation of Phosphatidylcholine in the ER and Affects Chloroplast Lipid Composition in Arabidopsis thaliana[END_REF].

Finally, FAD3 activity is also involved in a post-translational regulatory loop associating membrane fluidity and stress response since fad3 mutation triggers the proteolytic cleavage of NTL6 [START_REF] Seo | Proteolytic processing of an Arabidopsis membrane-bound NAC transcription factor is triggered by cold-induced changes in membrane fluidity[END_REF], a transcription factor involved in drought response. Processed NTL6 moves in the nucleus where it regulates ABA and ER stress related genes [START_REF] Yang | A plasma membrane-tethered transcription factor, NAC062/ANAC062/NTL6, mediates the unfolded protein response in Arabidopsis[END_REF]. The NTL6 proteolytic cleavage could be directly inhibited by C18:3 application or activated by cold exposure. Cold activation was enhanced in fad3 background but not in the triple fad3 fad7 fad8 mutation suggesting that only ER synthesis of C18:3 are involved in this process [START_REF] Seo | Proteolytic processing of an Arabidopsis membrane-bound NAC transcription factor is triggered by cold-induced changes in membrane fluidity[END_REF]. Similarly, the addition of C18:3 can also induce the nuclear localization of the transcription RAP2.12 linked to hypoxia tolerance [START_REF] Zhou | Polyunsaturated linolenoyl-CoA modulates ERF-VII-mediated hypoxia signaling in Arabidopsis[END_REF].

B. Regulation of plastidial PUFA desaturases

The Arabidopsis FAD7 promoter expressed in tobacco showed that the -362/-166 region containing two putative boxes II could induce GUS expression after light exposition in leaves [START_REF] Nishiuchi | Tissue-specific and light-responsive regulation of the promoter region of the Arabidopsis thaliana chloroplast omega-3 fatty acid desaturase gene (FAD7)[END_REF]. Similar induction was also found in Arabidopsis cotyledon [START_REF] Soria-García | Tissue Distribution and Specific Contribution of Arabidopsis FAD7 and FAD8 Plastid Desaturases to the JA-and ABA-Mediated Cold Stress or Defense Responses[END_REF].

Furthermore, the FAD7 promoter is also responsive to wounding in leaves, stems and to a lesser extent in roots of tobacco transgenic plants, and that effect could be reduced by the application of JA synthesis inhibitors or salicylic acid [START_REF] Nishiuchi | Wounding changes the spatial expression pattern of the arabidopsis plastid omega-3 fatty acid desaturase gene (FAD7) through different signal transduction pathways[END_REF]. The wounding response was shown to be dependent on JA-biosynthesis genes and SCF COI1 -mediated signalling and was also enhanced by exogenous Me-JA applications. FAD7 promoter is able to integrate both JA but also JA unrelated signaling since wounding response can also be induced in aos mutants [START_REF] Matsuda | CTD phosphatases in the attenuation of wound-induced transcription of jasmonic acid biosynthetic genes in Arabidopsis[END_REF]. FAD7

promoter wounding response was confirmed in Arabidopsis transgenic plants and compared with FAD8 promoter [START_REF] Soria-García | Tissue Distribution and Specific Contribution of Arabidopsis FAD7 and FAD8 Plastid Desaturases to the JA-and ABA-Mediated Cold Stress or Defense Responses[END_REF]. FAD8 promoter induced steady state GUS reporter expression at lower levels than FAD7 in cotyledons but did not respond to wounding. FAD8 promoter activity in root tips was also undetectable. Interestingly, GFP translational fusion showed that FAD8

proteins are more accumulated than FAD7 after JA application suggesting that JA regulation of FAD8 promoter is not identical as for FAD7 promoter [START_REF] Soria-García | Tissue Distribution and Specific Contribution of Arabidopsis FAD7 and FAD8 Plastid Desaturases to the JA-and ABA-Mediated Cold Stress or Defense Responses[END_REF]. Arabidopsis FAD7 is expressed constitutively in leaves while FAD8 is essentially cold inducible. The correlations between the relative amount of FAD7 and FAD8 protein and transcript levels suggests that these genes are essentially regulated at the transcriptional level [START_REF] Soria-García | Tissue Distribution and Specific Contribution of Arabidopsis FAD7 and FAD8 Plastid Desaturases to the JA-and ABA-Mediated Cold Stress or Defense Responses[END_REF]. Table 3 summarises the different studies describing transcriptional regulation of the plastidial desaturases. Altogether these studies confirmed the involvement of transcriptional regulation of plastid desaturase expression by abiotic stresses to fine tune PUFA accumulation in vegetative tissues. However, the transcriptional factors involved in plastidial desaturases regulation are still not known, with the exception of a potential role of AmDREB2C which upregulated FAD7 expression in Arabidopsis.

However the existence of an Arabidopsis ortholog is not known [START_REF] Yin | AmDREB2C, from Ammopiptanthus mongolicus, enhances abiotic stress tolerance and regulates fatty acid composition in transgenic Arabidopsis[END_REF]. It can be noted that several chilling-sensitive chs mutants did show altered expression of omega-3 desaturases upon cold application. In particular, the cold inducible desaturase FAD8, was not induced in chs1, chs2 and chs3 mutants potentially contributing to the lethality phenotype [START_REF] Provart | Gene Expression Phenotypes of Arabidopsis Associated with Sensitivity to Low Temperatures[END_REF].

Post-translational regulation was also observed in plastidial PUFA desaturases. Similar to FAD2/FAD3, FAD6 was found to interact in vivo with FAD7 or FAD8 resulting in trienoic fatty acids channeling [START_REF] Lou | FAD2 and FAD3 desaturases form heterodimers that facilitate metabolic channeling in vivo[END_REF][START_REF] Soria-García | Tissue Distribution and Specific Contribution of Arabidopsis FAD7 and FAD8 Plastid Desaturases to the JA-and ABA-Mediated Cold Stress or Defense Responses[END_REF]. In addition, temperature dependent control of plastidial desaturase activity occurs also at the post-transcriptional level since the C-terminal of Arabidopsis FAD8 was shown to reduce protein stability at 27°C which in combination with reduced FAD8 transcriptional activity led to the decrease of trienoic FAs at high temperatures [START_REF] Matsuda | A temperature-sensitive mechanism that regulates post-translational stability of a plastidial omega-3 fatty acid desaturase (FAD8) in Arabidopsis leaf tissues[END_REF].

V. ISSUES AND STRATEGIES FOR BREEDING HIGH OMEGA-3 CROPS A. High omega 3 oilseed crops

High omega-3 oilseed crops are bred mainly for the high nutritional value of linolenate for food and feed uses but also for its physical properties (fluidity and oxidation) that is of interest for the lubricant, solvent and deperlant industry [START_REF] Iii | Flax, Perilla, and Camelina Seed Oils: α-Linolenic Acid-rich Oils[END_REF].

The most popular omega 3 crop is linseed or Flax (Linum usitatissimum) for its high linolenate content and generally high yields. For instance, M5791 is a recent flax cultivar containing the highest fraction of linolenate in seeds, reaching almost 70 mol% in field conditions. Higher expression of FAD2A, FAD3A

and FAD3B microsomal desaturases in this cultivar was proposed to explain the high omega-3 content in seed oil (Thambugala and Cloutier, 2014). Further breeding enabled Agriculture and Agri Food Canada (AAFC) to generate plants with ALA seed oil contents greater than 70 mol% of total FAs [START_REF] Kenaschuk | High linolenic acid flax[END_REF]. Conversely, the very low linolenic acid flax cultivar (1.3 mol%) Solin, showed stop mutations in both FAD3A and FAD3B homeologs confirming that the microsomal FAD3 are the main source of seed linolenate in this crop (Vrinten et al., 2005).

Chia (Salvia hispanica) is an oilseed crop from South America that belongs to the Lamiacea family. This crop is characterized by a high linolenate content in seed oil (up to 69%) most probably because its two FAD3 homeologs are particularly highly expressed during early seed development [START_REF] Xue | Omega-3 fatty acid desaturase gene family from two ω-3 sources, Salvia hispanica and Perilla frutescens: Cloning, characterization and expression[END_REF]. Chia shows seed yields that can reach up to 2500 kg/ha in Chile [START_REF] Baginsky | Growth and yield of chia (Salvia hispanica L.) in the Mediterranean and desert climates of Chile[END_REF] but with a high variability. Chia was introduced in Europe with seed yield peaking around 1200kg/Ha [START_REF] Grimes | Growth, Yield Performance and Quality Parameters of Three Early Flowering Chia (Salvia hispanica L.) Genotypes Cultivated in Southwestern Germany[END_REF]. Another interesting feature of Chia is that its major triglyceride is trilinolenin where all three FA positions are filled by C18:3 [START_REF] Ixtaina | Characterization of chia seed oils obtained by pressing and solvent extraction[END_REF]. Chia is therefore able to transfer efficiently C18:3 acyl moieties to sn1 or 2 positions of TAG with specific acyltransferases that remain to be characterized.

Perilla (Perilla frutescens) is another omega-3 rich oilseed crop also belonging to the lamiaceae family and originating from South East Asia. Perilla seed has a high oil content (more than 40%) in which ALA can represent more than 60% of total fatty acids [START_REF] Lee | Functional identification of oleate 12-desaturase and ω-3 fatty acid desaturase genes from Perilla frutescens var. frutescens[END_REF]. Recent varieties can reach grain yield over 2200 kg/ha in China [START_REF] Qi | Responses of seed yield of Perilla frutescens to fertilization rates of nitrogen, phosphorus and potassium[END_REF]. Perilla FAD3 expression was found to be 192-fold higher in developing seeds than in other tissues, and correlated with the highest 18:3 contents of perilla seed fatty acids confirming the importance of the expression of this desaturase during seed development [START_REF] Lee | Functional identification of oleate 12-desaturase and ω-3 fatty acid desaturase genes from Perilla frutescens var. frutescens[END_REF].

Finally, camelina (Camelina sativa) albeit with lower linolenate seed content (30%) turnt out to be a valuable omega-3 crop. As a Brassicacea, this ancient european crop is close to the model organism Arabidopsis thaliana and the widely cultivated Brassica napus, which has a long history of breeding.

Camelina sativa is also very easy to transform by flower dip and its genome is sequenced in many accessions and cultivars [START_REF] Kagale | The emerging biofuel crop Camelina sativa retains a highly undifferentiated hexaploid genome structure[END_REF][START_REF] Luo | Genetic Diversity and Population Structure of a Camelina sativa Spring Panel[END_REF][START_REF] Li | Genetic dissection of natural variation in oilseed traits of camelina by whole-genome resequencing and QTL mapping[END_REF]. Camelina is a polyploid species with three closely related sub-genomes coding three FAD3 homeologs [START_REF] Kang | Identification of three genes encoding microsomal oleate desaturases (FAD2) from the oilseed crop Camelina sativa[END_REF].

B. Crop improvement through gene engineering of omega-3 desaturases.

Seed oil tailoring

Oilseed crop breeding focused primarily in modifying seed oil profile and yield. The discovery of desaturase genes immediately provided tools to change monounsaturated vs polyunsaturated profiles in seed oils. Mutations in FAD2 genes resulted in plants producing seed oil essentially devoided of polyunsaturated fatty acids as described above The FAD2 gene was found in many plant species but its loss of function seemed to have varied effects. While Arabidopsis fad2 mutants showed mainly reduced tolerance to several stresses [START_REF] Zhang | Arabidopsis Fatty Acid Desaturase FAD2 Is Required for Salt Tolerance during Seed Germination and Early Seedling Growth[END_REF], camelina fad2 mutants showed stunted growth and altered development [START_REF] Lee | Increasing Monounsaturated Fatty Acid Contents in Hexaploid Camelina sativa Seed Oil by FAD2 Gene Knockout Using CRISPR-Cas9[END_REF][START_REF] Morineau | Selective gene dosage by CRISPR-Cas9 genome editing in hexaploid Camelina sativa[END_REF]. The different engineering strategies involving FAD2 has been covered recently in detail [START_REF] Dar | The FAD2 Gene in Plants: Occurrence, Regulation, and Role[END_REF].

FAD3 engineering was more specifically used to modify omega-3 content in seed oil. For instance, overexpression of FAD3 using a constitutive promoter enables the accumulation of omega-3 fatty acids in rice seeds that normally accumulate almost no ALA but mainly C18:1 and C18:2. ALA reached about 30% of total fatty acids [START_REF] Anai | Improvement of rice (Oryza sativa L.) seed oil quality through introduction of a soybean microsomal omega-3 fatty acid desaturase gene[END_REF]. The overexpression of FAD3 with seed specific promoter caused a dramatic increase in C18:3 content in whole seeds of plants accumulating C18:1 and C18:2 causing severe depletion of these fatty acids, suggesting a significant pull effect. Furthermore, the association of microalgae elongases with desaturases, including FAD2 and FAD3 in order to cause a metabolic push effect in Camelina sativa and Brassica napus allowed the production of very long chain polyunsaturated fatty acids: EPA and DHA (Usher et al., 2017;[START_REF] Petrie | Development of a Brassica napus (Canola) Crop Containing Fish Oil-Like Levels of DHA in the Seed Oil[END_REF]. Similarly, soybean could be engineered to produce stearidonic acid that can efficiently increase EPA accumulation in blood cells [START_REF] Harris | Stearidonic acid-enriched soybean oil increased the omega-3 index, an emerging cardiovascular risk marker[END_REF]. These fatty acids have significant health benefits and can be immediately metabolized by mammals [START_REF] Schuchardt | Bioavailability of long-chain omega-3 fatty acids[END_REF]. Specific desaturases were also used to improve ALA content in crops. The identification of a bifunctional desaturase from the three fungi Fusarium moniliforme, Fusarium graminearum, and Magnaporthe grisea that can act on both C18:1 to produce C18:2 and on C18:2 to produce C18:3 led to the possibility of generating soybean producing high linolenic plants that could produce 71 mol% of total fatty acid of ALA in dry seeds, while decreasing oleic acid [START_REF] Damude | Identification of bifunctional Δ12/ω3 fatty acid desaturases for improving the ratio of ω3 to ω6 fatty acids in microbes and plants[END_REF]. Two clusters of amino acids were shown to be responsible for the combined delta 12 and 15 activities, but the latter activity was clearly dependent on the former in F. moniliforme [START_REF] Cai | Two clusters of residues contribute to the activity and substrate specificity of Fm1, a bifunctional oleate and linoleate desaturase of fungal origin[END_REF]. Furthermore, a recent field trial of T1 soybean plants overexpressing an isoform of FAD3 under the control of a seed specific promoter improved ALA content in seed along with plant growth and pod number as well as grain yield [START_REF] Yeom | Increased Production of α-Linolenic Acid in Soybean Seeds by Overexpression of Lesquerella FAD3-1[END_REF]. Even if more field trials in different environmental conditions are still needed, these results suggest that seed specific modification of PUFA desaturase activity seem to affect plant fitness.

Stress tolerance

It is now admitted that the overexpression of omega-3 desaturases genes improves cold resistance and tolerance, while loss-of-function mutations increases heat tolerance. For example, the overexpression of LeFAD3 improved chilling tolerance in tomato [START_REF] Yu | Overexpression of endoplasmic reticulum omega-3 fatty acid desaturase gene improves chilling tolerance in tomato[END_REF] but also improve salt stress tolerance in seedlings [START_REF] Wang | A tomato endoplasmic reticulum (ER)-type omega-3 fatty acid desaturase (LeFAD3) functions in early seedling tolerance to salinity stress[END_REF]. LeFAD7 overexpression led to an increased photosynthetic activity in tomatoes exposed to 4°C for 6 hours providing a possible explanation for cold tolerance [START_REF] Liu | Enhancement of low-temperature tolerance in transgenic tomato plants overexpressing Lefad7 through regulation of trienoic fatty acids[END_REF]. The combined expression of FAD3 and FAD7 further enhanced plant cold tolerance and doubles the content in omega-3 FAs in ripe tomatoes compared to their single overexpression and as a consequence led to an important accumulation of cis-3-hexenal at the expense of hexanal, produced by the lipoxygenase activity and endoperoxydation of C18:3 [START_REF] Domínguez | Increasing ω-3 Desaturase Expression in Tomato Results in Altered Aroma Profile and Enhanced Resistance to Cold Stress[END_REF]. Conversely, the depletion of FAD3 expression enhanced heat tolerance [START_REF] Wang | Antisense-mediated depletion of tomato endoplasmic reticulum omega-3 fatty acid desaturase enhances thermal tolerance[END_REF] while FAD7 loss of function in tomato improved photosynthetic activity [START_REF] Wickramanayake | Loss of Function of Fatty Acid Desaturase 7 in Tomato Enhances Photosynthetic Carbon Fixation Efficiency[END_REF].

In tobacco, FAD3 and FAD8 overexpression improved drought tolerance and recovery [START_REF] Zhang | Modulated fatty acid desaturation via overexpression of two distinct omega-3 desaturases differentially alters tolerance to various abiotic stresses in transgenic tobacco cells and plants[END_REF] while antisense expression had the opposite effect [START_REF] Im | Antisense expression of an Arabidopsis omega-3 fatty acid desaturase gene reduces salt/drought tolerance in transgenic tobacco plants[END_REF]. A more recent work showed that the overexpression of the cryophyte Chorispora bungeana CbFAD3 in tobacco improved resistance to drought, salt and cold stresses [START_REF] Shi | Integrated regulation triggered by a cryophyte ω-3 desaturase gene confers multiple-stress tolerance in tobacco[END_REF]. The expression of CbFAD3 reduced electrolyte leakage and MDA formation while increasing photosynthetic yield in these different stress conditions [START_REF] Shi | Integrated regulation triggered by a cryophyte ω-3 desaturase gene confers multiple-stress tolerance in tobacco[END_REF]. More recently, it has been shown in cotton that the overexpression of a Brassica napus FAD3 also accelerated seed germination in sub-optimal condition while slightly improving photosynthesis and fiber resistance. [START_REF] Gao | Engineering Trienoic Fatty Acids into Cottonseed Oil Improves Low-Temperature Seed Germination, Plant Photosynthesis and Cotton Fiber Quality[END_REF] In conclusion, omega 3 desaturases appear to represent an interesting leverage to modify agronomic traits including seed oil quality as well as resistance to various stresses. However, the pleiotropic nature of PUFA editing in general and omega 3 in particular limits their biotechnological applications. Editing tissue-specific isoforms or the use of tissue-specific promoters could circumvent these limitations by restricting PUFA modification to seed development for instance.

Chapter III -Mutagenesis and DNA repair.

The advancements in molecular breeding and plant biology have helped breeders in creating novel varieties by providing the genetic and physiological basis of traits. Historically, plant breeding consisted in crossing plants with different traits of interest to select for a progeny with the desirable combination of traits. Natural diversity arises from the modification of genomes through inter-crossing and spontaneous mutations occurring due to the physical action of oxidative reagents, spontaneous hydrolysis or DNA replication errors [START_REF] Friedberg | DNA Repair and Mutagenesis[END_REF]. These genomic variants are one of the main drivers of the evolution process. Induced mutagenesis provides a rather rapid and direct way to Genome scale mutagenesis and DNA repair mechanisms.

The mutagenesis process takes place thanks to DNA repair mechanisms that are conserved across all biological reigns but could be error prone. In the case of Double Strand Breaks (DSB), the major DNA repair mechanism is called Homologous Recombination (HR), where DNA repair mechanisms uses a single strand (ssDNA) template as matrix to synthetise a novel strand in order to join together the broken ends of the genomic DNA [START_REF] Einset | DNA repair after X-irradiation: lessons from plants[END_REF]. These mechanisms are also thought to be involved in chromosome shuffling and crossing-overs during evolution [START_REF] Ray | Homologous recombination: ends as the means[END_REF]. The error-free HR can use as a template, repeated genome regions or even a DNA with sequence homology but structurally divergent leading to large DNA deletions, inversions up to large chromosome-scale rearrangements [START_REF] Guirouilh-Barbat | Effect of plant oils and camelina expeller on milk fatty acid composition in lactating cows fed diets based on red clover silage[END_REF]. HR is competing with a major DNA repair mechanism which is called non-homologous end joining (NHEJ) which is catalytically faster than HR [START_REF] Mao | Comparison of nonhomologous end joining and homologous recombination in human cells[END_REF]. NHEJ is a different mechanism involving the direct ligation of the broken DNA ends linking of mis-paired DNA ends but could induce small sequence shifts during end paring. These sequence shifts cause small insertions or deletions mostly 1-10bp in size [START_REF] Lloyd | Targeted mutagenesis using zinc-finger nucleases in Arabidopsis[END_REF]. T-DNA mediated mutagenesis does also involve DSB during T-DNA insertion process. T-DNA insertion involves the combination of Agrobacterium virulence factor and endogenous DNA repair mechanisms. T-DNA insertion involves preferentially NHEJ but can also trigger HR, although HR is not necessary for T-DNA insertion [START_REF] Gallego | Ku80 plays a role in non-homologous recombination but is not required for T-DNA integration in Arabidopsis[END_REF][START_REF] Gelvin | Integration of Agrobacterium T-DNA into the Plant Genome[END_REF]. T-DNA is integrated in genomes usually as a single insertion and more rarely as repeats in the target regions could cause chromosome scale rearrangements even in regions not containing T-DNA fragments most likely as the result of HR [START_REF] Pucker | Large scale genomic rearrangements in selected Arabidopsis thaliana T-DNA lines are caused by T-DNA insertion mutagenesis[END_REF].

Targeted mutagenesis

In the recent years, new tools enabled the possibility of inducing targeted mutations. These tools considerably enhanced mutagenesis at specific loci compared to random mutagenesis but also almost avoided unwanted mutations elsewhere in the genome reducing considerably the need of backcrossing and accelerating breeding schemes. Several technologies enabled targeted mutagenesis, all of them are based on the use of specific endonucleases associated to precise DNA sequence in the genome.

Simple or double strand breaks can be induced by restriction enzymes that were discovered as a defence mechanism of Escherichia coli against bacteriophages [START_REF] Meselson | DNA Restriction Enzyme from E. coli[END_REF]). These enzymes were found to be widespread in bacteria and became common molecular biology tools. As early as 1994, the idea of using an endonuclease with rare cutting site like I-SceI sparkled and enabled the cleavage of DNA strands in-vivo in mouse cells and stimulated homologous and non-homologous DNA repairs [START_REF] Rouet | Introduction of double-strand breaks into the genome of mouse cells by expression of a rare-cutting endonuclease[END_REF]. In this case, gene targeting was achieved using an inserted transgenic "neo" DNA fragment in transfected mouse cells containing the gene target of interest. This example was one of the first in-vivo experiment resulting in targeted mutagenesis within a eukaryotic genome by the induction of DNA cleavage using transgene-driven nuclease expression [START_REF] Rouet | Introduction of double-strand breaks into the genome of mouse cells by expression of a rare-cutting endonuclease[END_REF].

In the meantime, FokI was identified as of potential use since it is a restriction enzyme possessing a non-sequence specific DNA cleavage domain in addition to an independent binding site. Using this uncoupling, a first functional chimeric restriction enzyme was successfully designed [START_REF] Kim | Chimeric restriction endonuclease[END_REF]. Concomitantly, it was found that Zinc finger proteins domains could be used to engineer artificial DNA binding proteins by fusing short domains able to bind 3 nucleotides [START_REF] Kim | Getting a handhold on DNA: Design of poly-zinc finger proteins with femtomolar dissociation constants[END_REF]. The Fok1 restriction enzyme could be redesigned and the nuclease domain fused with Zinc-Finger DNA binding domains from transcription factor that could bind to specific stretch of 3bases nucleotide sequences. Zinc Finger Nucleases (ZFNs) were engineered with different Zinc-Finger DNA binding domains targeting specific genomic sequences coupled to FokI endonuclease domain to induce DSBs and trigger HR or NHEJ [START_REF] Chandrasegaran | Origins of Programmable Nucleases for Genome Engineering[END_REF]. Transcription activator-like effector nucleases (TALENs) were another type of customizable DNA binding motifs engineered from the plant pathogens Xanthomonas TALE genes that were also associated with FokI domain for locusspecific modifications [START_REF] Chandrasegaran | Origins of Programmable Nucleases for Genome Engineering[END_REF]. ZFN and TALEN were successfully used for the genome editing in more than 40 different organisms to generate novel alleles [START_REF] Chandrasegaran | Origins of Programmable Nucleases for Genome Engineering[END_REF]. Nonetheless, designing and engineering ZFN and TALEN DNA binding domains for targeting specific loci was still difficult involving time and resource consuming steps and with very variable success rate in term of mutagenesis efficiency.

CRISPR/Cas9 and derivatives

A new type of endonucleases (type V) was recently re-discovered as a part of an adaptive defence mechanism in bacteria against invading viral DNA ( [START_REF] Chandrasegaran | Origins of Programmable Nucleases for Genome Engineering[END_REF]. The discovery started with the identification in bacteria genomes of clustered regularly interspaced short palindromic repeats (CRISPR) loci as early as 1987 [START_REF] Ishino | Nucleotide sequence of the iap gene, responsible for alkaline phosphatase isozyme conversion in Escherichia coli, and identification of the gene product[END_REF]. These loci are associated with CRISPR associated genes (Cas). These CRISPR loci contained viral DNA that are transcribed and processed by the Cas machinery. in type II CRISPR systems, two different type of RNA are transcribed: the CRISPR RNA (crRNAs) that contained 20 complementary base pairs of viral DNA and a sequence complementary to a second RNA, the trans-activating crRNA (tracrRNA). The crRNA:tracrRNA duplex associates with the endonuclease Cas9 guiding the ribonucleoprotein (RNP) to the target DNA defined as a 20bp sequence complementary to crRNA. Cas9 could be defined as an RNA guided DNA endonuclease. In addition, Cas9 requires a 3bp motif called protospacer-adjacent motifs (PAM) for its binding to DNA double strands [START_REF] Nishimasu | Crystal Structure of Cas9 in Complex with Guide RNA and Target DNA[END_REF]. This motif is present in the bacteriophage genome but not in the CRISPR loci preventing the RNP to cleave bacterial endogenous CRISPR sites.

The CRISPR/Cas9 was swiftly engineered as a customized endonuclease by generating synthetic fusions of the crRNA:trackrRNA complex in a single guide RNA (sgRNA), enabling both the association with Cas9 and its ability to cause DSBs at any genome loci [START_REF] Nishimasu | Crystal Structure of Cas9 in Complex with Guide RNA and Target DNA[END_REF]. In this specific case, gene targeting is achieved by designing a custom guide RNA sequence where the 20 specific bases of the crRNA part are user designed complementary to the target loci that should be mutated. The resulting complex (figure 5) can be incorporated in target cells either as ribonucleoprotein by injection or electroporation for example, but is more commonly expressed in plants by genetic transformation transient or stable expression of synthetic Cas9 expression cassettes. In plants, the predominant system used to introduce Cas9 and SgRNAs is the transformation of target organisms using a transgene comprising Cas9 and SgRNA expression cassettes. The Cas9 is usually expressed under the control of a strong constitutive promoter such as the Turnip Mosaic Virus 35S promoter or endogenous Ubiquitin 10 promoters, and single guide RNAs are expressed using repurposed PolIII transfer-RNA promoters such as Arabidopsis pU6-26 or U3 promoter for monocots like rice or maize. Like for transgenesis, other delivery methods can be used to deliver the Cas9 and sgRNA such as biolistic bombardment or PEG mediated incorporation, whether as an expression cassette or directly as ribonucleoprotein complexes [START_REF] Ma | CRISPR/Cas9 Platforms for Genome Editing in Plants: Developments and Applications[END_REF]. This strategy provided a flexible tool biologists to induce NHEJ or HR in unlimited target sequences and therefore cause mutations to generate traits of interest [START_REF] Doudna | The new frontier of genome engineering with CRISPR-Cas9[END_REF]. Additionally, the use of the most common NHEJ mechanism is useful to generate limited scale mutations, but the induction of HDR by a CRISPR/Cas9 endonuclase can also be repurposed to generate targeted insertion in select loci by including a template DNA with holous flanking regions of the sgRNA target site (Fig. 6) [START_REF] Svitashev | Targeted Mutagenesis, Precise Gene Editing, and Site-Specific Gene Insertion in Maize Using Cas9 and Guide RNA[END_REF]. The CRISPR/Cas9 system was rapidly and massively adopted by the scientific community for gene editing since the 20 base pair target can be designed as cheap oligonucleotides to assemble in a synthetic construct (Vazquez-Vilar et al., 2016) and cause efficiently mutation in a single generation. 

Novel CRISPR/Cas9 mutagenesis strategies

Derivatives of the Cas9 has been successfully used to develop new editing tools. Cas9 was mutated on one of the two nuclease domains to generate a nick-Cas9, resulting in single-strand breaks that would preferentially induce HR [START_REF] Miyaoka | Systematic quantification of HDR and NHEJ reveals effects of locus, nuclease, and cell type on genome-editing[END_REF]. Such strategy will promote the introduction of specific allele by HR by using a specific matrix DNA carrying the targeted mutation. Cas9 derivatives without nuclease activity (dead Cas9 -dCas9) was used for a transcriptional alteration using activator or repressor domains but also epigenetic remodelling using dCas9 fused to methyltransferases and also base editing with the example of Cas9 fused to cytidine deaminase domains that can cause preferential substitutions and potentially escape HR or NHEJ [START_REF] Brezgin | Dead Cas Systems: Types, Principles, and Applications[END_REF]. A recent strategy consisted in obtaining more quantitative alleles by editing the promoters of target genes. The proof of concept was demonstrated with CLAVATA3 (CLV3) promoter in tomato.

CLV3 is a transcription factor involved in transcriptional network regulating meristem size but also organogenesis. The mutagenesis experiment consisted in targeting a promoter with eight evenly spaced guide RNAs (~250bp) using a standard Cas9 causing double strand breaks in order to generate novel haplotypic promoters with point mutations, deletions or inversions in between the guide target loci. This multiplexing was achieved using GoldenGate cloning that enabled the stacking of all guide RNA expression cassettes. In order to screen for mutants, the mutagenic cassette was introduced in hemi-allelic plants for the target gene, meaning that a single copy is functional and making phenotyping easier as modifications can be attributed to a single allele and avoid complementation from unedited targets or silent mutations. The multiple guide RNAs targeting the CLV3 promoter expressed in tomato caused rearrangements including large deletions, inversion or point mutation at or between guide RNA sites. These mutations allowed the generation of a continuum of alleles providing improved fruit size and locule number and were associated with an altered CLV3 expression.

A major finding of this study is that most of the retrieved alleles were not immediately understandable from a mechanistic standpoint but were compatible with crop improvement with an efficient mutagenesis and screening method. [START_REF] Rodríguez-Leal | Engineering Quantitative Trait Variation for Crop Improvement by Genome Editing[END_REF]. A similar experiment was also carried out on Maize consisting in promoter mutagenesis. Targets of this experiment were CLE peptides, also involved in the CLAVATA-WUSCHEL pathway: ZmCLE7 and ZmFCP1. Nine guides RNAs were used to mutate roughly 2 or 1 kilobases with evenly spaced guides on the same loci of ZmCLE7 and ZmFCP1

promoters respectively. This time, the strategy was different as PCR or sequencing was used first to identify alleles with large genetic rearrangement such as deletions or inversions prior to phenotypic assessment. The mutated alleles were then crossed with null-alleles plants to generate heterozygotes, and promoters harbouring large rearrangement showed phenotypes with enhanced grain properties [START_REF] Liu | Enhancing grain-yield-related traits by CRISPR-Cas9 promoter editing of maize CLE genes[END_REF] Strategies for gene editing with commercial applications.

Mutagenesis strategies to generate gene knock-out or knock downs are the most commons in plant science. It is also the case for editing in plants since most of the publications described SDN1 mutations involving coding sequences and loss of functions due to the introduction of frameshift or stop codons in protein sequences. A well-characterized example is high oleic soybean, one of the two edited lines available commercially and produced in the US by Calyxt company. This cultivar was obtained by TALEN technology and resulted in the loss of function of seed expressed FAD2 homolog, impairing polyunsaturated fatty acid accumulation in seeds [START_REF] Menz | Genome Edited Crops Touch the Market: A View on the Global Development and Regulatory Environment[END_REF]. However, editing is not always associated with loss of function mutations. Indeed, the second commercialized edited cultivar is the CRISPR/Cas9 engineered tomato with high levels of Gamma amino butyric acid or GABA, potentially beneficial to health (Waltz, 2021). GABA accumulation was obtained with CRISPR/Cas9 by creating a gain of function allele. This allele was caused by a frameshift mutation in the GABA synthetase coding sequence disabling the enzyme auto-inhibitory domain [START_REF] Nonaka | Efficient increase of ɣaminobutyric acid (GABA) content in tomato fruits by targeted mutagenesis[END_REF].

Case study of Camelina sativa genetic improvement targeting lipid metabolism: comparison of EMS, RNAi and CRISPR-Cas9 generated lines.

Camelina sativa is a field usable crop that was demonstrated to be a potent chassis for gene editing due to its proximity with Arabidopsis thaliana. Many recent studies include molecular breeding of Camelina using genetic engineering studies including the generation of mutations using EMS and further breeding, transgenesis, RNA interference and CRISPR-Cas9 targeted mutagenesis.

Camelina breeding efforts enabled the identification of mutagenized lines as early as 1997 with the generation of a population of 5000 plants generated using gamma radiation that enabled the identification of lines with improved linolenic content of about 4% (Vollmann et al., 1997) copies. Using transcriptome-identified RNA sequences, antisense FAD2 RNA interference transgenic lines were generated and successfully reported the silencing of FAD2 and obtained transformants with an increase from 18% oleic acid to up to 51% of positive transformants from 6 transgenic lines [START_REF] Kang | Identification of three genes encoding microsomal oleate desaturases (FAD2) from the oilseed crop Camelina sativa[END_REF]. These results confirm that the generation of RNAi lines to improve oilseed content is a more efficient way than mutagenesis and reverse genetic screens, probably effectively silencing all three copies of FAD2 in Camelina compared to the EMS fad2-2 line. The recent approaches using CRISPR-Cas9 mutagenesis generated triple Camelina fad2 mutants to improve oleic acid content from 16% in wild type to more than 50% of oleic acid, providing results similar to the aforementioned RNAi lines [START_REF] Jiang | Significant enhancement of fatty acid composition in seeds of the allohexaploid, Camelina sativa, using CRISPR/Cas9 gene editing[END_REF]. Similarly, a CRISPR-Cas9 mutagenesis experiment using a single guide RNA simultaneously targeting the three copies of FAD2 enabled the generation of triple mutant lines accumulating up to 62 mol% of oleic acid in seed lipids [START_REF] Morineau | Selective gene dosage by CRISPR-Cas9 genome editing in hexaploid Camelina sativa[END_REF]. The latter experiment also enabled the discovery of triple fad2 mutants that showed stunted growth that were not reported by Jiang et al. A similar bushy phenotype could be nonetheless observed in extreme fad2 Arabidopsis plants that accumulated 66% of oleic acid in seeds in prior studies [START_REF] James | Novel seed lipid phenotypes in combinations of mutants altered in fatty acid biosynthesis inArabidopsis[END_REF]. The fact that this phenotype was not observed in the fad2-1 mutant in Arabidopsis suggests that some fad2 alleles can have no noticeable impact on plant growth despite a drastic reduction of oleic acid content in leaf and seed lipids [START_REF] Miquel | Arabidopsis requires polyunsaturated lipids for low-temperature survival[END_REF]. Taken together, these results demonstrate that different FAD2 mutant alleles with improved oil content can be generated: one improving oleic acid content in seed with no prejudicial effect on plant growth and one combination of alleles severely impairing plant growth. The RNAi strategies suppressing both FAD2 and FAE1 showed oleic acid accumulation to 70% of fatty acids in seed oil with no noticeable growth phenotypes [START_REF] Nguyen | Camelina seed transcriptome: a tool for meal and oil improvement and translational research[END_REF]. In addition, a mutagenesis strategy in Camelina leveraging the knowledge of the fatty acid synthesis pathway and marker assisted genotyping enabled the generation of a quadruple fae1c/fad2a/fae1a/fad3a mutant with a mid-oleic phenotype from a population of 1000 M3 mutants [START_REF] Neumann | Generation of camelina midoleic acid seed oil by identification and stacking of fatty acid biosynthetic mutants[END_REF]. These results provide a moderate oleic acid phenotype with no impact on plant growth reported, but remain below the accumulation levels of triple FAD2 Camelina mutants and RNAi Lines.

Taken together, these gene editing strategies appear to show that CRISPR-Cas9 strategies efficiently enabled the generation and identification of mutant crops with tailored seed oil content. The strategy described by Neumann et al. could also be replaced by a multiplexed mutagenesis experiment targeting the same gene set. Additionally, the generation of triple fae1 mutant in camelina using a CRISPR strategy has been reported, confirming the effectiveness of this strategy to improve seed oil content [START_REF] Ozseyhan | Mutagenesis of the FAE1 genes significantly changes fatty acid composition in seeds of Camelina sativa[END_REF]. RNAi metabolic engineering remains nonetheless highly competitive in regard to results obtained with CRISPR Camelina. These modern metabolic engineering approaches raised several regulatory caveats. In Europe and the USA, lines obtained through conventional mutagenesis are generally exempt from regulation and favour their use. RNAi lines comprise a transgene and classify them as transgenic plants and cannot be cultivated for consumption in most European countries and makes homologation more complex than EMS or ionizing-ray mutants in the USA. CRISPR/Cas9 mutants generated by in-situ mutagenesis without transgene are commercially deregulated in the USA making them viable strategies to produce novel plants, while in Europe the latter plants are currently considered GMO. This political choice results in the impairment of cultivation but the regulation of these plants is currently under debate [START_REF] Kawall | Genome-edited Camelina sativa with a unique fatty acid content and its potential impact on ecosystems[END_REF].

Thesis objectives

In previous experiments mentioned in chapter III, Rodriguez Leal et al. reported the successful improvement of traits regarding yield and fruit size of tomato with success. This work was of particular interest since gain of function alleles with higher expression of CLV3 expression were obtained [START_REF] Rodríguez-Leal | Engineering Quantitative Trait Variation for Crop Improvement by Genome Editing[END_REF]. The strategy involved mutagenizing plants using a CRISPR-Cas9 construct with 8 guide RNAs simultaneously targeting promoters of genes associated with fruit size traits appears promising for crop improvement. The mechanistic basis of the promoter mutations and resulting traits was unclear, yet provided beneficial alleles. Our interpretation was that random promoter structure alteration generated novel cis-regulatory alleles of interest rather than mechanistically defined functional mutations.

In the context of Camelina, few examples of drastic linolenate content improvement in seed were described aside of overexpression experiments mentioned in chapter III-V, and mutagenesis experiment provided mitigated results. On the other hand, the novel CRISPR/Cas9 mutagenesis represent rapid and efficient tools to manipulate simultaneously the copies of genes regulating seed oil content in Camelina as described in chapter II-V-B, possibly in a multi-homeolog targeting strategy.

We therefore rose the question of whether it is possible to generate mutants with improved or altered content of linolenate in Camelina sativa seed by carrying out a similar promoter mutagenesis experiment as for the ones reported by Rodriguez-Léal et al.

In order to generate plants with novel traits, we decided to apply this strategy to mutate the promoter of FAD3 in Camelina, hypothesizing gain-of-function variants could be obtained. Our main hypothesis relies on the fact that FAD3 promoter is regulated by transcription factors involved in seed development as extensively described in chapter IV-A and thus that novel FAD3 random promoter alleles, possibly linked with regulatory loops, could alter linolenate content in seed lipids. Nonetheless, the most efficient methodological approach for mutant identification (genotyping or phenotyping) has not been discussed for different applications. On one hand, Rodriguez-Léal et al 2017 described a mass phenotyping approach using a sensitized screen to identify tomato mutants of interest visually [START_REF] Rodríguez-Leal | Engineering Quantitative Trait Variation for Crop Improvement by Genome Editing[END_REF], and in a similar experiment successful in maize improving corn size and shape, an initial step of genotyping by sequencing was used to identify heavily mutated CLE alleles promoter prior to their phenotypic characterization [START_REF] Liu | Enhancing grain-yield-related traits by CRISPR-Cas9 promoter editing of maize CLE genes[END_REF].

The first question raised was that given the complexity of such strategy, is it possible to adapt it for oilseed crops improvement in a metabolic context. In order to evaluate this breeding strategy for oilseed ALA accumulation, we decided to carry out this mutagenesis experiment on the diploid model organism Arabidopsis by targeting the gene FAD3, as it possesses this gene in a single copy, simplifying the process compared to the hexaploid Camelina. Therefore, we decided to introduce a multiplex CRISPR mutagenesis construct in Arabidopsis thaliana Col-0 background and evaluate the mutagenesis efficiency of the construct on FAD3 promoters using high throughput sequencing or other means described thereafter. We supposed that we could assess in Arabidopsis if mutagenesis efficiency is sufficient to work on Camelina from a genetic standpoint and optimize technical and biotechnological breeding strategy. These mutagenesis efficiency studies would provide a critical insight for future promoter mutagenesis studies.

The initial FAD3 promoter variants and potentially resulting oilseed phenotypes obtained on Arabidopsis would provide valuable information to work on Camelina FAD3 promoter editing.

Camelina harbours 3 copies of FAD3, resulting in complex segregation in a mutagenic context in particular when expecting haplotypic mutations due to the necessity of dense genotyping over target regions.

Finally, with these caveats addressed, the main aim of this thesis is to breed for Camelina lines with modified and possibly improved linolenate content with favourable combinations of FAD3 novel promoter alleles.

The thesis was structured around two axes:

1 A second strategy described in chapter V was used to analyse Camelina promoter mutagenesis. This strategy was adapted to the challenge of using multiplex CRISPR/Cas9 editing strategy with 13 sgRNA targeting 22 genomic loci across 3 homeologs. Due to the expected increasing genetic complexity of the Camelina mutagenized population, an alternative strategy was adopted. Since phenotyping alone proved to be not sufficient to discriminate novel alleles associated with FAD3 promoter, it was decided to better characterize the genotypes of the mutagenized population in order to maximize genetic diversity before phenotyping. Genotyping was carried out by targeted sequencing strategy with PacBio SMRT technology on a multiplexed amplicon pool. This sequencing strategy overcame almost all the limitation of the previous genotyping strategies but represented a major technical challenge since it was never implemented for such goal. The pipelines and tools for PacBio targeted sequencing were novel and were not fully functional at the time of our experiment. Camelina mutagenesis was efficient and mutants with large deletions could even be identified. The population remain to be thoroughly phenotyped but so far while the mutagenesis efficiency and genotyping strategies were successful, the strategy to generate clear gain of function alleles remained elusive. Two Camelina lines were identified with significant but modest C18:3 accumulation improvement and the correlation with specific haplotype needs to be confirmed.

A transient promoter analysis assay was set up to analyse promoter variants using a dual luciferase reporter system. Nonetheless, since no adapted transient system could reliably induce FAD3 expression, these results were not presented in the manuscript.

People involvement during the thesis project

For the Arabidopsis project, I handled the plant and material preparation. Plants culture were nonetheless managed and supervised in glasshouses by the team of Observatoire du Végétal (OV) at INRAE Versailles.

For Camelina project, Yannick Bellec was essentially carrying out the plant handling and seed harvesting until his retirement early 2020. Patrick Grillot at OV was in charge of the supervision of plant health, growth and watering in the glasshouse.

For molecular biology, I was assisted by Lionel Gissot as my workbench advisor. He also carried out several parts of cloning and molecular biology related to some work not presented in the manuscript.

For seed lipid sample analysis, Yannick Bellec and myself contributed to the preparation of the plant material and preparation of samples prior to GC-MS analysis. Frédérique Tellier carried out the GC-MS injections and raw data analysis. I was in charge of data quantification and analysis.

I was also assisted by Anaïs Da Costa and Tracy Plainchamp for preparation of qPCR experiments, transient expression assays and genotyping by PCR, which are not or marginally presented in the manuscript but consisted in the handling of several hundreds of samples.

For the sequencing strategies, I carried out the experimental design, sample preparation, gathering of the contact information for analysis and expeditions of samples to the BGI upon advice from Filipe Borges. I also carried out all the data analysis and pipeline and was advised by local bioinformaticians:

Nadia Bessoltane, Delphine Charif and Gwendal Cueff. For PacBio analysis, JD Faure was mostly involved in external relationships with the Gentyane platform. I set up the experimental design, prepared the biological material and carried out the pipeline and data analysis.

J-D Faure helped in establishing the manuscript structure and supervised the manuscript by reading and actively suggesting modifications in the manuscript.

I am sincerely grateful for these people support and commitment.

RESULTS

Chapter IV : Gene editing of FAD3 promoter in Arabidopsis with multiple guide RNAs generate novel oil phenotypes.

Introduction

The discovery of loci regulating lipid metabolism during seed maturation has enabled breeders to tailor seed oil composition in oilseed crops. In this regard, the accumulation of the omega-3 fatty acid alphalinolenic acid (ALA) C18:3 in oilseed crops seeds is a desirable trait associated with health benefits for food and feed but also with several industrial applications. [START_REF] Glencross | Exploring the nutritional demand for essential fatty acids by aquaculture species[END_REF][START_REF] Iii | Flax, Perilla, and Camelina Seed Oils: α-Linolenic Acid-rich Oils[END_REF][START_REF] Clifton | A systematic review of the effect of dietary saturated and polyunsaturated fat on heart disease[END_REF].

The accumulation of C18:3 in seed oil depends on endogenous environmental factors like temperature.

Genetics of omega-3 desaturation in seeds uncovers one main locus, FATTY ACID DESATURASE 3 [START_REF] Menard | Genome Wide Analysis of Fatty Acid Desaturation and Its Response to Temperature[END_REF]. FAD3 was first identified in Arabidopsis as the main desaturase catalysing the synthesis of C18:3 from C18:2 in seeds [START_REF] Lemieux | Mutants of Arabidopsis with alterations in seed lipid fatty acid composition[END_REF]. FAD3 is conserved in plants and is essential for C18:3 accumulation in crops such as in Brassica napus, Flax, Camelina sativa but also in C18:3 accumulating species like Chia and Perilla [START_REF] Geneste | Plant polyunsaturated fatty acids: Biological roles, regulation and biotechnological applications[END_REF].

Improvement of C18:3 content would therefore be important for breeding but only few examples have been described so far. Overexpression of FAD3 in Arabidopsis, either by transgenic approaches using strong seed specific promoters driving FAD3 expression, or by mutagenesis experiments resulting in the duplication of genomic regions including the FAD3 gene, resulted in an increased FAD3 expression and C18:3 accumulation [START_REF] Banik | Transcript profiling and gene characterization of three fatty acid desaturase genes in high, moderate, and low linolenic acid genotypes of flax (Linum usitatissimum L.) and their role in linolenic acid accumulation[END_REF]. Several flax genotypes with an increased seed linoleate content were shown to have enhanced expression of one or more FAD3 genes during seed development although the genetic basis of this modified expression profile is still unknown [START_REF] Banik | Transcript profiling and gene characterization of three fatty acid desaturase genes in high, moderate, and low linolenic acid genotypes of flax (Linum usitatissimum L.) and their role in linolenic acid accumulation[END_REF]. On the other hand, low C18:3 content was described in several species that was linked to non-sense mutations in FAD3 genes leading to premature stop codons or to mis-sense mutations associated with reduced activity [START_REF] Arondel | Mapbased cloning of a gene controlling omega-3 fatty acid desaturation in Arabidopsis[END_REF]Vrinten et al., 2005;[START_REF] Bielecka | Targeted mutation of Δ12 and Δ15 desaturase genes in hemp produce major alterations in seed fatty acid composition including a high oleic hemp oil[END_REF].

FAD3 expression is regulated at the transcriptional level in response to environmental and developmental cues. The promoter of FAD3 was shown to be specifically induced during silique maturation in Arabidopsis [START_REF] Matsuda | Hormonal regulation of tissue-specific ectopic expression of an Arabidopsis endoplasmic reticulum-type omega-3 fatty acid desaturase (FAD3) gene[END_REF]. FAD3 expression is regulated by the seed specific transcription factors LEAFY COTYLEDON 1 (LEC1) or its closely related homolog LEC1-Like (L1L). They bind FAD3 promoter and modulate its activity in conjunction with other transcription factors within BZIP-NFYC2-L1L complexes [START_REF] Mendes | bZIP67 regulates the omega-3 fatty acid content of Arabidopsis seed oil by activating fatty acid desaturase3[END_REF]. The ectopic expression of LEC1 induced FAD3 expression and the accumulation of C18:3 in transgenic plants even outside seed tissues [START_REF] Mu | LEAFY COTYLEDON1 is a key regulator of fatty acid biosynthesis in Arabidopsis[END_REF]. FAD3 promoter could also integrate repressive signals like ABSCISSIC ACID (ABA) confirming the existence of a transcriptional regulatory hub associated with FAD3 expression during seed maturation [START_REF] Matsuda | Hormonal regulation of tissue-specific ectopic expression of an Arabidopsis endoplasmic reticulum-type omega-3 fatty acid desaturase (FAD3) gene[END_REF]. Several specific cis-regulatory elements (CRE) were identified in FAD3

promoter, two G boxes and a CCAAT box, and the Gbox1 was shown to specifically integrate a bZIP-NFYC2-L1L activation signal [START_REF] Mendes | bZIP67 regulates the omega-3 fatty acid content of Arabidopsis seed oil by activating fatty acid desaturase3[END_REF].

FAD3 promoter is integrating multiple transcriptional regulatory activities and is therefore an interesting target for generating cis-regulatory alleles that could change FAD3 expression and C18:3 level. Targeted and combinatory mutagenesis of promoters using a multiplexed CRISPR/Cas9 gene editing could provide new loss-or gain-of function alleles. Such strategy was demonstrated for the CLAVATA-WUSCHEL pathway involved in fruit development. Quantitative loss of function alleles in maize with CLE genes and gain-of-function alleles with SlWUS genes in tomato were identified that modified the development of respectively the grain and fruit [START_REF] Rodríguez-Leal | Engineering Quantitative Trait Variation for Crop Improvement by Genome Editing[END_REF][START_REF] Liu | Enhancing grain-yield-related traits by CRISPR-Cas9 promoter editing of maize CLE genes[END_REF]. These studies targeted a highly regulated network of transcription factors, receptors and peptides associated with strong developmental phenotypes and it is not known whether such strategy could be efficient to metabolic enzymes.

We developed a multiplex CRISPR/Cas9 editing of Arabidopsis FAD3 promoter in order to generate mutations along about 2kb of promoter and assessed its efficiency through several generations in a seed-to-seed selection scheme. We generated plants with novel oil profiles including modified C18:3 content over several generations combined with novel mutations in FAD3 promoter. Untargeted lipidomic analysis identified specific lipid molecular species that were significantly modified in the different CRISPR mutant families. However, these oil profiles were not correlated with FAD3 promoter polymorphisms but were linked to heritable effect within the transformant families. Several

hypotheses could be suggested including potential CRISPR off-target mutation, structural genomic variations or an epigenetic effect of sgRNA or a T-DNA effect that has yet to be characterized.

Results

Assembly of the multigene CRISPR/Cas9 mutagenesis T-DNA.

Several cis-regulatory elements exist in FAD3 promoter that can modify FAD3 transcriptional activity.

In particular, 2 Gboxes (Gbox1 and Gbox2) can bind bZIP transcription factors to assemble a bZIP-NFYC2-L1L complex that can modulate FAD3 promoter activity (Fig. 7B). The importance of this 5'upstream sequence for FAD3 expression was demonstrated with the Arabidopsis mutant SALK-042036 which has a T-DNA insertion at ATG -5 pb in FAD3 promoter showed complete lack of FAD3 transcriptional activation in developing siliques compared to WT (Sup. Fig. 1). On the contrary, overexpression of FAD3 enhanced C18:3 levels in Arabidopsis seeds [START_REF] Yadav | Cloning of higher plant omega-3 fatty acid desaturases[END_REF]. We therefore assumed that creating mutagenized lines with altered FAD3 promoter variants could modify FAD3 expression and generate novel alleles associated with a modified oil profile.

Two different CRISPR/Cas9 constructs were made to mutagenize 8 target sites within Arabidopsis FAD3 promoter (Fig. 7A). The transgenes are composed of 8 guide RNAs transcription units, a DsRED selection cassette and a Cas9 expression cassette, driven respectively by the Arabidopsis RPS5a promoter (pRps5A) for the "Rp" construct or by the promoter the Arabidopsis Ubiquitin 10 promoter (pUBQ10) for the "Ub" construct. The single guide RNA (sgRNA) sequences were designed to target 8 sites spaced as evenly as possible along 2kb the FAD3 promoter and outside the already identified regulatory and putative TATA boxes as described previously in tomato (Fig. 7B). The sgRNAs were selected for their predicted efficiency and selectivity with CRISPOR tools (Sup. Table 2). To minimize possible off target mutations, selected sgRNA did not show any alternative genomic match with less than 2 mismatches (Described in table 4). A total of 24 individual transformants were produced for each Rp and Ub construct. We designed a selection strategy that identify at each generation the lipid profile of the seed progeny (Fig. 8). We decided to keep one or two generations of transformants with Cas9/sgRNA construct (DsRED seeds) to assess mutagenesis during two generations. Mutagenesis efficiency and diversity was evaluated globally using high throughput sequencing only for Rp construct in T2 lines (Fig. 9). Selected individual identified by their lipid profile were eventually genotyped by Sanger sequencing on the FAD3 promoter. For each construct, a total of 24 T1 transgenic plants were selected. To estimate the mutagenesis efficiency, a total of 14 T1 from Rp construct were subsequently selected and 10 T2 plants for each T1 were genotyped by deep sequencing. For Ub construct, a total of 24 T1 were selected and 24 T2 plants for each T1 were grown. The lipid profile of the different seed progeny was determined by GC/MS FAMEs analysis.

Cas-off Finder results

Name

Multiplexed CRISPR Cas9 gene editing generates a variety of novel alleles.

A total of 48 T1 lines were generated including 24 T1 for each Rp and Ub constructs. First, we evaluated the efficiency of the multiplex CRISPR mutagenesis by sequencing pooled amplicons from individual T2 plants for one construct. We selected T2 lines without any construct (DsRED negative) from Rp construct since it has been demonstrated to be more efficient over constructs using pUBQ10::Cas9 in previous experiments in the lab. T1 lines were not used for the analysis as they usually show chimeric tissues and do not reflect the mutation diversity of the progeny [START_REF] Mao | Development of germ-line-specific CRISPR-Cas9 systems to improve the production of heritable gene modifications in Arabidopsis[END_REF]. We isolated among the 24 T1 initial lines, 14 single insertion transformants and produced for each 10 T2 plants for a total of 140 plants (Fig. 8). DNA was extracted from each plant and FAD3 promoter spanning the sgRNA was amplified, equimolarly pooled and sequenced in bulk using 150bp paired-end sequencing, and the reads were analysed using Mutect2 with parameters described in the materials and methods.

An important mutagenesis efficiency bias was detected on guide sgRNA target sites 7 and 8 with 197 and 407 estimated out of 280 variants respectively. Mutations associated with sgRNA 8 were characterized by a majority of small insertions while mutations associated with sgRNA 7 consisted mainly in small deletions. Only 40 mutations were detected at sgRNA 6 that were essentially small insertions (Fig. 9).

The important number of variants detected at sgRNA 7 position ( 407) is most probably overestimated since sequencing depth dropped from the expected 20 000X in surrounding regions to a minimum of 8855X 4 base pairs upstream from sgRNA 7 PAM site. It is possible that this depth bias caused by the deletion interfered with the allele count established by Mutect2, causing an over-representation of the mutated alleles. Furthermore, INDELS and SNP cannot be merged as MNP (multiple nucleotide polymorphisms) by Mutect2, meaning that haplotypic polymorphisms could be counted several times over intervals. A total of 7425 bases were scored as wild type in the primary alignment (37%) (Fig. 10) leading to the assumption that 63% of reads were carrying a mutation which is comparable to allelic frequency observed at sgRNA8 position where an estimate of 70% mutated alleles is detected.

Three events consisting in large deletions (300-400bp) could also be detected using the Mutect2 parameters (data not shown). Structural variants such as small inversion could also be visualized during the analysis in bam files but could not be quantified due to the lack of suitable tools in the NGS package suite.

The guide RNAs 1 to 4 showed mutations within their target sites in less than 2% of the T2 sequenced population, in contrast to the mutations found for sgRNA7 and 8 (respectively 63 and 70%). One deletion found at sgRNA1 position is a 13bp motif altering the previously identified Gbox1 providing an interesting allele to understand the role of this cis-regulatory element. In order to validate the deep sequencing allele characterization, we successfully retrieved and deconvoluted Sanger sequences from 77 plants with 1 to 4 reads mapped on the promAtFAD3 reference. The amplicons were generated from sampled plants used to generate the deep sequencing library. Variations were manually curated from visualised alignments in IGV and variation counts out of total allele counted in the alignments and are reported in table 5. A 13-base pair deletion on guide RNA position 1 was found to be a homozygous mutation in a line issued from Rp6 produced T2 plants, which is consistent with the approximation of 2 alleles given by our pipeline. The sgRNA7 selected variation resulting in an 8bp deletion had an allelic frequency (0,017) comparable to the sanger variants / read count curated (0,014).

In conclusion, we validated that short read deep amplicon sequencing and the Mutect2 is an appropriate and cost-effective tool to estimate our allele frequency in pooled PCR products.

Multiplexed CRISPR Cas9 gene editing of FAD3 promoter changed fatty acid profile. In order to identify potential changes in FAD3 expression caused by CRISPR-induced mutations, we carried out the fatty acid profiling of T2 seeds from the 24 initial transformants of Rp and Ub constructs (Fig. 11). This first screen was carried out on 20 T2 seeds for each T1 in order to identify potential T1

with changes in C18:3 content. Variations in C18:3 in edited lines compared to Col-0 were low possibly due to heterogenous mutagenesis but also to mutation segregation within the pool of 20 seeds. We therefore decided to select lines with largest change in C18:3 to confirm in the progeny.

One T1 line with the "Rp" construct (Rp17) was selected for further analysis, and three Ub lines: Ub21

for increased linolenate content and Ub13 and Ub24 for decreased linolenate content (Fig. 12). A total of 24 T2 for each T1 plant were grown and T3 seeds collected. FAMES analysis was carried out on 20 T3 seeds that represented segregating population of the original alleles present in the T1 parent.

The progeny of the 4 selected T1 lines selected showed a small but significant decrease of C18:1 (1 mol%). The Rp17 T2 lines exhibited a significant increase in C18:3 content (2%), but no clear effect on C18:2. A significant decrease in C18:2 could be observed in Ub21 T2 lines that was also correlated with a significant increase in C18:3 content. seeds (Fig. 11). Interestingly, the Ub13 R and Ub24 R lines showed increased C18:2 content while C18:3 content was not affected (Fig. 13). These results would thus explain that the reduced C18:3 content in the individual T1 lines is caused by the presence of the transgene rather than CRISPR-induced mutations. On the other hand, once segregated the construct away, the Ub21 B and Ub13 B lines showed a significantly increased C18:3/C18:2 ratio with higher C18:3 compared to Col-0. An additional effect of mutations on the FAD3 loci is very unlikely since statistically, guide RNAs 7 and 8 have been probably mutated and the mutation rate on other positions is very low. phylum also showed a C deletion at guide RNA7 position in all the lines but the Rp17>R10>B4>B12 lines showed a +A insertion in guide RNA 1 position. The Rp17>R23 derivate lines also show the same allelic set, with a complex polymorphism of a TC to A transition on guide RNA1 position.

The Ub21 phylum showed an increased mutation diversity. The Ub21>B15>B12 line showed a 17bp deletion at sgRNA7 target locus. Ub21>R4>B8 phylum lines both show a -29bp deletion on guide RNA7 loci but the Ub21>R4>B8>B3 shows an additional +T at sgRNA8 loci compared to Ub21>R4>B8>B5. The Ub21>R4>B11>B10 showed complex mutations. The loci in-between sgRNA8 and 7 shows a succession of a 31bp deletion and a 369bp inversion. The Ub21>R20>B09>B03 lines shows the same allele set as the Rp17>R10 most common mutations. The Ub24>R3>B1>B2 lines also harbours the same mutations, but its sister line Ub24>R3>B1>B3 shows an 822bp deletion spanning from sgRNA7 to 3 loci.

For each sequenced T3 or T4 plant, progeny of the 4 individual plants were harvested (T4 and T5 seeds)

and phenotyped by GC-MS. All of the selected siblings of the Rp17>R10 lines showed similar lipid profiles with enhanced C18:3 relative content in contrary to Rp17>R23 which do not show significant differences compared to Col-0 (Fig. 15). Interestingly, all the Rp17>R10 siblings also shared similar FAD3 promoter alleles as described previously. The difference between -C (sgRNA7) and TC>A (sgRNA7 target) could be therefore be the cause of enhanced C18:3 but the same mutations were also identified in the Ub24>R3>B1>B2 and Ub21>R20>B09>B03 without any change in C18:3 compared to Col-0.

Therefore these polymorphisms are not associated with C18:3 enhancement.

The Ub21 was originally characterized by a reduction of C18:2 in T1 and T2B that was confirmed in T4 and T5 seeds (Fig. 14 and15). The Ub24 was not however characterized for lower 18:2 in T1 nor in T2

(R or B) but had in T5 seeds similar C18:2 content compared to Ub21 family. However, both families showed a range of mutations that did not correlate with the lipid profile including: 31bp deletion adjacent to an inversion between guide RNA 7 and 8 (Ub21>R04>B11>B10); -17bp deletion (sgRNA7),

-29 deletion (sgRNA7); -822 nucleotides between guide RNAs sites 7 to 3. The absence of correlation between FAD3 promoter alleles including wild type allele in Ub21>B14>B12 indicates that these polymorphisms were not the cause of the observed C18:2 reduction. It is interesting to note that the large deletion observed in Ub24>R3>B1>B3 did not seem to impair FAD3 expression since C18:3 relative content was not changed compared to Col-0. Nonetheless, that line showed the lowest C18:2 content within the Ub24 family. The involvement of FAD3 change of expression in such lipid change remain elusive.

Family lineage correlated with lipid phenotype

In order to better understand how the lipid phenotype correlated in the different lines, we carried out a hierarchical clustering (see material and methods for analysis) using the relative variation of all the different fatty acid classes and not only C18:2 and C18:3 in the different CRISPR lines compared to Col-0 (Figure 15.).

We identified 3 major classes in these plants which correlated to the previously observed family groups. The Rp17>R23 class was grouped with Col-0, confirming the minimal differences observed with C18 fatty acid classes between this family and wild type.

The Rp17>R10 cluster was defined by significant decrease in C18:0, C18:1, C18:2 and increase in C18:0, C18:3, C20:0, C20:2, C20:3. The low increase for C22:3 compared to Col0 was below significance threshold.

Another cluster is also mostly defined by "Ub" transformed lines phylum, characterized by an increase in C18:1 and decrease in dienoic fatty acids C18:2 and C20:2, while a slight increase in trienoic fatty acids was noticeable in the C18 and C20 fatty acids but below significance threshold. In order to investigate for more precise changes in fatty acid profiles, lines analysed in figure 14 were subjected to lipidomic analysis (Supplemental figure 4). Lipidomic clustering analysis showed similar clusters to clusters identified using targeted fatty analysis (Fig. 15), with Rp17>R10 families correlated with increased accumulation of TAG and DAG species harbouring C18:3, C20:3 and C18:1 significantly increased compared to other lines. Rp17>R23 derivate lines were also found in a mixed cluster with Col-0, highlighting minor differences with wild types as described by fatty acid analysis. The ubiquitin T1 transformant families also clustered within a third genotype cluster essentially composed of TAG and DAG lipid species enriched in dienoic fatty acids. Conversely, the increased trienoic lines of the Rp17>R10 families showed a reduced accumulation of glycerolipid species comprising dienoic fatty acids.

Other genetic causes than editing to explain the novel lipid phenotypes

The sequencing of individual FAD3 promoter could not explain the observed seed fatty acid profiles that were confirmed over at least 3 generations. A plausible explanation to these small but reproducible fatty acid changes not linked to FAD3 polymorphism would be off-target mutations caused by Cas9. We therefore sequenced in 6 Rp17>R10 T3 plants the most likely off-target that could be caused by a sgRNA identified using Cas-off finder for off targets with 3 mismatches (table 4).

CRISPOR algorithms predicted that sgRNA2 could target the promoter of an uncharacterized gene potentially involved in RNA methylation in case of a 3-mismatch target (table 4). None of the plants were found to have mutations in this potential off-target location regardless of their seed fatty acid profile (data not shown). Since off-target mutations in plants appear to be very unlikely in target regions harbouring more than 3 mismatches, we investigated other possibilities for Cas9-induced mutations. It has been shown that multiple sgRNA target sites localized closely to each other can cause large DNA rearrangements [START_REF] Lynagh | Translocation and duplication from CRISPR-Cas9 editing in Arabidopsis thaliana[END_REF]. Deletions within the promoter could have been detected as in the case of Ub24>R3>B1>B3 and larger deletions outside sgRNA8 and 1 would have not 

Discussion

Our strategy of multiplexed cis-regulatory mutations was based on two assumptions. First, that mutations on FAD3 promoter within 2kb range could induce changes in FAD3 expression. This was an effective strategy for transcription factors and regulatory peptides in tomato and maize [START_REF] Rodríguez-Leal | Engineering Quantitative Trait Variation for Crop Improvement by Genome Editing[END_REF][START_REF] Liu | Enhancing grain-yield-related traits by CRISPR-Cas9 promoter editing of maize CLE genes[END_REF] but was never demonstrated for genes encoding metabolic enzymes.

Second, that FAD3 expression changes would impact directly C18:3 content in seeds. Several examples of FAD3 overexpression and mutants indicated that C18:3 content in seeds was directly related to FAD3 expression levels [START_REF] Yadav | Cloning of higher plant omega-3 fatty acid desaturases[END_REF][START_REF] O'neill | Two high linolenic mutants of Arabidopsis thaliana contain megabase-scale genome duplications encompassing the FAD3 locus[END_REF].

Mutagenesis efficiency and sequencing strategy

The sequencing strategy was based on the identification of alleles in a pool of T2 plants segregating

Cas9 and not in T1 to avoid the bias of somatic mutations not transmitted to the progeny. Such bias have been described for example with P35S::Cas9 constructs [START_REF] Yan | Efficient multiplex mutagenesis by RNA-guided Cas9 and its use in the characterization of regulatory elements in the AGAMOUS gene[END_REF]. Here, we described a novel use of GATK Mutect2 to analyse mutations caused by our CRISPR/Cas9 system using deep amplicon sequencing. Mutect2 was adapted to high sequencing depth, could be used with large number of polymorphisms even at low frequency. Mutect2 was developed to analyse mutations of mixed tissues at genome scale and to detect tumor-causing mutations in animals and humans [START_REF] Benjamin | Calling Somatic SNVs and Indels with Mutect2[END_REF]. Deep sequencing can be accommodated and its prime intent is to detect mutations in mitochondrial genomes. The mutect2 allelic fractions results have mostly given results in line with the sanger-validated allele counts. The major limitation of Mutect2 pipeline occurred when read depth dropped significantly due for instance to majority of deletions at one sgRNA site with a minority of wild type alleles. We were able to identify deletions of up to 368bp which makes this tool useful since we could detect deletions above read length. Nonetheless, it appears that the guide-toguide mutagenesis rate is realistic given the large deletion allele obtained alleles in T5 plants (Ub24>R3>B1>B3). Finally, short-read sequencing is efficient and low cost but could only identify polymorphism at one or two sgRNA sites but could not be used to characterize haplotypes on large multiplex CRISPR target. An alternative is to have individual barcoded amplicons for each mutated individual but the read length could be still limiting. Third generation sequencing platforms like PacBio or Oxford nanopore sequencing could now be used to identify the different haplotypes in a single experiment even for large targets. By sequencing single molecule and long amplicons at once, these new NGS technology will simplify multiplexed CRISPR/Cas9 genotyping on large targets by providing an indexed library prior to mutant selection.

Mutagenesis strategy and sgRNA efficiency

To improve mutagenesis rates which could be limiting in multiplex-editing the strong constitutive promoters UBQ10 and RPS5A were used. The pool of T2 plants was sequenced in order to gather all the stable alleles generated by Cas9 editing during the growth of the T1 plant. Indeed, the Rp17 lines selected through phenotyping were all carrying mutations present originally in the sequenced T2 pool.

The detected mutations on sgRNA 7 and 8 for the Rp17 lines were the most commonly represented in the T2 sequenced pool. These results indicate that the phenotyping strategy did not favour the detection of rare events in the population. Furthermore, two generations of Cas9 mutagenesis did not induce additional mutations in lines selected by phenotyping compared to one generation of Cas9 mutagenesis in particular for low-efficiency guides (sgRNA 1 to 6).

Indeed, plants harbouring the Rp construct showed less than 1% mutagenesis rate in guide RNA positions 1-4 and 2% for 5 and 6, in the first generation and most probably also in second generation

(not quantified here). The five-fold increase in efficiency of sgRNA 7 and 8 compared to sgRNA 6 is also interesting since they were spaced out by less than 300 bp, suggesting that mechanisms determining sgRNA efficiency are very local. The low efficiency of guide RNAs in position 1 to 6 could not be explained by a similar sequence or structure (conserved motifs, %GC, hairpin). One hypothesis might be that the density of regulating proteins bound to the DNA could increase and reach a maximum around the TSS limiting the access of sgRNA/Cas9 complex to their targets. One would expect that the sgRNA efficiency would drop along at the proximity of FAD3 ATG which is not the case since sgRNA1 is the closest to ATG and resulted in mutations. Transcriptionally active genes appear to be more prone to Cas9 induced mutations, suggesting that open chromatin state could be important for editing efficiency (Verkuijl and Rots, 2019). Promoter sequences are known to be bound by several regulatory complexes and very sensitive to chromatin modification which altogether could have a more important impact on gene editing compared to coding sequence. It would therefore be interesting to assess Cas9 editing in relation with its target expression profile by comparing mutagenesis efficiency when Cas9 and its target gene has similar or opposite expression profile. The use for instance of germline-specific promoters to drive Cas9 expression that enables stable T1 mutant plants without chimeras would be interesting to compare gamete expressed targets with for instance FAD3 [START_REF] Mao | Development of germ-line-specific CRISPR-Cas9 systems to improve the production of heritable gene modifications in Arabidopsis[END_REF]. Such material could then be used to compare chromatin accessibility in the different tissues and mutagenesis efficiency to identify novel factors governing sgRNAs efficiency.

Mutagenesis induced changes in lipid profiles.

Phenotyping by analysing the relative amount of fatty acid content turned out to be robust since we could identify modest change of lipid profiles across several generations that appeared to be genetically fixed in T5 seeds. For the Rp17-R10 subfamily, we have been able to isolate lines with significantly increased C18:3 but also C20:3 and C22:3 content. The two latter are of interest, since they are not common trienoic acid in Arabidopsis. The most plausible explanation is that changes in FAD3 expression enhanced C18:3 synthesis that was further elongated in C20:3 and C22:3. It could be just a consequence of law of mass action or a physiological adaptation to maintain lipid fluidity homeostasis. Indeed, enhanced C18:3 synthesis in particular in phospholipids like PC could increase membrane fluidity above what cells could physiologically tolerate and that would be compensated by the increase in fatty acyl chain length. The Ub lines were showing a general decrease in dienoic fatty acid content, mostly C18:2 and C20:2, which could be a consequence of enhanced FAD3 activity albeit no increase of trienoic FA could be detected. All the selected CRISPR lines showed a reduction of C16:1 that could be the hallmark of metabolic pull effect toward longer chain FA.

Origin of the lipid phenotype

While fatty acid phenotyping enabled us to select for robust and heritable modified fatty acid profiles, it could not be explained by specific polymorphisms detected in FAD3 promoter. We could observe in Ub13 and Ub24 DsRED positive lines having 2 generations of Cas9 activity a reduction of C18:3/C18:2 ratio compared to DsRED negative siblings. The most likely hypothesis would be that longer mutagenesis would accumulate mutations in FAD3 promoter lowering its activity but no accumulation of mutations could be detected in these lines. The analysis of T5 seeds from Ub24 or Ub21>R20 DsRED positive lines showed no change in C18:3 content but a reduction of C18:2 while FAD3 promoters had very contrasting genotypes with either a haplotype associated with enhanced C18:3 (RP17>R10 subfamily) or a new haplotype with a large deletion. There is therefore no correlation between the accumulation of C18:3 and a specific haplotype. However, there were clearly lipid changes that were conserved among a family or subfamily indicating the existence of a heritable trait. Systematic phenotyping during the selection process showed here its limits especially for small lipid variations observed in T1 DsRED+ plants. It appears that the lipid phenotype is linked to the presence of the sgRNA/Cas9 construct as illustrated by the effect on C18:3 ratio in Ub13 and Ub24 T1 DsRED positive lines (Fig. 10) and segregates in T2 lines depending on the red selection marker (Fig. 13). However, the T2 DsRED negative lines showed a different phenotype compared to DsRED positive that was maintained in T3 and T4 lines. There is therefore a heritable trans-acting effect of the Cas9/sgRNA construct not correlated to SNP or Indel mutations in FAD3 promoter that remains to be explained.

This effect does not seem to be associated with the most probable off-target identified. It has been

shown that the CRISPR/Cas9 system could also induce structural variations (SVs), including copynumber variation (CNVs) [START_REF] Pristyazhnyuk | Time origin and structural analysis of the induced CRISPR/cas9 megabase-sized deletions and duplications involving the Cntn6 gene in mice[END_REF]. Such mutations could consist in duplication of loci, translocations ranging from small to chromosome scale rearrangements. The fact that no change in CNV could be detected in Rp17-R10 lines most probably indicates that CNVs are not involved but a translocation remains possible. Structural variation analysis remains difficult to study on a genomic scale than smaller variations like SNPs or INDELs. An alternative hypothesis is that sgRNA could induce epigenetic changes that could influence FAD3 expression [START_REF] Lazzarotto | CHANGE-seq reveals genetic and epigenetic effects on CRISPR-Cas9 genome-wide activity[END_REF]. However, the directed mutagenesis via CRISPR/Cas9 of hyper-or hypo-methylated gene targets in Arabidopsis resulted in no unintended epigenetic alterations [START_REF] Lee | Epigenetic Footprints of CRISPR/Cas9-Mediated Genome Editing in Plants[END_REF].

Methods

Plant material and growth conditions

Arabidopsis thaliana Col-0 was used for flower-dip transformation [START_REF] Clough | Floral dip: a simplified method for Agrobacterium -mediated transformation of Arabidopsis thaliana[END_REF]. Plants were grown on soil in greenhouses under long day conditions (16h light at 23°C / 8h night at 15°C) and under 60% of hygrometry. Seeds were harvested after desiccation of mature siliques.

FAMEs analysis

A total of 20 seeds were weighted in a glass tube and mixed with 1.345 ml of FAMEs buffer [methanol (1 mL), toluene (0.3 mL), sulfuric acid (25 µL) and C17:0 standard (20 µL)]. The tubes were closed and warmed at 90°C for 90 min. After cooling, water (1.5 mL) and hexane (0.5 mL) were added and the mix was centrifuged for 5 min at 1600 g. The tubes were shaken and then centrifuged for 5 min at 1600 g.

The samples were injected on an Agilent 7890A gas chromatograph coupled to an Agilent 5975C mass spectrometer. The polar column was a BPX70 (SGE) (30 m). Oven temperature ramp was 16°C/min from 70°C to 160°C, then 4°C/min up to 240°C and 10°C/min up to 260°C for 4 min (run length 31,6 min). Helium constant flow was 1.52 mL/min. Temperatures were the following: injector 250 °C, transfer line 290 °C, source 250 °C and quadrupole 150 °C.

Agrobacterium mediated Arabidopsis transformation

Electrocompetent Agrobacterium tumefaciens (C58) was transformed with 2µL of the final construct like for E. coli except that cells were agitated at 28°C and plated on Kanamycin for alpha vectors containing bacteria or Spectinomycin for omega vectors, completed with Gentamycin (25µg/mL) and Rifampicin (50µg/mL) for 2 days. Grown colonies were screened by colony PCR (denaturation 94°C:8 min, 30 Cycles 94°C:30 sec, 56°C:1 min,72°C:45 sec, final elongation 72°C:5 min, held at 16°C) to ensure of the integrity of the construct. Preculture in 5 mL LB medium were diluted in 500mL LB medium and agitated overnight at 28°C. Cells were collected after 10 min. centrifugation at 8000g and resuspended in 500mL infiltration solution (20mM sucrose, 1.2g/L MgCl2, silwet 0.002%) [START_REF] Clough | Floral dip: a simplified method for Agrobacterium -mediated transformation of Arabidopsis thaliana[END_REF].

Several dozens of Arabidopsis thaliana plants with the first flowers opened were plunged in the infiltration solution during 5 min. Plants were then grown in greenhouse until seeds were harvested.

Transformants (T1) were screened for red fluorescence using a fluorescent binoculars or Axiozoom.V16 with Filter set 63 HE mRFP, Excitation BP 572/25nm, Beam Splitter FT 590nm, Emission BP 629/62nm, and retrieved with tweezers similarly to previous experiments [START_REF] Nguyen | Redirection of metabolic flux for high levels of omega-7 monounsaturated fatty acid accumulation in camelina seeds[END_REF].

Construction of goldenbraid vectors

For Goldenbraid assembly of Arabidopsis FAD3 promoter mutagenesis, vector, primers for the 8 sgRNA target parts were annealed for 30' at RT and multipartite assembly was carried out using pUPD:pU6- were digested and ligated with BsaI, T4 DNA ligase and ligase buffer in a thermal cycler using the following program: 37°C: 10min, 25 cycles (37°C: 2min, 16°C: 5 min) 37°C: 10 min, 80°C 20 min. , and hold at 4°C. The guides were assembled (Fig. S1) two by two in 3 steps by cycles of alpha and omega vector combinations. Omega 1 final vector containing the 8 guide RNA were then combined with an omega 2 vector including Cas9 and DsRED transcription units in an alpha-1 vector. A total of 3 different Omega 2 vectors were generated with Cas9 driven by either the 35S CaMV promoter (p35S), the Ribosomal Protein 5A promoter (pRPS5A) or the polyubiquitin 10 promoter (pUBQ10). Insertion of domesticated sequences was performed with BsaI-HF (Thermo Scientific) for alpha level vector entry and Esp3I (BsmBI) (NEB) for omega vector entry.

1-2µL of GoldenBraid ligation products were mixed in 4µL of electrocompetent DH5a Escherichia coli cells (NEB) completed with 36µL ice cold water and transformed by electroporation (BioRad MicroPulser) at 1.3kV according to manufacturer instructions. Bacterias aliquots were then rapidly suspended in 1mL of LB medium and placed under agitation at 37°C for 30 minutes, plated on selective LB agar plates and incubated overnight at 37°C. Selection for pGEMT, Omega 1/2, alpha 1/2 were respectively on LB media additionned with carbenicilin (100 µg/mL), spectinomycin (50µg/mL) and kanamycin (50µg/mL), and for all plates IPTG (20µg/mL) + X-gal (3µM). Plasmids were extracted using with Nucleo-spin plasmid kit (Macherey Nagel) according to manufacturer instructions.

Short read bulk amplicon generation

DNA was extracted following Edwards method [START_REF] Edwards | A simple and rapid method for the preparation of plant genomic DNA for PCR analysis[END_REF]. Ten individual T2 plants sown from T2 pooled seed sets from 14 initial single insertion transformants were used for sequencing. The single-insertion T1 transformants were selected according to DsRED segregation observed under fluorescence binoculars with RFP filters.

The amplicons were generated using phusion polymerase (Invitrogen). Optimal amplification was obtained by carrying out a nested PCR using TG91 / TG92 primers and 1M Betaine as an additive [START_REF] Henke | Betaine improves the PCR amplification of GC-rich DNA sequences[END_REF]. PCRs were carried out according to manufacturer instructions with a 3-step protocol with increased extension time to 1 min 30 seconds.

Individual amplicons were quantified using PicoGreen reagent (Invitrogen) using WT amplicons series dilutions as standards. Col-0 FAD3 amplicons were produced as described previously and purified using Macherey Nagel PCR product purification kit. Following quantification, the PCR products were pooled equimolarly using 20ng per amplicon in a single tube prior to sequencing. The final PCR pooled product was purified using Macherey Nagel PCR product purification kit. The sequencing was carried out by BGI genomics using DNBseq platform with 150bp paired-end sequencing.

Short read bulk amplicon analysis

Fastq Q30 reads were first quality controlled using FASTQC. Reads with a lower quality than Q50 were filtered out using bamtools. The reads were then down sampled using seqtk to 200 000 reads in order to avoid memory errors for the GATK pipeline and reach a depth of about 20 000 X with full coverage of the amplicon. The downsampled reads were then aligned to a custom promoter reference using bwa-mem (Li, 2013). Bwa-mem output was used as input for GATK variant calling. GATK Mutect2 was used for variant calling, and data was observed using GATK VariantsToTable, and compiled manually for presentation.

Sanger reads analysis

Reads were obtained from amplicons obtained as previously described and sequenced using specific primers by GenoScreen SAS using the ABI 3730XL platform. ABI formatted reads were then decomposed using tracy v0.5.7 [START_REF] Rausch | Tracy: basecalling, alignment, assembly and deconvolution of sanger chromatogram trace files[END_REF] compared to their respective reference, extracted and aligned using minimap2 to their respective reference. IGV was used to visually analyse the mapped reads.

Lipidomic analysis

Lipidomic analysis were carried out by IJPB plant observatory chemistry platform as described thereafter [START_REF] Boutet | Untargeted metabolomic analyses reveal the diversity and plasticity of the specialized metabolome in seeds of different Camelina sativa genotypes[END_REF]:

Extraction: Metabolites were extracted from 5 mg of Arabidopsis dry mature seeds. Briefly, 1 mL of MeOH: Methyl-tert-butyl: H2O (1:3:1), conserved at 4°C, and 200 ng of Apigenin (used as internal standard) were added to each sample, which were then homogenized in 2ml tubes using a FastPrep instrument (1 min, 14,000 rpm). The mixtures were then shaken for 30 min at 4ºC using a ThermoMixer™ C (Eppendorf), placed in an ice cooled ultrasonication bath for 15 min and centrifuged for 1 min at the maximum speed to remove debris. The extracted samples were then transferred in new tubes containing 650 mL of MeOH: water (1:3), previously placed at -20ºC. The mixtures were centrifuged for 1 min at 14,000 rpm. The addition of MeOH: water (1:3) and the centrifugation led to a led to a phase separation, providing the upper organic phase, containing the lipids, a lower aqueous phase, containing the polar and semi-polar metabolites, and a pellet of starch and proteins. The phase containing the lipids was dried down in a SpeedVac vacuum concentrator (o/n) and resuspended in 200 μL of ULC/MS grade water (Biosolve).

Chromatography: an EC 100/2 Nucleoshell Phenyl-Hexyl column (2 x 100 mm, 2.7 μm; Macherey-Nagel) was used for chromatographic separation. The mobile phases used for the chromatographic separation were (A) H20 + 0.1% ammonium formate in H2O + 0.1% formic acid and (B) Acetonitrile : isopropanol (7 : 3) + 0.1% of 10mM ammonium formate + 0.1% formic acid. The flow rate was of 400 μL/min and the following gradient was used: 45% of A for 1-min, followed by a linear gradient from 45% A to 30% A from 1 to 2-min, then a linear gradient from 30% A to 15% A from 2 to 7-min, a linear gradient from 15% A to 10% A from 7 to 15-min, a linear gradient from 10% A to 6% A from 15 to 19min, a linear gradient from 6% A to 2% A from 19 to 26-min. 0% of A was hold until 27-min, followed by a linear gradient from 0% A to 45% A from 27 to 35-min (35-min total run time). Chapter V: Gene editing of FAD3 promoter in Camelina sativa with multiple guide RNAs generate novel oil phenotypes.

Introduction

A similar strategy of mutagenesis of FAD3 promoter was carried out in the hexaploid crop Camelina sativa. In order to circumvent the problem of identification of the causal mutation, we carried out a double approach of genotyping individual lines by long read sequencing of Cas9 targets combined with individual phenotyping. Indeed, the previous Arabidopsis screens showed that phenotyping alone was not sufficient to identify potential CRISPR-induced FAD3 mutants since small lipid changes could not be correlated to cis-mutations even though they were stable within the progeny of single T1 family.

We therefore decided to combine individual genotyping and phenotyping approaches to select potential FAD3 mutants. Such dual strategy was also designed to help identifying the optimal haplotype combination in the context of a more complex genetic background in camelina. Camelina FAD3 promoters also appears to integrate regulatory mechanisms as CsbZIP67 and CsbZIP12 were identified as binding to CsFAD3B (CsFAD3-G2) and CsFAD3C (CsFAD3-G3) [START_REF] Na | Enhancing microRNA167A expression in seed decreases the α-linolenic acid content and increases seed size in Camelina sativa[END_REF]. The homologous transcription factor bZIP67 in Arabidopsis is known to bind and possibly activate FAD3 promoters in Arabidopsis [START_REF] Mendes | bZIP67 regulates the omega-3 fatty acid content of Arabidopsis seed oil by activating fatty acid desaturase3[END_REF]. We also identified conserved regions and motifs with Arabidopsis and other Brassicaceae within 2kb of FAD3 promoters and we suspected these regions to be relevant for FAD3 regulation.

Results

Identification and analysis of the Camelina sativa FAD3 homeologs and homeologous promoters.

Three genomic regions were selected in the Camelina DH55 sequenced genome for their homology with Arabidopsis FAD3 mRNA according to [START_REF] Kagale | The emerging biofuel crop Camelina sativa retains a highly undifferentiated hexaploid genome structure[END_REF]. The three FAD3 homeolog coding sequences shared over 94% sequence identity with AtFAD3 and are located on chromosome 5 (CsFAD3-C), chromosome 7 (CsFAD3-B) and on chromosome 16 (CsFAD3-A) (Table S1). The upstream sequences of camelina CsFAD3 homeologs were then compared with several Brassicaceae FAD3 promoter sequences including Arabidopsis and Brassica napus. The analysis was carried out on the first 600bp upstream ATG since it gathered in Arabidopsis most of the conserved motifs. First, evolutive distance analysis between promoters were carried out to select evenly divergent sequences since homeologous copies can induce a bias in the analysis of motif conservation.

CDS

One Brassica napus FAD3 homeologous promoter was excluded because it was so closely related to another promoter that it caused a very important bias in promoter analysis.

Several conserved motifs were found, mainly in the range of 300bp upstream of the ATG, including a TATA box containing motif (Fig. 17). A total of 6 conserved motifs were found including Gbox2 and bZIP67 binding site Gbox1 previously described in Arabidopsis [START_REF] Mendes | bZIP67 regulates the omega-3 fatty acid content of Arabidopsis seed oil by activating fatty acid desaturase3[END_REF]. Gbox1 was one of the most conserved motifs across the different FAD3 promoters but was strikingly absent in Camelina sativa CsFAD3-C homeolog (Fig 17 and19).

Arabidopsis and Camelina FAD3 promoters were then compared for conservation analysis with a 100bp sliding window identifying 4 major conserved regions (Fig. 18). identity with Arabidopsis (pink) and one region (3) between -700 and -900bp showed 50-70% identity (grey bar/white chart). Figure 15 A structural conservation analysis was also carried out using BLAST. We successfully identified several conservation blocks that could correspond to rearrangement during the polyploidization of Camelina.

The absence of the motif containing the previously identified Gbox1 in the CsFAD3C promoter of Camelina is visible and could be caused by a large deletion 250 bp upstream the CsFAD3C ATG. (Fig. 19).

Design of the CRISPR Cas9 experiment targeting the promoter.

We designed the CRISPR-Cas9 experiment in order to generate point mutations or deletions with targets spaced every 200 to 300 base pairs as evenly as possible and without off-targets identified in DH55 reference accession [START_REF] Kagale | The emerging biofuel crop Camelina sativa retains a highly undifferentiated hexaploid genome structure[END_REF]. In order to optimize sgRNA in the Cas9 T-DNA construct, we identified FAD3 promoter regions showing high identity between the three homeologs. We first selected three guides (sgRNA_7A8B9C, sgRNA_5A6B7C, and sgRNA_2ABC) that could target simultaneously the 3 copies of the FAD3 promoter homeologs (Fig 19,yellow arrows). Three sgRNA (sgRNA_3AB, sgRNA_4A6C and sgRNA_6A7B) targeting two homeologs were then selected (Fig. 19, orange arrows). Finally, seven sgRNAs targeting individual CsFAD3 promoters were selected to complete the sgRNA set of 7 to 8 guides over 2 to 2.8 kb of promoter for each homeolog (Fig. 19, purple arrows). The Cas9 TDNA would therefore be composed of a total of 15 transcription units (TU) including 13 sgRNA TU, Cas9 TU and the DsRED selection cassette. Constitution of a CRISPR edited population.

Multiplex FAD3 promoter mutagenesis strategy.

In order to generate CRISPR plants of interest, we considered as a postulate that most guide RNAs and CRISPR/Cas9 complexes could cause mutations. The sgRNA target optimization was limited in our design by off target loci and repeat-rich and poly-A regions often found in promoters. We previously found that increasing the number of generations harbouring CRISPR/Cas9 had limited effect on mutation diversity since mutagenesis pattern mostly reflected T1 mutation profiles and that most mutations were found to be located at close proximity of sgRNA sites in Arabidopsis. To diversify CRISPR/Cas9 alleles the rationale was to identify and select as early as possible the different mutants and to screen a larger panel of T1. Our strategy was therefore to identify first, T1 family with lipid modification by fatty acid profiling pooled or individual T2 Cas9 negative seeds. We expected that change in lipid profile could predict the occurrence of mutations modifying FAD3 expression. Each T2 line would then represent a mosaic of mutation that occurred during T1 growth and the larger the pool of mutations will be within a single T1 plant, the more diverse (and variable) the lipid phenotype ought to be in its T2 progeny. Obviously, considering the hexaploid nature of camelina and the probability of having heterozygous or heteroallelic mutations, the extent of changes in fatty acid profile even in a single T2 seed is expected to be low and to keep segregating in the next generation.

A limited number of T1 lines will be selected for their T2 seed phenotypic diversity and a population of PacBio amplicon data analysis. were merged together using GATK GenotypeGVCF using a sample list to produce an aggregated and validated multi sample VCF file. The aggregated multi sample file was used as input for GATK VariantsToTable to generate a comprehensive table of results. The variations attributed to mutations are presented in supplemental table 4. Right branch from demultiplexed reads block: SMRT link pbaa tool was used along with amplicon guide sequences (representing wild type expected amplicons) to infer refined amplicons sequences as read files. The consensus amplicon reads passing quality filters were mapped to the camelina reference genome using minimap2 to generate an aligned amplicon file visually inspect nucleotide and/or structure variation using IGV.

PacBio amplicon sequencing analysis.

Demultiplexing metrics and quality control and sequencing bias.

The CCS reads were demultiplexed using lima with a custom asymmetric barcode library as input comprising the M13 barcode identifier, M13 primer, the plate barcode for plate 2 and FAD3 primer sequence. In order to analyse the potential effect of the additional barcode (plate 2 identifier) in the PCR 1 primers on the depth of sequencing, we compared the number of reads demultiplexed for the 96 samples of plate 1 and plate 2. The second and third quartile of read numbers per barcode pair for 

Multiple-target amplification using the PacBio pipeline causes an amplification bias.

A read depth of 15X is considered as minimum required for amplicon reconstruction using pbAA according to PacBio recommendations. While sequences could be retrieved for all barcodes, only 55 out of 192 samples showed a read depth equal to or higher than 15X for the CsFAD3A promoter and 59 for the CsFAD3C promoter. On the other hand, the CsFAD3B loci analysis showed that 191 out of 192 samples with 15X or higher read depth. The mapped amplicon depth lower than 15X on CsFAD3B

showed an average depth of 12X. A total of 99 and 103 samples for CsFAD3A and CsFAD3C promoter loci respectively showed read depth above 5X (Figure 28), which is sufficient for variant calling although with relatively low stringency that may lead to false positive detection. First, we carried out a variant calling on PacBio aligned CCS reads using GATK tools and notably

HaplotypeCaller . Data were merged in a multi-sample and multi-allelic VCF file (Variant call file) using GATK GenotypeGVCFs and CombineGVCFs tools for analysis and are presented in supplemental figure 3 for the variant call file results and converted to a readable table format using GATK VariantsToTable.

The parameters of analysis were adjusted to identify SNP and Indels until being able to detect a 1196bp The sgRNA_4A6C that targets both CsFAD3A and CsFAD3C is the guide that induced the largest allelic diversity. The sgRNA_4A6C cut site is located 1322bp before CsFAD3A ATG and a total of 27 different variants were identified among the 151 successfully genotyped plants in the whole population sequenced. The variants were identified in the progeny of the 3 T2 families: 6 different variants were identified in TG663 siblings, 15 in TG681 siblings and 18 in TG687 siblings (sup. fig. 3). Most of the mutations occurred 2 base pairs before cut site with a total of 35% new alleles compared to wild type sequence (sup. fig. 3). Overall, the mutations identified for SgRNA_4A6C in CsFAD3A homeolog consist essentially in single base deletions (Figure 29). The sgRNA_4A6C also targets CsFAD3C homeolog cutting 1774 base pairs before the ATG, with a maximum of mutations 1bp before the cut site accounting for 47% of variants among all genotyped plants (Supplemental table 4). Interestingly, the variant diversity at sgRNA_4A6C target site is lower in CsFAD3C compared to CsFAD3A with 13 divergent alleles instead of 27 in a maximum of 141 genotyped plants but they are also observed in the three T2 families: 6 different variants are found in TG663 progeny, 6 in TG681 and 4 in TG687. Like for CsFAD3A, the detected mutations were essentially the result single base deletions at various positions in the -1 to -10bp window upstream of the sgRNA-Cas9 cut site.

The other guide that showed high mutagenesis efficiency was sgRNA8C targeting specifically CsFAD3C 2173bp before the ATG. Variant profile is however very different from sgRNA_4A6C with several 399bp deletions spanning from sgRNA_8C to SgRNA_4A6C position. These deletions were observed in high proportion in two T2 families: 61 genotyped plants out of 104 in TG681 progeny and 58 out of 108 in TG687 progeny. Furthermore, a 780bp deletion exclusively found in CsFAD3C and spanning from sgRNA_5A6B7C to sgRNA_4A6C including sgRNA8C, occurred in 5 plants from TG681 progeny (even in homozygous state in two siblings). Overall, mutation occurrence at sgRNA8C was as frequent as for the two previous guide RNA but the diversity of variants was much lower consisting mainly in two variant types in two T2 progenies.

Similarly, as sgRNA8C, sgRNA_7A8B9C was also associated with large deletions on all three separate targets on all the homeologs targeted (Fig. 29). The sgRNA_7A8B9C targets the three FAD3 homeolog but caused in CsFAD3A a 723 bp deletion (sgRNA_7A8B9C defines its left border) that was found once in the TG663 progeny but 17 times in the TG681 progeny and exclusively in homozygous state (Supplemental figure 3). In CsFAD3B, sgRNA_7A8B9C caused a 1196bp deletion that spanned almost half of the promoter to the sgRNA3_AB site. This allele had 4 copies identified only in the progeny of TG681 and was detected homozygous in TG1418. It is worth noting that these three 723, 780 and 1196bp deletions occurred in the progeny of TG681, highlighting the potential interest of this T2 family for isolating fad3 mutants with large promoter deletions.

The sgRNA_3AB is third guide showing large variant diversity albeit with a lower frequency compared to sgRNA_4A6C and sgRNA_8C. The sgRNA_3AB targets both CsFAD3A and CsFAD3B with the latter showing higher mutation frequency. In CsFAD3B, sgRNA_3AB induced 16 types of variants in the whole sequenced population (191 plants) consisting mainly 1bp deletions around the sgRNA cut site mostly in TG663 and TG681 progeny (Sup. table 4). It is worth noting that TG681 progeny showed only two haplotypic variants that occurred in a single plant. In CsFAD3A, sgRNA_3AB showed up to twice lower frequency of variants among all sequenced samples that consisted essentially in 1bp Indels compared to its homolog target site on CsFAD3B.

The last guides showed lower diversity and frequency of mutations compared to the previous sgRNA.

The sgRNA 5A6B7C guide targeted the three FAD3 homeolog. In CsFAD3A, sgRNA 5A6B7C caused two deletions of 42 and 43bp respectively and one T deletion or A insertion at low frequencies with 1 to 12 alleles of any combination retrieved from TG663 and TG681 progeny. Interestingly, no variant at this position could be detected in the lines derived from TG687. In CsFAD3B, sgRNA 5A6B7C on caused one or 2 A deletions in 40 and 19 alleles respectively out of 130 genotyped alleles in TG663 progeny, and 1 or 2 base deletion in few TG681 and TG687 progeny lines. At CsFAD3C, sgRNA 5A6B7C caused only 2 variants in TG663 progeny. Finally, sgRNA_6A7B targeted CsFAD3A inducing 7 A insertions and 10 G deletions, mostly heterozygous in TG681 but also CsFAD3B causing single A insertions in TG661 and TG681 progeny (2 out of 130 and 11 out of 122 respectively) (Sup. Figure 3).

In conclusion, among the 3 loci for target guides, the CsFAD3A promoter showed a large SNP/Indel variability mostly due to the mutations caused by SgRNA_4A6C. The CsFAD3B promoter showed the lowest mutation diversity and mutation rate. The CsFAD3C promoter showed the highest rate of mutations, but with a lower mutation diversity compared to CsFAD3A. Furthermore, the CsFAD3C is notably characterized by large deletions, often homozygous and distributed in the TG681 and TG687

progeny. Interestingly, TG663 progeny is characterized essentially by small Indels and SNP. 

Legend

Haplotype reconstruction in select lines.

Long read sequencing of individual plants provide the opportunity to characterize the different haplotype combining alleles corresponding to the different sgRNA sites. Contrary to variant calling, haplotype reconstruction was carried out with pbAA Cluster for amplicon reconstruction using amplicon guide sequences and CCS reads as input (Fig. 26). The pbAA cluster tool generates clusters of reads to infer the most probable haplotypes present in a sequence mix based on the sequence proximity within reads of a given cluster. Once a cluster is considered as plausible, it is then analysed by U-Chime filters for chimera detection and filtering for frequency (10% in the case of default settings). These amplicon sequences generated by pbAA are based on reference sequences for each target locus led to sequence clusters that are used to generate a consensus defining potential haplotypes.

The analysis was performed on the entire edited plant population but only few selected are presented below.

• Haplotype reconstruction of TG1396

The previous analysis enabled us to identify that the progeny from TG681 was characterized by the presence of large deletions in CsFAD3A and B homeologs. Based on the observation of individual reads, TG1396 was selected for further analysis at it appeared to show an inversion that was not detected by HaplotypeCaller. In order to analyse the complete genotype of TG1396, we used pbAA to reconstruct the three FAD3 homeolog promoters. The unfiltered CCS reads aligned on our reference sequence showed a maximum sequencing depth of 41X, 1518X and 10X for respectively CsFAD3A, CsFAD3B and CsFAD3C.

For CsFAD3A, pbAA predicted four putative haplotypes but three of them did not pass quality U-Chime filters (Fig. 30 panel promCsFAD3A box D). The first alternative haplotype derived from CsFAD3A was discarded because of it was considered having a chimeric structure with CsFAD3B. The second alternative haplotype that was also considered chimeric showed a too low frequency (10% of the total clusters) to be considered. The third alternative haplotype was also filtered out for low cluster frequency and being identified as chimeric with the CsFAD3C amplicon. In practice, we found that misidentification of actual haplotype as a chimera was probably the result of reference sequence being too close to each other, leading to false negative chimera detection. Such limitation was considered in the following analysis to eventually define the CsFAD3A cluster 1 sequence as true positive haplotype.

Finally, pbAA successfully reconstructed one CsFAD3A haplotype harbouring a 516bp inversion from SgRNA_4A6C to SgRNA_3AB associated with a +T insertion 3 bp upstream sgRNA1A PAM site, a 3 base pairs heterozygous deletion on sgRNA_4A6C and insertion detected on sgRNA_6A7B and sgRNA_3AB (Fig. 30). A TC insertion was also detected by HaplotypeCaller and found in the three failed haplotypes but was potentially a sequencing error, as it occurs in a TC microsatellite region and is often found in the aggregated reads from all plants from the experiment. Such error could occur during sequencing or during PCR steps. The 3 base pair deletion on sgRNA_4A6C called by HC was initially called as homozygous but it turned out to be false calling since the second allele containing the inversion was not taken into account during haplotype reconstruction prior to variant calling. HC is a SNP and short indel calling tool and is blind to structural variations.

For the CsFAD3B promoter, two haplotypes were generated that appeared to be consistent. The heterozygous G insertion at sgRNA_3AB site was confirmed in both predictions. We therefore consider that the two first clusters of reads represented the possible haplotypes found in these plants.

For the CsFAD3C amplicon sequences, pbAA successfully reconstructed only one possible haplotype. This result was not surprising since CCS maximum depth was only 10X below the 15X minimal threshold and 30X threshold recommended by PacBio for predicting. The haplotype is characterized by homozygous A insertions and CC deletions respectively at sgRNA_8C and sgRNA_4A6C sites. Validation of TG1396 T2 plant genotypes.

In order to identify the possible effect of the 516bp inversion on FAD3 expression, we sequenced CsFAD3A amplicons by sanger method from 31 individual plants produced from TG1396 T2 seeds. The sanger reads were designed to cover the area flanking the inversion breakpoint at the sgRNA 4A6C and 3AB target to select for this variation regardless of the haplotypes of promoter on CsFAD3B and CsFAD3C. The sanger ABI mixed traces were then deconvoluted as two fasta reads using tracy v0.5.7 and aligned to FAD3 promoter reference and analysed visually using IGV (Fig. 31). Inverted sequences were characterized by read clipping consisting of a discontinuous alignment with 5' and 3' end of the read correctly aligned in forward orientation (in blue in IGV) while the inverted region was aligned in antiparallel orientation (in pink in IGV). Lines number 04, 08, 22 and 26 (TG1716 to TG1719) were identified as lines showing bona fide read alignment clipping between the sgRNA 4A6C and sgRNA 3AB that corresponded to the 516bp inversion CsFAD3A allele (promCsFAD3A inv). The lines number 03, 07, 17 and 20 (TG1720 to 1723) were identified as the allele without the inversion (promCsFAD3A A2).

For comparison, lines 01 and 02 were considered heterozygous for both alleles as they showed deconvoluted reads that did not homogeneously align on the breakpoints located at the inversion point starting at sgRNA_4A6C (Fig. 31). All these lines were grown in glasshouse and T3 seeds collected for fatty acid profiling. Fatty acid profiling of TG1396 T4 seeds.

Fatty acid profiling was carried out on T3 seeds from mutants with the CsFAD3A promoter with an inversion (promCsFAD3A inv) and without (promCsFAD3A A2) (n=4 for both genotypes) compared to 3 Celine wild type seed lots produced in the same growth conditions. Both mutant plant family showed significant reduction in C18:1 and increase in C22:1 compared to wild type controls while no significant differences could be detected in C18:2 and C18:3. Marginal differences were also observed between promCsFAD3 mutant lines with Céline for the very long chain fatty acids C22:2, C22:3, C24:0 and C24:1 (Fig. 32). No clear difference in fatty acid profiling could be observed between promCsFAD3A inv with promCsFAD3A A2 lines, suggesting that the observed phenotypic difference with wild type control is not due to the CsFAD3A alleles. A. Inferred genotypes from PacBio sequencing for lines selected for the 516bp inversion between sgRNA 4A6C and 3AB (pink bar) and single base insertion at sgRNA 1A target loci. Genotype name is promCsFAD3A inv HOM. Sister lines with insertions at sgRNA 6A7B, 3AB and 1A (triangles) targets on CsFAD3A promoters. Genotype was not determined on CsFAD3B and CsFAD3C (grey bars with question mark). B. Seed FAMEs quantification in mol% of total fatty acids. Blue is wild type control for Céline (n=3), orange for CsFAD3A inv HOM lines and grey for CsFAD3 A2 HOM lines corresponding to genotypes in A panel. Bars marked with * are significantly different from wild type lines using student's unpaired T-Test with an alpha risk of 0.05. Since TG1418 appeared as harboring large genetic variations within CsFAD3B and CsFAD3C promoters, we decided to assess the effect of the different genotypes on the seed lipid composition for homozygous allelic combinations.

Amplicons were generated from 144 TG1418 sibling lines sown in the greenhouse. Among them, we successfully identified by amplicon size differences in PCR homozygous CsFAD3B alleles (1196bp deletion) and CsFAD3C alleles (780 bp deletion ) (Fig. 33 A). Since only one haplotype was identified for CsFAD3A by CCS sequencing, we decided to sequence this specific target using sanger sequencing among the double homozygous deleted CsFAD3B and C mutants. The CsFAD3A loci were genotyped by sanger sequencing at the sgRNA_6A7B and sgRNA_1A regions. Two variations were identified: a 5bp deletion at sgRNA_5A6B and on sgRNA_1A we identified a +T insertion haplotypically related to the -5bp deletion identified at SgRNA_6A7B. These reconstructed alleles were named and presented in Fig. 31 A. An 1kb region of this haplotype is still unknown due to partial coverage of the sanger traces (data not shown).

Upon the development of markers, we could successfully identify plants with the associated In regard to C18:2 relative quantity, all TG1418 sibling lines genotyped showed a significantly reduced C18:2 content with the allelic combination A-02, B-01 and CsFAD3 C-01 being the most reduced (Fig. 30B). The common allele among the 4 combinations is CsFAD3 C-01 (780 deletion in CsFAD3C) suggesting that it is most likely involved in the phenotype. Interestingly, Reduced C18:2 is associated with significative increase in C18:3 for two lines, A-01 B-02 C-01 and A-02 B-01 C-01 which showed the highest increase significantly different even from the mutagenized lines. Possibly, the A-02 allele, when homozygous could enhance accumulation of C18:3 in particular in combination with B-01 allele. The B-02 allele could show an effect that mitigates this accumulation, explaining the nonsignificant differences across all lines homozygous for the B02 allele. No significant differences were found in all other lipid classes compared to WT or between homozygous lines (data not shown).

FAD3 promoters.

The FAD3 promoter divergence between the three Camelina homeologs is represented mostly by insertions or deletions in highly conserved sequences (Fig. 19), and the search for conserved motifs within FAD3 promoters of different species provided a more detailed analysis promoter structure.

Camelina FAD3 promoters shared sequence similarities with Arabidopsis and also with other brassicas.

For instance, the region associated with GCN5-mediated histone acetylation identified in Arabidopsis FAD3 promoter (-100 to 300bp) could also identified in CsFAD3 promoters suggesting that epigenetic marks could be involved in FAD3 regulation [START_REF] Wang | Histone acetyltransferase general control non-repressed protein 5 (GCN5) affects the fatty acid composition of Arabidopsis thaliana seeds by acetylating fatty acid desaturase3 (FAD3)[END_REF]. Another feature is the absence of bZIP67 binding site Gbox-1 (ACGT) in CsFAD3-C and Brassica nigra FAD3-B3. Interestingly, in preliminary analysis, we found that CsFAD3-C had a much higher expression compared to the 2 other homeologs and a slightly different expression pattern. Such differences could originate from the different promoter structure and the absence of Gbox1. However, in Arabidopsis the Gbox1 was not associated with repressive effect but the association with other Cis-Regulatory Element (CRE) could be responsible of CsFAD3-C expression [START_REF] Jakoby | bZIP transcription factors in Arabidopsis[END_REF].

The Brassica nigra FAD3 homeolog on chromosome B3 showed also a singular combination of conserved motifs including a specific TATA box and surrounding nucleotides (motif 4) of unknown function and CT/GA repeats in 5'UTR. B. nigra is one of the oilseed crops accumulating the highest levels of n-3 FA among the Brassica tribe (with Brassica juncea) with 19% of total lipids in the oil [START_REF] Sharafi | Oil Content and Fatty Acids Composition in Brassica Species[END_REF] Brassica nigra FAD3 homeologs have not been characterized yet but specific could be associated with high gene expression that would be worth analysing with either synthetic promoters or by gene editing [START_REF] Yang | An evaluation of biodiesel production from Camelina sativa grown in Nova Scotia[END_REF].

Genotyping strategy

Our genotyping strategy contrasted with previous studies on promoter mutagenesis. The multiplexed amplicon single molecule sequencing strategy enabled us to reconstruct all the different haplotypes of the mutagenized population in a single sequencing pass.

In the case of tomato CLV3 promoter mutagenesis, a sensitized allele defined as heterozygous combination of wild type and a complete deletion of CLV3 promoter was used and genotyping was therefore straightforward since a single amplicon can be retrieved from the mutagenized locus. In the maize CLE peptide promoter mutagenesis experiment, the mutated alleles were first identified by sanger sequencing, before crossing in a null mutant background to generate a sensitized F1 progeny and validate the phenotypic effects of the new alleles. The identification of the different haplotypes in T0/T1 turned out to be complex by the existence of heterozygous and heteroallelic mutants that required demultiplexing the sanger sequence traces.

Therefore, the possibility to sequence a mixture of target alleles in T2 prior to T3 selection was a major improvement compared to previous strategies, in particular for mutations spanning over short read sequencing resolution. We further extended the concept by sequencing up to 6 single molecules (haplotypic alleles) from a single primer pair. Our results demonstrated the critical importance of third generation sequencing using platforms such as the ones developed Pacific Bioscience or Oxford nanopore for CRISPR/Cas9 mutagenesis experiments. We could also further improve this strategy by replacing the amplicon sequencing by probe-based DNA enrichment of the CRISPR/Cas9 mutagenesis targets [START_REF] Gabrieli | Selective nanopore sequencing of human BRCA1 by Cas9-assisted targeting of chromosome segments (CATCH)[END_REF][START_REF] López-Girona | CRISPR-Cas9 enrichment and long read sequencing for fine mapping in plants[END_REF] . These strategies were shown to be effective for targeted genotyping by using long read sequencing to detect major variations such as large deletions or duplications, translocations and inversions that can occur at sgRNA target sites.

Cis Regulatory mutagenesis experiment

We decided to opt for a mutagenesis strategy targeting identified CRE but also random targets. Such strategy could provide new alleles modifying FAD3 expression and changing fatty acid profile in lipids but also would be useful tools to better understand transcriptional regulation of this enzyme. A similar strategy was carried out in tomato on CLAVATA3 promoters leading to reduced as well as enhanced gene expression modifying fruit size and shape [START_REF] Rodríguez-Leal | Engineering Quantitative Trait Variation for Crop Improvement by Genome Editing[END_REF]. This approach provided alleles with quantitative effects with immediate use for tomato breeding but also generated a library of mutated promoters helping in deciphering underlying cis-regulatory regulation. Interestingly, most of the main changes in transcriptional expression induced by multiplex CRISPR-Cas9 editing was not particularly correlated with conserved regions in the promoter sequences. A major difference with our work is that we targeted the promoter of a metabolic enzyme rather than a master transcription factor associated with a complex regulatory network including a positive forward loop that could amplify small change of expression induced by editing. One could expect a different outcome in term of regulatory network architecture by targeting a metabolic enzyme compared to a transcription factor in particular for the amplitude of mutation effect. In the case of tomato work, a sensitized allele corresponding to a large deletion in the CLV3 promoter was used to detect mutations with small effect which could be easily identified visually by the fruit size and structure. The use of Camelina with high redundancy of the different homeologs could be limiting in identifying effective mutations on FAD3 expression even if gene dosage was clearly demonstrated for FAD2 [START_REF] Morineau | Selective gene dosage by CRISPR-Cas9 genome editing in hexaploid Camelina sativa[END_REF]. We therefore developed a screening strategy to identify potential haplotypes modifying FAD3 expression based on quantitative phenotyping and genotyping on individual seed and plant respectively.

Previous mutagenesis experiments on Arabidopsis FAD3 promoter showed that a phenotype to genotype strategy led to the identification of mutants in which a stable phenotype across several generations could not be correlated with specific alleles. We therefore decided to follow a reverse genotype to phenotype strategy aiming in detecting as early as possible very diverse FAD3 haplotypes in plants that will then be phenotyped for their fatty acyl profile. We were able to successfully characterize a wide range of mutated alleles in T2 using PacBio amplicon sequencing. These alleles were successfully correlated with T3 plant genotypes.

PacBio pipeline.

Our strategy that was based on the amplification of the three homeologous genes within a single PCR reaction generated a major amplicon bias. The vast majority of sequences retrieved turned out to be CsFAD3B, which is surprising since it has a similar length compared to the CsFAD3A promoter amplicon.

We suspected that this sequencing depth bias was further amplified by the second PCR used for barcoding. These differences in PCR amplification are most probably caused by difference in nucleotide composition and/or sequence rather than amplicon length as CsFAD3A and CsFAD3C reads were retrieved in similar depths despite a 450bp length difference.

Chimeric CCS reads with 5' and 3' sequences originating from different genomic targets were often observed in read alignment with low read depth, suggesting that the presence of closely related amplicons from the three homeologous CsFAD3 also caused DNA rearrangements during PCR amplification or library steps. Such artifact is common in PCR amplicon-based targeted sequencing for microbiome determination [START_REF] Edgar | UCHIME improves sensitivity and speed of chimera detection[END_REF]. A simple mitigation strategy would be to generate amplicon for each individual homeologous locus when possible and use equimolar amplicon pooling prior to barcoding.

We were nonetheless able to successfully analyse CCS amplicon data in the PacBio pipelines thanks to recent development of SARS-Cov-2 sequencing strategies (2020; [START_REF] Lhomme | Prediction of SARS-CoV-2 Variant Lineages Using the S1-Encoding Region Sequence Obtained by PacBio Single-Molecule Real-Time Sequencing[END_REF]. Our results

showed that the reconstructed haplotypes obtained through Pacbio sequencing were validated by sequencing of T3 plants. The genetic variations could be efficiently retrieved whether they originate from classical variant calling at the different sgRNA sites or from haplotype reconstruction.

Nonetheless, for TG1396 we could identify a minor flaw in CsFAD3A haplotype identification that was due to improper pbAA parameters and reference assignment. Indeed, the amplicon reference sequence should be as short as possible and the 1kb extension present in the reference sequence but absent in the amplicon caused error in haplotype reconstruction. In TG1418, the CsFAD3B 1196bp deletion was also improperly identified as homozygous using GATK tool while PCR genotyping showed that CsFAD3B was heterozygous for this variation. Furthermore, the full-length allele of CsFAD3B was not identified as plausible by pbAA due to a depth bias. The T3 sanger sequences and PCR genotyping data were essential to validate the Pacbio dataset and for the establishment of a robust and efficient analysis pipeline. It is worth noting that we did not present a structural variation analysis pipeline branch while we discussed inversions. This part of the analysis pipeline is currently under development at the institute and will allow the proper detection of the previously discussed inversions during variant

calling, but also assess potential duplications.

SgRNA design

Genotyping showed that mutagenesis efficiency was very variable among the different sgRNA sites as observed in Arabidopsis FAD3 and in many other Cas9 based editing experiments [START_REF] Yan | Efficient multiplex mutagenesis by RNA-guided Cas9 and its use in the characterization of regulatory elements in the AGAMOUS gene[END_REF]. In the case of FAD3 promoter, sgRNA design was limited by repeated sequences like microsatellites and poly A or Poly T sequences. Like for Arabidopsis FAD3 we observed a mutation bias with a much lower efficiency in the region towards the ATG. Nonetheless, the existence of spaced guides is of particular interest as they can cause guide to guide repairs leading to insertions or inversions. The spaced guides successfully generated guide-to-guide deletions and inversions at various frequencies depending on T1 lines. Prediction of sgRNA efficiency and specificity with CRISPOR tool was not really effective in particular for triple targets and dual target sgRNA since the homeologous sequence were detected and counted as off-targets which biased the specificity but also the efficiency score. However, one could still compare sgRNA efficiency with similar target numbers.

Among the triple target sgRNAs, SgRNA_5A6B7C displayed the highest frequency of detected mutations twice higher (0.51 vs 0.21) of the second-best guide, sgRNA_7A8B9C. When compared to CRISPOR scores inferred from Doench et al. (mostly governed by guide specificity), sgRNA_5A6B7C and 7A8B9C sgRNA were predicted as the most and the least efficient guides respectively with sgRNA_2ABC with an in-between score. These results did not match the observed efficiency since sgRNA_2ABC

showed no detectable mutations. In regard to Moreno-Mateos scores [START_REF] Moreno-Mateos | CRISPRscan: designing highly efficient sgRNAs for CRISPR-Cas9 targeting in vivo[END_REF], the guide 5A6B7C was also predicted to be the most efficient but 2ABC showed a much higher predicted efficiency. Similarly, for dual target guide RNAs, the most efficient guide sgRNA4A6C had also the lowest predicted "Moreno-Mateos" score. Similarly, the "Doench" score showed also variable predictive power meaning that sgRNA efficiency algorithm gathered in CRISPOR toolbox scores were not adapted to select the most efficient sgRNAs in the Camelina sativa genomic context. These predictive models for sgRNA efficiency were trained on animal models with different Cas9/SgRNA delivery strategies and specific algorithm should be designed for plants. The prediction of putative offtarget sites for sgRNAs did not correlate with the mutation rate since sgRNA_3AB, sgRNA_3C and sgRNA_5A6B7C that showed two predicted off-target sites in Camelina genome with the lowest occurrence of mismatches (3), all displayed variable efficiency compared to the other guide RNAs. The sgRNA showed also variable mutation diversity in particular for the occurrence of mutations around the Cas9 cut site. For instance, sgRNA8C and sgRNA_6A6B7C showed exclusively mutations at the cut site while sgRNA 4A6C presented mutations spanning -10 to +10 nucleotides around the cut site.

Similarly, some sgRNA were more prone in inducing deletions like sgRNA8C and sgRNA 7A8B9C with sgRNA4A6C. It is worth noting that guide-to-guide deletions were distributed mostly 1 to 2kb window upstream of FAD3 ATG for each homeolog. The low frequency of mutations (Indel or SNP) just upstream of the ATG independently of the nature of sgRNA or homeolog might suggest a protective mechanism or simply a low accessibility of DNA for Cas9 enzymatic complex in this region already targeted by the transcription machinery. No real difference of sgRNA efficiency or induced mutation profile could be observed among the three homeologs suggesting that the chromosomal position at a low impact on guide RNA activity.

CRISPR mutants

The analysis of the T2 CRISPR mutant plant population showed distinct allele patterns for the 3 CsFAD3 homeologs which were clearly associated with the T1 parent. It is worth noting that several sibling T2 lines showed large deletions in homozygous state in CsFAD3B and CsFAD3C promoters for TG681 or CsFAD3B promoter for TG687 that could be explained by the use of strong constitutive promoters to drive Cas9 expression that resulted in mutations early during T1 growth or even in T0 maternal tissues.

These results confirmed that increasing the number of T1 lines would maximize the diversity and occurrence of CRISPR/Cas9 generated alleles. Early genotyping is essential to identify the most genetically diverse T2 families and to limit the presence of redundant alleles. The existence of homozygous alleles in T2 can constitute both an advantage and a disadvantage in plant breeding. On one hand, a more genetically homogenous T2 progeny enables a quick and easy selection scheme allowing more reliable phenotyping but at the cost of a limited allelic combinations in the segregating progeny.

In order to improve mutagenesis efficiency, spatio-temporal regulation of Cas9 expression was used to reduce T1 chimeric tissues and increase T2 allelic diversity [START_REF] Mao | Development of germ-line-specific CRISPR-Cas9 systems to improve the production of heritable gene modifications in Arabidopsis[END_REF]. Furthermore, the restriction of Cas9 expression to gamete stage or to specific plant tissues will also help in defining precisely the factors governing sgRNA efficiency. In the CLE peptide promoter mutagenesis experiment, loci with identified mutagenic sgRNA sites were also associated with increased chromatin accessibility identified by Mnase seq and ATAC seq during ear development [START_REF] Liu | Enhancing grain-yield-related traits by CRISPR-Cas9 promoter editing of maize CLE genes[END_REF]. It would therefore be valuable to know if the efficiency of Cas9 mutagenesis on a target promoter is dependent on its activity. An active promoter would provide an open chromatin state more accessible to the nuclease but with the potential competition of regulatory proteins and transcription machinery.

Our experimental conditions enabled the generation of a wide diversity of CsFAD3 promoter alleles, in particular with large deletions in the three T2 family selected for their largest variability in seed to seed fatty acid profile in particular for C18:3. Phenotyping of TG1396 progeny showed significative changes in the fatty acid profile albeit not specifically associated with C18:3, suggesting that GE of CsFAD3 was effective. However, it remains unclear which mutations were responsible of this phenotypic change except that CsFAD3A haplotype with a large inversion was not responsible of the fatty acid change.

Surprisingly the large deletion of 1196bp in CsFAD3B observed in TG1418 progeny did not correlate with a different fatty acid profile even when associated with a 780pb deletion in CsFAD3C promoter.

If gene dosage effect observed in FAD2 GE is expectedly occurring in FAD3, these results would suggest that these regions contain no critical CRE motifs for CsFAD3 expression. However, full complementation by CsFAD3A for the phenotype cannot be excluded since preliminary analysis of CsFAD3C expression indicated that it was the most expressed homeolog during silique development.

This is not surprising since transcriptomic data showed that the sub-genome CsFAD3C homeolog belongs to has an overall highest gene expression profile [START_REF] Kagale | The emerging biofuel crop Camelina sativa retains a highly undifferentiated hexaploid genome structure[END_REF]. Surprisingly, the selected genotypes in particular those showing deletions or inversion did not show significative change in C18:3 or C18:2 in T4 seeds produced from homozygous T3. However, two lines from TG1418 progeny did show significative increase of C18:3 associated with an expected reduction of C18:2. It has however to confirmed that this phenotype segregated with the identified haplotype. Untargeted metabolomics would therefore be useful to further characterize these phenotypes to understand how these fatty acid change could be related to FAD3 mutations. A more comprehensive phenotyping analysis needs also to be done on the whole population to identify possible changes in C18:3 content. The knowledge of the different haplotypes will be helpful in selecting non redundant mutant backgrounds in the segregating T3 population and maximising the screened genetic diversity.

The fact that we conducted the experiment in a non-sensitized genetic background probably explains why we could not identify strong regulatory alleles linked with novel phenotypes in T3 lines. On the other hand, our selection strategy enabled us to identify promoter regions on the CsFAD3 homeologs that have no or a marginal impact on C18:3 accumulation. Furthermore, we have targeted a promoter for which transcriptional regulation have not really been assessed in-planta. The exception is the stable expression pattern of 1100bp AtFAD3 promoter fused to a luciferase reporter gene in Arabidopsis plants [START_REF] Matsuda | Hormonal regulation of tissue-specific ectopic expression of an Arabidopsis endoplasmic reticulum-type omega-3 fatty acid desaturase (FAD3) gene[END_REF]. The other studies of FAD3 transcriptional regulation involved indirect regulatory mechanisms or transient expression far from a whole plant context. To our knowledge, no serial deletion was carried out to decipher the regions of the promoter necessary for FAD3 expression.

Even if the successful targeted mutagenesis of CLV3 promoter did not rely of the existence of CRE or regulatory regions, it would have helped in our case to have had characterized FAD3 promoter prior to design the sgRNA.

Gene editing of enzyme promoters were also carried out in other species with similar results. A promoter mutagenesis experiment on Waxy (Wx) genes in rice that are linked with starch accumulation in grain also showed also that no mutation within promoter regions correlated with alleles linked to phenotypes of interest. In this experiment 7 sgRNA sites were designed on Waxy 5' upstream regions. Only mutations that affected the "S7" site in T1 plants had a significant effect on grain amylose content. The S7 site was located 4bp upstream the Wx ATG, and while distal sgRNA sites (542 to 1kb upstream ATG) showed detectable mutations, they had no impact on amylose content [START_REF] Huang | Creating novel Wx alleles with fine-tuned amylose levels and improved grain quality in rice by promoter editing using CRISPR/Cas9 system[END_REF]. A similar mutagenesis experiment on smaller Waxy promoter region with 8 sgRNAs located from 2 to 876 bp upstream of the TSS did not generate alleles associated with significant starch modifications. However, one guide was located in a 5' UTR region carrying an intron induced mutations that caused significant reduction in Waxy expression and starch accumulation [START_REF] Zeng | Quantitative regulation of Waxy expression by CRISPR/Cas9-based promoter and 5'UTR-intron editing improves grain quality in rice[END_REF]. Furthermore, it has been shown that the deletion of this first intron led to more stable Waxy expression and a drastic increase in amylose content of rice grain [START_REF] Liu | Targeted Deletion of the First Intron of the Wxb Allele via CRISPR/Cas9 Significantly Increases Grain Amylose Content in Rice[END_REF]. One explanation for the difficulty in altering enzyme promoters activity by GE could be their compact and short structure with on/off functionality that would be more difficult to fine tune by site directed mutagenesis. Another explanation could be that metabolic enzyme might be under tighter genetic control that would compensate for specific transcriptional change induce by GE.

We still believe that there is room in camelina to improve C18:3 accumulation to levels reached by crops like linseed for instance. The first possibility would be to use a more extensive mutagenesis tool like using a nuclease with lower PAM stringency or to use base editing to extend the type of alleles. An alternative strategy would be to target adaptive regulation. Indeed, the expression of FAD3 desaturase is clearly developmentally regulated but also modified by environmental conditions. Transcriptional regulation during seed development might be more tightly controlled and less prone to large changes compared to abiotic or biotic stress response. An alternative screening strategy could be for instance to identify mutants with modified C18:3 accumulation in seed lipids in response to cold stress which is known to increase polyunsaturated fatty acids.

MATERIAL AND METHODS

Camelina agrobacterium mediated transformation

Camelina cv Celine was transformed following an improved method of the traditional Arabidopsis floral-dip method [START_REF] Clough | Floral dip: a simplified method for Agrobacterium -mediated transformation of Arabidopsis thaliana[END_REF]. Flower of Camelina were dipped in a solution of agrobacterium supplemented with sucrose (73 mm), MgCl2 (12.6 mm) and acetosyringone (100 μm) in a vacuum under low pressure (50 mbar). Plants and generated mutants which were selected on the the basis of their seed RFP fluorescence [START_REF] Nguyen | Redirection of metabolic flux for high levels of omega-7 monounsaturated fatty acid accumulation in camelina seeds[END_REF].

Growth conditions

Plants were grown on soil in greenhouses under long day conditions (16h light at 23°C / 8h night at 15°C) and under 60% of hygrometry. Seeds were harvested after desiccation of mature siliques.

FAMEs analysis

A total of 20 seeds were weighted in a glass tube and mixed with 1.345 ml of FAMEs buffer [methanol (1 mL), toluene (0.3 mL), sulfuric acid (25 µL) and C17:0 standard (20 µL)]. The tubes were closed and warmed at 90°C for 90 min. After cooling, water (1.5 mL) and hexane (0.5 mL) were added and the mix was centrifuged for 5 min at 1600 g. The tubes were shaken and then centrifuged for 5 min at 1600 g.

Organic phase (50 µL) was diluted in hexane (1 mL) and this solution (50 µL) was transferred to a GC vial for injection. The samples were injected on an Agilent 7890A gas chromatograph coupled to an Agilent 5975C mass spectrometer. The polar column was a BPX70 (SGE) (30 m).

Construction of CRISPR/Cas9 transgenes. 1-2µL of GoldenBraid ligation products were mixed in 4µL of electrocompetent DH5a Escherichia coli cells (NEB) completed with 36µL ice cold water and transformed by electroporation (BioRad MicroPulser) at 1.3kV according to manufacturer instructions. Bacterias aliquots were then rapidly suspended in 1mL of LB medium and placed under agitation at 37°C for 30 minutes, plated on selective LB agar plates and incubated overnight at 37°C. Selection for pGEMT, Omega 1/2, alpha 1/2 were respectively on LB media additionned with carbenicilin (100 µg/mL), spectinomycin (50µg/mL) and kanamycin (50µg/mL), and for all plates IPTG (20µg/mL) + X-gal (3µM). Plasmids were extracted using with Nucleo-spin plasmid kit (Macherey Nagel) according to manufacturer instructions.

Electrocompetent Agrobacterium tumefaciens (C58C1) was transformed with 2µL of the final construct like for E. coli except that cells were agitated at 28°C and plated on Kanamycin for alpha vectors containing bacteria or Spectinomycin for omega vectors, completed with Gentamycin (25µg/mL) and Rifampicin (50µg/mL) for 2 days, then used for Camelina floral dip transformation.

Multiplexed amplicon library generation

DNA was extracted as described [START_REF] Edwards | A simple and rapid method for the preparation of plant genomic DNA for PCR analysis[END_REF]. The amplicons were generated using phusion polymerase (Invitrogen). PCRs were carried out according to manufacturer instructions with a 3-step protocol with increased extension time to 1 min 30 seconds using the recommended GC buffer (Invitrogen) and 1M Betaine as an additive [START_REF] Henke | Betaine improves the PCR amplification of GC-rich DNA sequences[END_REF]. Optimal amplification was obtained by carrying out a nested PCR with TG297F/TG64R primers followed by a PCR using 1uL of the first reaction

(1/100 diluted) as matrix and TG260 / TG261 primers for plate 1 or TG262/TG263 for plate 2. Primers TG260, TG261, TG262 and TG263 were synthesized by Eurofins Genomics with a 5' amino C6 linker to block their 5' ends. The amplicons from the two plates were then quantified using Quant-iT PicoGreen dsDNA Reagent (Invitrogen) on a Tecan Spark plate reader according to manufacturer instruction and pooled equimolarly in a 96-well plate. The second PCR with M13 barcoded primers was carried out by the Gentyane platform (INRAE Clermont Ferrand) prior to the SMRT bell library construction according to PacBio recommendations.

Promoter analysis and guide RNA design

The different FAD3 accessions were identified by BLAST-N and BLAST-P against respective Brassicaceae genomes (Table S4). The Camelina sativa DH55 CsFAD3-A, CsFAD3-B and CsFAD3-C genes corresponded to Csa16g014970.1, Csa07g013360.1, and Csa05g033930.1 respectively [START_REF] Kagale | The emerging biofuel crop Camelina sativa retains a highly undifferentiated hexaploid genome structure[END_REF]. Conservation between promoter sequences was achieved using mVista (Ratnere and Dubchak, 2009). Alignment method was based on LAGAN algorithm with RankVista probability threshold of 0.5.

Motif search was carried out on Brassicaceae sequences trimmed from the putative ATG to -600bp on with the "trim" tool of Galaxy and used as input for MEME software (Afgan et al., 2016;Bailey et al., 2015). Parameters for MEME were set for 6 unique motifs in both forward and reverse sequences with a maximum length of 50 nucleotides.

The sgRNA design on CsFAD3 promoter sequences were carried out with TEFOR CRISPOR online tool, to define predicted mutagenesis efficiency and off-target scores. sgRNA are listed in Table S2.

Long read targeted sequencing data analysis.

Subreads were generated using a PacBio Sequel II platform using 8M SMRT cells and acquiring a 20 hours movie. Data analysis for PacBio data was carried out using the Genotoul SLURM cluster (Toulouse, France). Pacbio data was handled using SMRT Link v10.2. Subreads were converted to CCS using the ccs tool provided by PacBio. CCS data was used for demultiplexing using SMRT Link Lima tool and default 96 barcodes input file using parameters "--different --ccs --split-bam-named".

Demultiplexed CCS reads were aligned to Camelina sativa genome using pbmm2 wrapped in SMRT Link on their respective reference using parameters " --sort --bam-index BAI --log-level DEBUG --preset HIFI -e 1 -E 0 -L 0.05". The output alignment was used as an input for variant calling using the GATK suite with HaplotypeCaller using parameters " --adaptive-pruning FALSE --assembly-region-padding 3000 --contamination-fraction-to-filter 0.05 -min-assembly-region-size 2500 --max-assembly-region-size 3000 --force-active TRUE -ERC GVCF --max-reads-per-alignment-start 10000 --dont-use-softclipped-bases true " [START_REF] Auwera | Genomics in the Cloud: Using Docker, GATK, and WDL in Terra[END_REF]. PbAA was used to infer consensus haplotypes on FASTQ converted reads using fasta to fastq prior to their alignment on respective Camelina reference and corresponding figures were generated from IGV snapshots and reads manually curated.

The sgRNA analysis figures were generated with GATK VariantsToTable and mutations manually curated. The data analysis pipeline will be publicly released as a part of the SPS multiCrispr project.

Sanger reads analysis

Amplicons were sequenced by GenoScreen SAS (Lille, France) using the ABI 3730XL platform. ABI formatted reads were then decomposed using tracy v0.5.7 [START_REF] Rausch | Tracy: basecalling, alignment, assembly and deconvolution of sanger chromatogram trace files[END_REF] to FASTA reads for usage with high throughput sequencing analysis tools.

General discussion

The general aim of the thesis consisted in answering whether it is possible to improve linoleic acid content in Arabidopsis and the field useable crop Camelina sativa through multiplexed and promoter directed CRISPR/Cas9 mutagenesis. We successfully retrieved mutant plants with a significantly modified linolenate content but the genetic basis of these modification remains unclear.

Nonetheless, the methodological developments for CRISPR/Cas9 multiplexed promoter mutagenesis brought improvement over previously described experiments.

The initial step towards the establishment of our strategy consisted in the exploration of methods to efficiently analyse the potential mutations caused by the CRISPR-Cas9 mutagenesis by genotyping. In order to assess the mutagenesis pattern caused by the introduction of the 8-sgRNA/Cas9 mutagenesis pattern in Arabidopsis, we used short read sequencing over a collection of promoters issued from random T2 plants that were selected for the absence of the Cas9-containing transgene and we could successfully estimate the mutation rate that was correlated to mutation retrieved in subsequent generation of select plants up to the T5 and T6 generation. The requirement to work with lines that did not feature active Cas9 mutagenesis transgene was identified early due to the fact that marginal somatic mutations are not necessarily passed on to the progeny [START_REF] Feng | Multigeneration analysis reveals the inheritance, specificity, and patterns of CRISPR/Cas-induced gene modifications in Arabidopsis[END_REF]. Our strategy that consisted in using a library of PCR amplicon showed a cost-effective manner to anticipate alleles found in the subsequent generations that were not described in previous similar experiments. These experiment essentially relied in the blind analysis of mutant populations with no prior knowledge of mutagenesis efficiency [START_REF] Rodríguez-Leal | Engineering Quantitative Trait Variation for Crop Improvement by Genome Editing[END_REF][START_REF] Zeng | Quantitative regulation of Waxy expression by CRISPR/Cas9-based promoter and 5'UTR-intron editing improves grain quality in rice[END_REF][START_REF] Liu | Enhancing grain-yield-related traits by CRISPR-Cas9 promoter editing of maize CLE genes[END_REF]. The extension of the concept on Camelina using PacBio barcoded amplicon sequencing enabled the resolution of haplotypes and enabled us to breed for plants with fixed alleles for select homeologs as early as the T2 and T3 generation. This methodology provides valuable tools, especially in the context of promoters where multiple cis-regulatory elements can interact together.

For example, in the Arabidopsis FAD3 promoter context, we could possibly target Gbox1, Gbox2 or any highly conserved promoter motifs identified in Chapter V by first identifying a set of efficient guide RNAs determined using short read promoter sequencing as described in chapter IV. Based on an optimal sgRNA combination, we could track mutations within in user-defined motif targets to select for individuals with actually mutated Cis-Regulatory Elements. This strategy would be particularly effective to decipher FAD3-promoter associated mechanisms. Mechanistic and organism-scale evidence of the involvement of promoter CRE towards the regulation of FAD3 promoter is lacking.

Nonetheless, the impact of a complex regulatory mechanism involving LAFL is plausible and only a single functional analysis of FAD3 CRE was published to our knowledge and consistent with motifs identified during the thesis [START_REF] Mendes | bZIP67 regulates the omega-3 fatty acid content of Arabidopsis seed oil by activating fatty acid desaturase3[END_REF].

Aside from the work of Rodriguez-Léal et al (2017) and [START_REF] Liu | Enhancing grain-yield-related traits by CRISPR-Cas9 promoter editing of maize CLE genes[END_REF], the CRISPR/Cas9 multiplexed strategies consisted in using multiple guides multiple different genes, usually with 2 guides per genomic loci targeted in order to inactivate select genes [START_REF] Yan | Efficient multiplex mutagenesis by RNA-guided Cas9 and its use in the characterization of regulatory elements in the AGAMOUS gene[END_REF][START_REF] Wang | Multiplex Gene Editing in Rice Using the CRISPR-Cpf1 System[END_REF][START_REF] Bollier | Efficient simultaneous mutagenesis of multiple genes in specific plant tissues by multiplex CRISPR[END_REF]. Our work demonstrates an important mutation bias within close target sites as well as tools to study these in case of an augmented sgRNA target density per individual target gene. Similar studies causing a large set of mutations over a small genetic window have been carried out. These strategies can be related to site-directed mutagenesis in-vivo, using either EvolvR or CRISPR-X [START_REF] Butt | CRISPR-Based Directed Evolution for Crop Improvement[END_REF].

EvolvR consists in using a Cas9 fused to a DNA polymerase to induce mutations in windows over 350bp but has not been demonstrated to be functional in plants. Alternatively, CRISPR-X makes use of a Cas9 fused to a cytidine deaminase domain that induces mutations from -50 to +50 base pairs around a given sgRNA site [START_REF] Butt | CRISPR-Based Directed Evolution for Crop Improvement[END_REF]. These strategies will eventually be applied to agronomical species, and we present a genotyping pipeline that will help scale and adapt studies for a more precise understanding of mutation set induced over single-loci windows with randomized outcomes.

Contribution of the results to the knowledge of regulation and mechanisms of desaturation pathways.

We did not find major changes in seed fatty acyl profiles compared to wild type or null segregants in particular for enhanced C18:3 content which was expected from gain of function allele of FAD3.

Significant but marginal differences were however found in some Arabidopsis families, and potentially in Camelina TG1418 progeny. For Arabidopsis, we can suspect that the CRISPR/Cas9 mutagenesis or simply the T-DNA delivery had either epigenetic effects or resulted in undetectable genomic alteration, leading to small changes in seed fatty acid profiles. As discussed before, T-DNA insertions could be linked to important chromosomal translocation that indirectly may be involved in the seed lipid phenotypes observed [START_REF] Pucker | Large scale genomic rearrangements in selected Arabidopsis thaliana T-DNA lines are caused by T-DNA insertion mutagenesis[END_REF]). An alternative explanation could be a small RNA effect of the sgRNA independently of Cas9 leading to epigenetic change of FAD3 promoter even if no publication has clearly reported such effect to our knowledge.

Another possibility is that the promoter activity was indeed changed by the mutations but undetectable at the seed lipid level. We did not detect any significant variation in FAD3 expression in Arabidopsis FAD3 promoter mutants due to large variation of expression even in wild type. The qPCR results of FAD3 expression were not correlated with the increased C18:3 content (Supp. Figure 1), indicating that the accumulation of C18:3 was not linked to a detectable change in FAD3 expression in Arabidopsis Rp17>R10 sibling lines. Since C18:3 is accumulated over several days during seed development, minor change in FAD3 expression leading to a small increase in FAD3 enzyme could eventually led to significant product accumulation. Using qPCR experiments on developing siliques which are resource intensive and not adapted to small fluctuation of expression might not therefore be the best approach to validate the mutations generated, especially given the number of mutants generated in this study.

An encouraging result was the observation of a significative increase albeit small of C18:3 in TG1418 progeny in which large deletions were identified and could result from a single combination of CsFAD3A, CsFAD3B and CsFAD3C haplotypes. Nonetheless, further exploration of the mutated alleles should be conducted to confirm changes in promoter activity. A perspective of this work would be thus to assess the promoter activity by stable expression coupled to a reporter gene either in Camelina or Arabidopsis in stable lines transformed by Agrobacterium mediated transformation. Site directed mutagenesis could also enable us to identify which mutations detected in the promoter could be linked to changes in activity.

Several plants harbouring large deletions of FAD3 promoters were identified, with the example of the Arabidopsis line Ub24-R3-B1-B3 (Fig. 11) that showed a 822bp deletion ranging from 1580 to 759 base pairs before ATG that had no effect on C18:3 accumulation compared to wild type, suggesting that this section of promoter does not contain functional motif critically required for FAD3 expression during seed development. We can cross-check this information given that it has been reported that a -1138/+227 (relative to ATG) base pair section of the Arabidopsis FAD3 promoter could be used to drive a firefly luciferase when expressed in Arabidopsis and corresponded to silique development [START_REF] Matsuda | Hormonal regulation of tissue-specific ectopic expression of an Arabidopsis endoplasmic reticulum-type omega-3 fatty acid desaturase (FAD3) gene[END_REF]. Therefore, the region from -759 bp before ATG to the ATG should be sufficient to activate and regulate the FAD3 promoter in Arabidopsis. Additionally, in Camelina, a 1196 base pair deletion in the CsFAD3B-01 allele and 780bp deletions did not result in drastically affected linoleic acid content (Fig. 31). We hypothesize that 1000 first base pairs of FAD3 promoter should contain critical elements such as Gboxes able to drive efficiently the FAD3 promoter and should be investigated in detail for future prospects [START_REF] Mendes | bZIP67 regulates the omega-3 fatty acid content of Arabidopsis seed oil by activating fatty acid desaturase3[END_REF].

The conversion of LA to ALA catalysed by FAD3 is also at a nexus of lipid metabolism during seed development. ALA is for example redistributed by acetyltransferases which determine the route of ALA towards TAG or other lipid species and therefore influence ALA accumulation and represent viable crop improvement targets. In Camelina, the silencing of potentially all DGAT1 homeologs using RNA interference enabled an increase from 35 mol% of ALA to 55 mol% with no change in total seed lipid content, outperforming the mutants identified in this thesis [START_REF] Marmon | Two Acyltransferases Contribute Differently to Linolenic Acid Levels in Seed Oil[END_REF]. This effect could be completely neglected by overexpressing a Camelina PDAT gene using a seed specific promoter. Furthermore, the overexpression of a PDAT using the same seed-specific napin promoter from flax in Arabidopsis has an opposite effect and increases ALA content in seed lipids [START_REF] Pan | Identification of a Pair of Phospholipid:Diacylglycerol Acyltransferases from Developing Flax (Linum usitatissimum L.) Seed Catalyzing the Selective Production of Trilinolenin *[END_REF]. These results suggest that DGAT and PDAT enzymes can be seen as important targets to manipulate seed oil content, proving that reducing DGAT expression and altering DGAT protein structure can be efficient tools to improve ALA content in seed oil. Furthermore, [START_REF] Marmon | Two Acyltransferases Contribute Differently to Linolenic Acid Levels in Seed Oil[END_REF] suggested that the acyl-transfer rate of ALA from PC to TAG is higher than ALA synthesis rate since dilinolenate PC and DAG species were higher than the amount of C18:3 found in TAG at the same time point. The PDCT enzyme is also possibly a target for ALA improvement as it is a reversible enzyme and could retain ALA in endoplasmic-reticulum-located lipids by returning DAG-bound ALA in PC-bound ALA in membranes [START_REF] Marmon | Two Acyltransferases Contribute Differently to Linolenic Acid Levels in Seed Oil[END_REF].

General perspectives

During this thesis, we demonstrated the feasibility of mass forward-genetics with the extensive use of multiplexed CRISPR-Cas9 mutagenesis. The long read-sequencing analysis pipeline enabled us to decipher very complex mutagenesis patterns in a large population with a high accuracy and streamlined analysis pipeline. Potentially, this kind of mutagenesis combined with genotyping and subsequent novel allele generation can be scaled with dozens of targets and higher degrees of multiplexing, enabling the editing of many targets using CRISPR in a few generations of plants. The approach can also be transferred to other polyploid species. The guide RNA efficiency remains nonetheless a bottleneck that must be carefully analysed, since about half of the guide RNAs employed showed a low mutagenesis efficiency. As perspective, we propose that the sgRNA efficency analysis as early as T1 generation should be assessed using deep sequencing prior to genotyping or phenotyping on large scales.

We could nonetheless obtain large and frequent mutations in target distant from FAD3

promoter ATG, and showed that large deletions within this area have limited impact on seed linolenate content. Nonetheless, it is possible that FAD3 regulation in both Camelina and Arabidopsis was slightly altered given we identified minor linolenate phenotype. It cannot be excluded that promoter activity changes occurred but were diminished by tight RNA expression control, protein synthesis or stability.

Therefore, the novel promoter alleles generated in this work, especially those harbouring large mutations will be of interest to study uncoupling between promoter activity and subsequent regulation layers in vivo. This question can be addressed by cloning our novel promoter to reporter genes like luciferase.

We also confirmed that targets of interest should most likely be localized within 1000 base pairs upstream of the ATG of FAD3 and we therefore narrow down the region of FAD3 promoter to analyse, while the collection of promoters generated contains several alleles with point mutations in this region that were not precisely analysed for now.

As perspectives, the tools developed during this thesis could also be used in a similar fashion to edit a larger range of genes involved in linolenic acid accumulation, in particular those responsible for the transfer of linolenate within triacyl-glycerol during seed development such as DGAT, PDCT or DGAT genes to explore more possible layers of fatty acid accumulation.

The growing accessibility to third generation sequencing combined with enhanced targeted mutagenesis tools will enable editing at levels never seen before, such as the chromosome scale level editing [START_REF] Filler-Hayut | Targeted Inter-Homologs Recombination in Arabidopsis Euchromatin and Heterochromatin[END_REF], but will also enable large on-target mutagenesis experiments to significantly alter promoter or even protein structures in record times and scales for precision breeding. L'accessibilité croissante au séquençage de troisième génération combinée à des outils de mutagenèse ciblée améliorés permettra l'édition à des niveaux jamais vus auparavant, comme l'édition au niveau de l'échelle chromosomique, mais permettra également des expériences de mutagenèse ciblée plus complexes.

Species
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 1 Figure 1: Structure of Arabidopsis thaliana and Camelina sativa genome A Segmentally duplicated regions in the Arabidopsis genome. Individual chromosomes are depicted as horizontal grey bars (with chromosome 1 at the top), centromeres are marked black. Coloured bands connect corresponding duplicated segments. Similarity between the rDNA repeats are excluded. Duplicated segments in reversed orientation are connected with twisted coloured bands. The scale is in megabases. Reused from (The Arabidopsis Genome Initiative, 2000) B. The Camelina sativa genome. From the outside ring to the centre: (1) the twenty C. sativa pseudochromosomes (Chr1-20 represented on Mb scale) are shown in different colours with putative centromeric regions indicated by black bands; (2) gene expression levels (log10(average FPKM), bin=250 Kb)), values range from 0 (yellow) to 3.92 (red); (3) the distribution of protein-coding regions (nucleotides per

  omega-3 fatty acids Key words : omega-3, linoleic, desaturase, oil, stress Number of words (including references, excluding abstract) : 12445 ABSTRACT: Polyunsaturated fatty acids (PUFAs) are particularly enriched in land plants and are the products of the editing of fatty acids synthetized in the plastids. The desaturases FAD2, FAD3, FAD6, FAD7 and FAD8enables the synthesis of linoleic and linolenic acids (C18:2 and C18:3 respectively) that are the most abundant PUFAs in land plants. PUFA content is regulated by environmental conditions mainly temperature and stresses associated with oxidative conditions. Genetic regulation of the FAD desaturases is occurring at the transcriptional and post-transcriptional levels allowing fine tuning of PUFAs levels in changing environment but also during seed development to modulate seed oil content.

Figure 2 :

 2 Figure 2: Simplified TAG synthesis pathway. The green arrows indicate the two main fluxes thought to generate TAG with the Kennedy pathway and the PC derived TAG pathway. Orange represents steps occurring in the endoplasmic reticulum. Grey box represents the acyl-CoA pool. DAG (1) inducates a primary pool of DAG thought to be issued from de-novo synthesis of DAG and DAG (2) indicates a putative secondary pool of DAG undergoing extensive fatty acid exchange from PC.

  Representation of fatty acids discussed in this work and enzymes involved. Delta carbon numbering (from alpha carbon to methyl end) is represented in red. Omega carbon numbering (from methyl end to alpha carbon) is represented in blue. B: Sub-cellular organization of PUFA synthesis pathway. C4:0 elongation is carried out by the FAS complex and fatty acids are extended by KAS consuming malonyl-ACP. The desaturation reactions of the desaturases are carried out on specific substrates in organelles

Figure 4 :

 4 Figure 4: Protein sequence and structure analysis of Arabidopsis FAD2, FAD3, FAD6, FAD7 and FAD8. A Alignment of Arabidopsis FAD2, FAD3, FAD6, FAD7 and FAD8 protein sequences using clustal omega and accession numbers described in Table 1. Integral transmembrane regions are highlighted in yellow and histidine boxes highlighted in red. B: Schematic representation of FAD desaturase structure. Grey box represents membrane lipid bilayers, Fe indicates the stabilized di-iron center, yellow bars represent transmembrane domain.

  increase genetic diversity. It gathers a set of techniques that aims in modifying the genetic material of plants to create DNA variants that can alter gene functions. In most cases, plant breeding consisted in mutagenizing a population of plants, identifying traits of interest in this population (a process called a genetic screen), and finally in crossing lines harbouring alleles of interest together or in elite lines. Since the mutations induced by physical or chemical mutagenesis are scattered throughout the genome, the introgression of novel traits in elite plant varieties usually requires several back-crosses with parental lines to get rid of unwanted mutations. The development of molecular markers from genomic data accelerates during back-crosses, as the mutation(s) associated with the trait could be tracked across generations.

Figure 5 :

 5 Figure 5: Illustration of the initial CRISPR/Cas9 system. Cas9 possesses two nickase domains that can cause double strand cuts within the target site (green rectangle). The PAM motif is present on the target DsDNA strand and recognized by histidine residues on the Cas9 enzyme.

Figure 6 :

 6 Figure 6: Description of transgenesis based CRISPR/Cas9 editing technique and output. A. A cassette comprising an sgRNA expression cassette is fused to a Cas9 expression cassette and a selection marker expression cassette and subsequently transformed in target organism. B. In transformant organisms, the Cas9 enzyme and single guide RNA are transcribed. C. In the target genome, the sgRNA-Cas9 complex binds the target DNA loci and the Cas9 catalytic activity causes DNA cleavage in-vivo. D. Upon DNA damage detections, repair mechanisms may cause mutation by NHEJ resulting usually in insertions or deletions or can be repaired by homologous recombination, causing the duplication of an endogenous or exogenous DNA matrix within the host genome at the cut site.

  Cas-off finder tool analysis of guide RNA sequence and predicted targets. Green lines indicate intended target; yellow unintended targets. Guide RNAs position on the FAD3 promoter is represented in Fig. 4B.

Figure 8 :

 8 Figure 8: Schematic representation of the selection process of Arabidopsis FAD3 promoter mutants.For each construct, a total of 24 T1 transgenic plants were selected. To estimate the mutagenesis efficiency, a total of 14 T1 from Rp construct were subsequently selected and 10 T2 plants for each T1 were genotyped by deep sequencing. For Ub construct, a total of 24 T1 were selected and 24 T2 plants for each T1 were grown. The lipid profile of the different seed progeny was determined by GC/MS FAMEs analysis.
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 910 Figure 9: Allele count at each sgRNA position in T2 Cas9 negative sequenced lines.Deep blue: Counts for insertions greater than 10bp, Yellow: counts for 1 to 10bp insertions, grey: counts for deletions greater than 10bp, orange: deletions ranging from 1 to 10bp and light blue single nucleotide variation counts.

Figure 11 :

 11 Figure 11: Individual fold change of C18:3 content in Arabidopsis T2 seeds from indicated DsRED/CRISPR construct T1 lines compared to Col-0 (baseline is 1).

Figure 12 :

 12 Figure 12: Phenotypes of the progeny of selected individual T1 transformants. Fatty analysis was carried out on T3 seeds from individual T2 Cas9 positive plants. Letters indicate significance groups using Tukey's HSD test for alpha < 0.05 within respective fatty acid classes.In order to check whether a second round of mutagenesis could increase mutagenesis efficiency, Cas9 positive and negative segregating lines from the selected T1 Rp17, Ub 13 and Ub24 were compared.Seed fatty acid content of T3 DsRED positive and negative (B) lines produced from R and B T2 plants were compared. Relative amount of C18:1, C18:2 and C18:3 is shown in fig.13. Apart from Rp17 lines which did not show significative difference between R and B progenies, the 3 Ub lines showed lower C18:3 and higher C18:2 content (reduction of C18:3/C18:2 ratio) equivalent to what is seen in Col-0 in R progenies compared to B suggesting a negative effect of the mutagenesis construct on polyunsaturated accumulation. An insertional effect of the T-DNA in R lines is possible since changes in C18:3/C18:2 ratio occurred in several independent lines and was already detectable in mixed T2

Figure 13 :

 13 Figure 13: Comparison of C18 fatty acid relative content in seed pools from T3 lines. Rp indicates lines initially transformed with the Rp construct and the same is done for the Ub construct. Lines still carrying (>R lines) the Cas9 mutagenesis construct were compared with null segregants (>B lines) Letters indicate significance groups using Tukey's HSD performed using R software test for alpha < 0.05 within respective fatty acid classes.

Figure 15 :

 15 Figure 15: Heatmap representing relative values of fatty acid classes in T4 and T5 mutagenized lines.Red indicates increased proportion and blue reduced proportion compared to wild-type. Letters in cells represents the significance groups per line selected per fatty acid classes obtained using Tukey's HSD test using a p-value of 5%. Hierarchical clustering was done using hclust function in R and default parameters.

  been amplified and sequenced but would have a very strong effect of FAD3 expression and therefore on C18:3 accumulation in seeds. Alternatively, we investigated the possibility of a structural variant that would involve gene duplication of FAD3. Structural variants of Arabidopsis harbouring megabase scale duplications linked to an increased FAD3 activity and C18:3 content have been previously identified[START_REF] O'neill | Two high linolenic mutants of Arabidopsis thaliana contain megabase-scale genome duplications encompassing the FAD3 locus[END_REF]. We therefore carried out carried out genomic qPCR on the FAD3 promoter of Rp17>R10>B3 and Rp17>R10>B4 T3 plants but the results did not show any significative difference with wild type plants indicating that the observed phenotypes are not linked to a copy number variation (CNV) of the FAD3 locus (Fig13).

Figure 16 :

 16 Figure 16: Relative quantity in DNA extracts of mentioned lines of sgRNA6 loci Values shown indicate relative quantities of amplicons relative to UBC5 and GAL1.Error bars indicate SD of 4 technical and biological replicates.Figure 13.

  Figure 16: Relative quantity in DNA extracts of mentioned lines of sgRNA6 loci Values shown indicate relative quantities of amplicons relative to UBC5 and GAL1.Error bars indicate SD of 4 technical and biological replicates.Figure 13.

  26 (GB1001), pUPD:psgRNA (GB0645) (a fusion of crRNA 3' and trackrRNA for Cas9, Jinek et al., 2012) and pDGB3_alpha1 or pDGB3_alpha2, according to Sarrion-Perdigones et al., 2013. The different parts

  Mass spectrometry: Data-dependent acquisition (DDA) methods were used for mass spectrometer data in positive and negative ESI modes using the following parameters: capillary voltage, 4.5kV; nebuliser gas flow, 2.1 bar; dry gas flow, 6 L/min; drying gas in the heated electrospray source temperature, 140ºC. Samples were analysed at 8Hz with a mass range of 100 to 1500 m/z. Stepping acquisition parameters were created to improve the fragmentation profile with a collision RF from 200 to 700 Vpp, a transfer time from 20 to 70 µs and collision energy from 20 to 40 eV. Each cycle included a MS fullscan and 5 MS/MS CID on the 5 main ions of the previous MS spectrum.Data transformation: The .d data files (Bruker Daltonics, Bremen, Germany) were converted to .mzXML format using the MSConvert software (ProteoWizard package 3.0). mzXML data processing, mass detection, chromatogram building, deconvolution, samples alignment, and data export, were performed using MZmine 2.52 software (http://mzmine.github.io/) for both positive and negative data files. The ADAP chromatogram builder method was used with a minimum group size of scan 3, a group intensity threshold of 1000, a minimum highest intensity of 1500 and m/z tolerance of 10 ppm.Deconvolution was performed with the ADAP wavelets algorithm using the following setting: S/N threshold 8, peak duration range = 0.01-1 min RT wavelet range 0.02-0.2 min, MS2 scan were paired using a m/z tolerance range of 0.01 Da and RT tolerance of 0.4 min. Then, isotopic peak grouper algorithm was used with a m/z tolerance of 10 ppm and RT tolerance of 0.4. All the peaks were filtered using feature list row filter keeping only peaks with MS2 scan. The alignment of samples was performed using the join aligner with an m/z tolerance of 10 ppm, a weight for m/z and RT at 1, a retention time tolerance of 0.3 min.Metabolites identification: Metabolites annotation was performed in four consecutive steps. First, the obtained RT and m/z data of each feature were compared with our home-made library or experimental common features (RT, m/z). Second, the ESI-and ESI+ metabolomic data used for molecular network analyses were searched against the available MS2 spectral libraries (Massbank NA, GNPS Public Spectral Library, NIST14 Tandem, NIH Natural Product and MS-Dial), with absolute m/z tolerance of 0.02, 4 minimum matched peaks and minimal cosine score of 0.8. Third, not-annotated metabolites that belong to molecular network clusters containing annotated metabolites from step 1 and 2 were assigned to the same chemical family. Finally, for metabolites that had no or unclear annotation, Sirius software (https://bio.informatik.uni-jena.de/software/sirius/) was used. Sirius is based on machine learning techniques that used available chemical structures and MS/MS data from chemical databanks to propose structures of unknown compounds.(2021-07-01) 

Figure 18 :

 18 Figure 18: Sequence conservation analysis of CsFAD3-A, B and C promoter regions compared to Arabidopsis thaliana FAD3. Comparison was carried out with Mvista on a 100bp sliding window. The positions of sgRNA directed toward AtFAD3 promoter are indicated (green arrows). Three regions (1, 2 and 4.) showed over 75%

Figure 19 :

 19 Figure 19: Arabidopsis and Camelina FAD3 promoter polymorphisms and guide RNA targets. CRISPR sgRNA targets were selected for Arabidopsis thaliana and for the three Camelina sativa FAD3. Single guide RNA were placed evenly in 2kb AtFAD3 sequence starting about 300bp upstream ATG (Green arrows), Blast homology blocks are represented in light blue with CsFAD3-A. Three different sgRNAs target the 3 homeologous CsFAD3 promoters in identical sequences (yellow arrows), or only two or one homeologous CsFAD3 promoter sequences (orange and purple arrows respectively). The motifs that were found to be highly homologous to TF binding sites found in Arabidopsis are indicated : Gbox binding sites (Gbox 1: pink, Gbox2: lilac, putative TATA box (red), Transcription start site (inferred from transcriptomic data and manual annotation): black arrow. Exons (white bars) and introns ("hats") were truncated for representation purposes.

Figure 20 :

 20 Figure 20: Assembly of the camelina FAD3 CRISPR/Cas9 mutagenesis construct.

T2

  Cas9 negative plants will be individually genotyped by targeted sequencing. As we aim for a large 2 to 3kb target sequence with 7 to 8 potential sites of mutations (not including potential large deletions or inversions), we decided to use PacBio technology of single molecule sequencing since it will allow to determine individual haplotype for each CsFAD3 loci. Using the sequence and genotype data

Figure 21 :

 21 Figure 21: Schematic representation of the plant selection process for Camelina CsFAD3 promoter mutagenesis.
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 2223 Figure 22: Fatty acid mol% of C18 class comparison across T2 seeds obtained from 20 pooled DsRED negatve seeds per T1 CRISPR lines.

Figure 25 :

 25 Figure 25: Quality control of amplicon integrity after M13 barcoding PCR. Analysis was carried out on an Agilent bioanalyser for the 96 wells prior to pooling of the amplicons for sequencing (Source Gentyane Platform, INRAE).

Figure 26 :

 26 Figure 26: Flow chart of the bioinformatic pipeline used to analyse the PacBio M13 barcoded reads.PacBio sequel II long reads were obtained as subread .bam format. The PacBio SMRT Link "ccs" tool was employed to convert subreads to Circular Consensus Sequencing (CCS) reads. The CCS reads along with barcode list identifier were used for demultiplexing reads using SMRT Link "lima" and generating individual files per sample/barcode pair. The left branch represents SNP/INDEL analysis: individual demultiplexed ccs reads from 1 to n (per sample) were aligned against camelina reference genome using minimap2 to generate the .bam file of aligned sequences. This alignment file was used for input for GATK HaplotypeCaller to generate one VCF (Variant Call File) per initial demultiplexed sample compared to their respective reference genome. The individual files generated for each sample (barcode identifier) were merged together using GATK GenotypeGVCF using a sample list to produce an aggregated and validated multi sample VCF file. The aggregated multi sample file was used as input for GATK VariantsToTable to generate a comprehensive table of results. The variations attributed to mutations are presented in supplemental table 4. Right branch from demultiplexed reads block: SMRT link pbaa tool was used along with amplicon guide sequences (representing wild type expected amplicons) to infer refined amplicons sequences as read files. The consensus amplicon reads passing quality filters were mapped to the camelina reference genome using minimap2 to generate an aligned amplicon file visually inspect nucleotide and/or structure variation using IGV.

Figure 27 :

 27 Figure 27: Sequencing metrics for demultiplexing and fraction of mapped reads depending on the target homeologs. A. Read count per barcode pairs. Reads were counted using lima reports and read count for barcodes pairs including PCR primer pair 1 (Plate1) or with an additional barcode using PCR plate 2 primer pair (Plate2). * t test p value is 0.7 ^-9, below the conventional 5% alpha risk. B. Comparison of the proportion of mapped reads depending on the FAD3 homeolog targeted relative to the number of mapped reads across the 3 genes.

Figure 28 :

 28 Figure 28: Histogram of read depth per loci for the 192 plants sequenced. A: Distribution of read depth in 3 classes (<5, 5-15, >15) for CsFAD3A (A), CsFAD3B (B) locus, and CsFAD3C (C). Loci below 15 reads are considered unreliable for amplicon analysis by hierarchical clustering.

  deletion corresponding to almost 50% of the amplicon size. This variant analysis has enabled the identification of 181 variations in the 191 samples, among which 108 were in the vicinity of the respective guide RNAs (40pb window) and are therefore estimated to be caused by CRISPR/Cas9 mutagenesis.The analysis of total variants in the population as well as the individual genotype data enabled us to compare sgRNA associated mutation rates and diversity relative to sgRNA position, homeolog and genotype (Fig 29 and supplemental figure3). While defining the different variants is relatively straightforward, definition of an allele at one sgRNA position is more complicated. An allele will refer to one or several variants associated with one sgRNA position and the haplotype will be defined by the combinations of allele within one haploid copy of FAD3 homeolog promoter. HaplotypeCaller algorithm from GATK toolkit can provide efficient variant detection at each nucleotide position but is limited in discriminating more than one variant within the same haplotypic window. Figure29presents individual allele counts per SNP or INDELS retrieved around guide RNA target sequences on each respective FAD3 promoter homeologs. It should be noted that for example sgRNA4A6C SNP/INDEL counts exceeds the number of possible alleles (382) with over 600 counted SNP/INDELs due to the fact that SNP or INDEL phased in a single haplotype are counted as two separate calls, resulting in a mixed allele type not counted as a single variant using HaplotypeCaller. The analysis of the frequency of variants showed both quantitative and qualitative differences between sgRNA but also between homeologs. All the sgRNAs but one were able to induce at least one mutation in the population of 192 plants. SgRNA_2ABC was completely ineffective in inducing mutations in the three targeted FAD3 homeolog in the whole population and hence is not shown in fig. 29.

Figure 29 :

 29 Figure 29: Matrix of multiplexed sgRNA/Cas9-induced SNP/INDEL allele (mutations) count at respective guide RNA target sites along homeologous FAD3 promoter in 191 CRISPR T2 Camelina lines sequenced (TG1304 to TG1493). SgRNA guides are indicated in column (sgRNA1A to sgRNA8C) and the corresponding targeted FAD3 homeologs horizontally with A: CsFAD3A promoter, B: CsFAD3B promoter and C: CsFAD3C promoter. Presence of the bar plot indicates that sgRNA effectively target the respective homeologous FAD3 promoter. Bar height represent the cumulated count of identified SNP or INDELS associated with each guide on their respective promoter sequence, stacked by class described in legend. Legends indicate respectively deletions ranging from 1196bp to 500bp (light blue), 499 to 50bp (blue), 49 to 10 bp (light green), 9 to 2 bp (green), deletions of 1bp (pink), single nucleotide polymorphism (red), single base insertions (light orange) and insertions from 2 to 14 bp (orange).

Figure 30 :

 30 Figure 30: IGV snapshots showing TG1396 variant call files and mapped haplotypes inferred by pbAA for the 3 FAD3 homeolog. For each CsFAD3 homeolog the top panel represents the reference sequence and the red line is the region of interest. The position of each respective sgRNA target site is indicated in panel A, variant call file output with proportional allele frequency in red, homozygous variations as cyan blue and heterozygous variations as dark blue in panel B, examples of amplicons reconstructed haplotype that failed quality filters (panel C) and reconstructed haplotype that passed quality filters with purple I symbols indicating insertions and pink indicating inversions (panel D).

Figure 31 :

 31 Figure 31: Alignment of decomposed CsFAD3A promoter sanger reads from TG1396 sibling lines. IGV output showing on the top panel the reference positions for CsFAD3A. A panel indicates the positions of the sgRNAs, B panel indicates the expected haplotypes for CsFAD3A from the TG1396 parent plant generated by pbAA and manually curated. Panel Céline shows the deconvoluted sanger reads mapped from wild type accession on the reference. Grey reads represent deconvoluted sanger reads mapped in a single orientation. Blue and pink reads indicate that one read was mapped in opposite directions of the reference. Panels 1 to 31 correspond to the reads obtained from TG1396 sibling plants with their respective numbers. Panels with an arrow ( > ) and TG number indicates that the lines with presented sequence results were grown to term for fatty acid analysis indexed with the corresponding line number. Black lines indicate deletions > 30bp and purple bars indicate insertions > 30bp. Mismatches and indels < 30bp are not represented.

Figure 32 :

 32 Figure 32: Genotype and phenotype of CsFAD3 homozygous progeny selected for CsFAD3A genotypes in the TG1396 progeny.A. Inferred genotypes from PacBio sequencing for lines selected for the 516bp inversion between sgRNA 4A6C and 3AB (pink bar) and single base insertion at sgRNA 1A target loci. Genotype name is promCsFAD3A inv HOM. Sister lines with insertions at sgRNA 6A7B, 3AB and 1A (triangles) targets on CsFAD3A promoters. Genotype was not determined on CsFAD3B and CsFAD3C (grey bars with question mark). B. Seed FAMEs quantification in mol% of total fatty acids. Blue is wild type control for Céline (n=3), orange for CsFAD3A inv HOM lines and grey for CsFAD3 A2 HOM lines corresponding to genotypes in A panel. Bars marked with * are significantly different from wild type lines using student's unpaired T-Test with an alpha risk of 0.05.

  homozygous genotypes: A-01 B-01 C-01 (6 individuals), A-01 B-02 C-01 (9 individuals), A-02 B-01 C-01 (11 individuals) and six A-02 B-02 C-01 (6 individuals). These plants were then grown to maturity and seeds harvested for seed fatty acid profiling (Fig. 33 B).

  pUPD2 compatible inserts were synthesised (GeneArt, Invitrogen) and transferred to pDGB3_alpha1 or pDGB3_alpha2, then assembled with the Cas9/DsRED cassettes as in Fig.20according to Sarrion-Perdigones et al., 2013. The Cas9 cassette consists in the assembly of the Ribosomal Protein 5Apromoter (pRPS5A) with hCas9 CDS (GB0575) and RbcsE9 terminator. The DsRED expression cassette was domesticated from the pBinGlyRedRed2 vector[START_REF] Nguyen | Redirection of metabolic flux for high levels of omega-7 monounsaturated fatty acid accumulation in camelina seeds[END_REF]. pUPD2 compatible inserts were synthesised (GeneArt, Invitrogen) and transferred to pDGB3_alpha1 or pDGB3_alpha2, then assembled with the Cas9/DsRED cassettes as in Fig.20according to[START_REF] Sarrion-Perdigones | GoldenBraid 2.0: A Comprehensive DNA Assembly Framework for Plant Synthetic Biology[END_REF] 

  famille des Brassciacées, un focus sur Arabidopsis et la Caméline Les Brassicacées sont une famille de plantes importantes pour l'agriculture et l'agronomie mondiale. Cette famille inclut le colza, la moutarde, le radis et les choux par exemple. D'un point de vue comique, le Colza est important pour sa production de graines et d'huile qui représente 13% du total des huiles produites dans le monde (USDAERS -Oil Crops Yearbook, 2021). Cette famille inclut Arabidopsis thaliana, une plante devenue la plante modèle en recherche végétale, en particulier génétique. Cette plante est de petite taille, requiert peu d'entretien et produit de 10 000 à 30 000 graines par pied récolté, et se reproduit de manière autogame et permet l'établissement de lignées pures par semis de graines individuelles au fil des générations. Elle possède également un petit génome de l'ordre de 125 mégabases répartis sur 5 chromosomes ce qui facilite les études génétiques d'association et fonctionnelles. Cette plante a donc été utilisée pour des expériences de mutagénèse EMS ou aux rayons ionisant pour générer des mutants individuels. La découverte du clonage moléculaire et de la transformation par Agrobacterium tumefaciens, durant l'adoption de cette plante comme modèle permet de cartographier des mutations, en induire et les complémenter dans des délais relativement courts. La production de graines d'Arabidopsis est semblable à celle des autres oléagineuses des Brassicacées a également motivé son utilisation pour comprendre la biosynthèse des lipides. En particulier la découverte de la biosynthèse des lipides polyinsaturés avec l'oméga-6 désaturase FAD2 qui permet la synthèse de l'acide linoléique (C18 :2) et la désaturase FAD3 qui permet la synthèse de l'acide linolénique (C18 :3), l'acide gras oméga-3 majoritaire chez ces plantes.Récemment, la Caméline de la famille des brassicacées à été redécouverte pour ses applications agronomiques. Cette plante était historiquement cultivée de l'âge de bronze au moyen âge pour son huile et produire des vernis avant de connaitre un déclin à l'époque moderne mais restant toutefois marginalement cultivée en Europe centrale. Cette espèce d'un point de vue agronomique moderne est caractérisée par un rendement moyen à faible, mais sa rusticité, sa rapidité de culture et la valeur de son huile ont entrainé un regain d'intérêt. Cette plante peut être utilisée en interculture, en coculture ou en culture principale sur des terrains difficiles avec peu d'intrants, générant des revenus supplémentaires pour les agriculteurs. L'huile et le tourteau de Caméline ont des applications alimentaires, agronomiques et industrielles. Son contenu important en tocophérols et en acide linolénique (C18 :3), ce qui lui confère des bénéfices en alimentation humaine et animale. Son tourteau et son huile peuvent être également valorisés pour la nutrition animale et l'aquaculture. La Caméline peut également être utilisée pour produire du bio-diesel ou des carburants aéronautiques. Cependant, certaines de ces utilisations sont limitées par certains facteurs de la qualité de l'huile et la caméline reste peu compétitive comparée au colza. Une amélioration variétale est souhaitable pour rendre la caméline compétitive d'un point de vue agronomique et faciliter la valorisation industrielle de ces graines. Cependant, la diversité génétique disponible pour améliorer la plante par sélection variétale est faible. La Caméline étant biologiquement et génétiquement proche d'Arabidopsis, la Caméline a été adoptée comme plante translationnelle, car les méthodes de mutagénèse, transformation et modification génétique lui sont aussi applicables. Plusieurs stratégies d'amélioration génétiques ont été conduites et permettent de générer des plantes modifiées génétiquement avec des caractères d'intérêts en particulier pour contrôler la qualité et le contenu de l'huile en acides gras à haute valeur et polyinsaturés. Chapitre II -Les acides gras polyinsaturés chez les plantes : Rôles biologiques, régulation et applications biotechnologiques.Chez les plantes, la biosynthèse des acides gras à lieu dans les plastes. Ils y sont synthétisés par l'assemblage de molécules comprenant deux ou 3 carbones pour y former des acides gras, souvent insaturés (C18 :1) qui sont ensuite redistribués dans les membranes par acylation ou échanges de groupements acyles entre lipides. Les acides gras peuvent être transférés dans le réticulum endoplasmique ou ils sont désaturés par FAD2 pour former l'acide linoléique et FAD3 pour former l'acide linolénique. Ces acides gras peuvent ensuite être accumulés dans les graines sous forme de triacylglycérols qui représentent les lipides obtenus par l'utilisation des graines. Ces acides gras polyinsaturés jouent divers rôles dans les plantes comme intermédiaires métaboliques mais ont été démontrés comme principalement impliqués dans la résistance des plantes aux variations de températures, qui s'adaptent en augmentant leur contenu en acides gras polyinsaturés à basse température ou réduire ce contenu à haute température. Cette adaptation est aussi importante pour le bon fonctionnement de la photosynthèse dans les chloroplastes. Les gènes codant pour les désaturases, FAD2 et FAD3 sur laquelle nous mettons l'accent sont également impliqués dans la résistance aux stress salins, de sècheresse, oxydatifs et la réponse aux pathogènes. Ces mécanismes sont également associés à des modifications de régulation des gènes FAD2 et FAD3 que nous décrivons plus particulièrement. Le gène FAD3 est régulé au niveau de son promoteur par des facteurs de transcriptions impliqués dans l'identité de l'embryon et de la graine, et des mutations de ces facteurs sont souvent associés à une variation transcriptionnelle de FAD3 impactant l'accumulation d'acide linolénique dans les graines. Le gène FAD3 peut aussi être régulé au niveau de son expression ou sa stabilité protéique au cours du développement végétatif de la plante et selon divers stress, ce qui a été démontré sur plusieurs espèces.Concernant des applications agronomiques, le gène FAD3 à souvent été identifié comme muté et non fonctionnel chez des cultivars spécifiques pauvres en acide linolénique comme le cultivar Solin du lin, mais peu de stratégies décrivent accumulation augmentée en ALA, mais certaines plantes produisent des graines riches en oméga-3 existent comme la Perilla et le Chia et la Caméline qui sont intéressantes d'un point de vue nutritionnel et industriel.Cependant, le génie génétique est particulièrement efficace pour manipuler la teneur en acides gras, en particulier en inactivant le gène FAD2 qui permet la synthèse des acides gras polyinsaturés, générant des plantes riches en acides gras monoinsaturés ou en surexprimant FAD2 ou FAD3 pour générer des variétés riches en acide linoléique ou linolénique et se sont montrés plus efficaces que les stratégies de sélection variétale.Chapitre III -Mutagénèse et réparation de l'ADNLes stratégies de mutagénèse récemment développées se sont montrées particulièrement intéressantes pour le génie génétique, permettant aux biologistes de sélectionner des mutants après inductions de dommages à l'ADN de diverses sources. Ces stratégies ont consisté à l'origine à causer des dommages à l'ADN à l'aide d'agents mutagènes comme les rayonnements ionisants ou l'exposition d'organismes à l'EMS. Les mutations sont induites par la réparation des cassures de l'ADN qui n'est pas nécessairement fidèle. En particulier, les cassures de l'ADN peuvent être réparées par deux mécanismes principaux : la recombinaison homologue (HR) et l'assemblage d'extrémités non homologues (Non homologous end-joining, NHEJ). Le premier mécanisme (HR) utilise un brin d'ADN complémentaire de celui endommagé pour néosynthétiser un fragment réparé et le NHEJ entraine le raboutage des brins d'ADN cassés et peut induire des mutations comme de petites insertions ou des délétions. Dans un contexte de génération de mutants, les mutations causées par la réparation d'un dommage suite à une exposition de l'ADN à des agents mutagène est utilisée pour identifier des gènes aux fonctions altérées et les caractériser. Cependant, les agents mutagènes agissent à l'échelle globale du génome et demandent chez les plantes par exemple, de croiser les mutants obtenus avec des plantes « sauvages » pour isoler les mutations responsables des phénotypes étudiés. Pour simplifier la génération de mutants d'intérêt, des approches de mutagénèse ciblée ont été développées, en utilisant des endonucléases possédant des domaines de reconnaissance modifiés capables de cliver l'ADN d'un organisme cible à un locus déterminé grâce à l'ingénierie de la structure des domaines de reconnaissance de l'ADN. Cette étape de construction des endonucléases est cependant longue, complexe et couteuse. Plus récemment, le système CRISPR-Cas9 à été caractérisé en détail. C'est un mécanisme de défense de certains procaryotes contre l'invasion de leur génome par de l'ADN exogène qui peut être introduit par des virus. Ce système comprend une endonucléase, la Cas9, capable de cliver l'ADN suite à son assemblage sous forme de ribonucléoprotéine utilisant des brins d'ARN synthétisés complémentaires de l'ADN invasif à dégrader, appelés crRNA et tracrRNA. Le tracrRNA permet l'assemblage avec la Cas9 et le crRNA permet de définir la spécificité de l'ADN à dégrader par complémentarité de base et s'assemble avec le tracrRNA. Ce système a pu être rétroingéniéré pour utiliser la Cas9 avec un ARN de synthèse, appelé sgRNA qui est une fusion du tracrRNA et du crRNA en une seule molécule. La partie complémentaire (ARN) de l'ADN cible peut alors être choisie à façon par l'utilisateur. Divers moyens d'introduire le complexe Cas9-sgRNA ont été développés, principalement via leur expression sous forme de transgène et ont été utilisés dans de nombreux exemples pour créer des mutations à des locus choisis et ont permis d'obtenir, chez les plantes, des lignées mutantes en un temps record et une haute spécificité. En particulier, chez la Caméline, cette technique a été utilisée pour muter le gène FAD2, présent en 3 copies qui ont pu être inactivées simultanément avec des mutations faux-sens ou non-sens. Cette technique est très compétitive en regard des autres options disponibles pour le génie métabolique. Plus récemment, la technique CRISPR/Cas9 a été utilisée chez la tomate pour générer des traits agronomiques permettant d'améliorer le nombre de locules dans le fruit et sa taille. Cette stratégie à consisté à utiliser 8 ARN guides simultanément ciblant 2kb de promoteur du gène CLAVATA3, connu pour être finement impliqué dans le contrôle des caractères de floraison et de développement du fruit. Cette mutagénèse à permis de générer un continuum d'allèles quantitatifs impliqués dans le développement du fruit à intérêt agronomique. Ces allèles sont liés à des variants de promoteurs comprenant des modifications structurales incluant des combinaisons de délétions ou inversions entre sites cibles d'ARN guides et des insertions, délétions ou substitutions au niveau des sites d'ARN guides. L'analyse des allèles ne montre pas de lien clair entre le type de mutations obtenues ou leur localisation vis-à-vis des promoteurs générés et de la bibliographie, et cette étude suggère que la génération d'allèles de promoteurs mutés aléatoirement suffit pour générer des allèles d'intérêt agronomique.Objectifs de la thèseLes objectifs de cette thèse s'inscrivent dans le contexte d'amélioration de la teneur en acide alpha-linolénique dans les graines de Caméline. Considérant qu'il est possible d'obtenir des allèles agronomiquement favorables par mutagénèse multiplexée de promoteur en utilisant plusieurs ARN guides ciblant le même locus comme décrit précédemment, nous nous sommes posés la question de l'applicabilité d'une telle stratégie chez la Caméline pour améliorer son contenu en ALA. L'hypothèse principale est que le promoteur de FAD3, qui est l'enzyme responsable de la synthèse de l'ALA dans la graine chez Arabidopsis et la Caméline, est régulé par des facteurs de transcription durant le développement de la graine et représente une cible de mutagénèse d'intérêt. Nous avons donc décidé de conduire la stratégie de mutagénèse multiplexée de promoteurs sur le gène FAD3, dans un premier temps chez Arabidopsis en utilisant 8 ARN simultanément. Le travail sur Arabidopsis permettrait d'identifier la méthode de sélection des plantes dans ce contexte, par génotypage ou phénotypage et analyser l'efficacité de mutagénèse des ARN guides, ce qui n'a pas été décrit dans les études précédentes montrant des stratégies semblables. Pour répondre à la question de l'applicabilité de cette stratégie de mutagénèse sur la caméline, elle à été poursuivie en utilisant 13 ARN guides répartis sur 22 cibles qui sont les trois copies du gène FAD3 (FAD3A, FAD3B et FAD3C) qui permettent la synthèse d'ALA.RésultatsChapitre IV -L'édition génétique du promoteur FAD3 chez Arabidopsis avec plusieurs ARN guides permet la génération de nouveaux phénotypes de qualité de l'huile.L'amélioration de la teneur en acides gras oméga-3 dans l'huile des graines est un axe de recherche important pour l'amélioration des plantes. En effet, ces acides gras sont essentiels pour l'alimentation humaine ou animale et ont des applications pour des produits industriels. Etant donné que FAD3 à été identifié comme le gène nécessaire pour l'accumulation d'ALA dans les graines, nous avons décidé de le cibler pour une expérience de mutagénèse CRISPR. L'approche employée est décrite dans la partie précédente. Nous avons développé une approche d'édition multiplexée CRISPR/Cas9 du promoteur FAD3 d'Arabidopsis afin de générer des mutations sur environ 2kb de promoteur et évalué l'efficacité cette stratégie sur de mutagénèse plusieurs générations dans un schéma de sélection graine à graine. Nous avons généré des plantes avec de nouveaux profils d'huile, y compris une teneur en C18:3 modifiée sur plusieurs générations combinée à de nouvelles mutations dans le promoteur FAD3.Une analyse des acides gras a identifié des espèces moléculaires lipidiques spécifiques qui ont été significativement modifiées dans les différentes familles de mutants CRISPR. Cependant, ces profils d'huile n'étaient pas corrélés avec les polymorphismes du promoteur FAD3 mais sont ont cependant été correlés à un effet héréditaire au sein des familles de transformants. Plusieurs hypothèses pourraient être suggérées dont une potentielle mutation hors cible CRISPR, des variations génomiques structurales ou encore un effet épigénétique du sgRNA ou un effet T-DNA qui reste à caractériser.Chapitre V -L'édition génétique du promoteur FAD3 chez la Caméline avec plusieurs ARN guidespermet la génération de nouveaux phénotypes de qualité de l'huile.Une stratégie similaire de mutagenèse du promoteur FAD3 a été réalisée chez la plante de culture hexaploïde Camelina sativa. Afin de contourner le problème d'identification de la mutation causale, nous avons réalisé une double approche de génotypage de lignées individuelles par séquençage long read de cibles Cas9 combiné à un phénotypage individuel. En effet, les précédents criblages d'Arabidopsis ont montré que le phénotypage seul n'était pas suffisant pour identifier les mutants potentiels de FAD3 induits par CRISPR, car de petits changements lipidiques ne pouvaient pas être corrélés aux mutations cis, même s'ils étaient stables au sein de la descendance d'une seule famille de transformants pour les constructions CRISPR/Cas9. Nous avons donc décidé de combiner des approches individuelles de génotypage et de phénotypage pour sélectionner des mutants potentiels de FAD3. Cette double stratégie a également été conçue pour aider à identifier la combinaison optimale d'haplotypes dans le contexte d'un patrimoine génétique plus complexe chez la caméline.Les promoteurs de FAD3 chez la Caméline semblent comme Arabidopsis intégrer des mécanismes de régulation puisque CsbZIP67 et CsbZIP12 ont été identifiés comme se liant à CsFAD3B (CsFAD3-G2) et CsFAD3C (CsFAD3-G3)[START_REF] Na | Enhancing microRNA167A expression in seed decreases the α-linolenic acid content and increases seed size in Camelina sativa[END_REF]. Le facteur de transcription homologue bZIP67 chez Arabidopsis est connu pour se lier et éventuellement activer les promoteurs FAD3 chez Arabidopsis[START_REF] Mendes | bZIP67 regulates the omega-3 fatty acid content of Arabidopsis seed oil by activating fatty acid desaturase3[END_REF]. Nous avons également identifié des régions et des motifs conservés avec Arabidopsis et d'autres Brassicaceae à moins de 2 kb des promoteurs de FAD3 et nous avons suspecté que ces régions étaient pertinentes pour la régulation de FAD3. Nous avons pu générer des mutants et caractériser la majorité des allèles dans la population à l'aide du séquençage long read multiplexé par amplicon PacBio et d'une analyse de variants avec GATK HaplotypeCaller notablement. Nous avons pu évaluer l'efficacité des ARN guides sur 3 loci homéologues et 22 cibles et mis en évidence une forte disparité dans les efficacités et profils de mutations des locus cibles de la mutagénèse CRISPR-Cas9. Nous avons également pu identifier dans la population des plantes portant d'importantes délétions corrélées avec des variations des profils lipidiques mineurs sur les teneurs en C18:1, C18:2 et C18:3. Cependant, les données ne permettent pas d'identifier clairement si les allèles mutants ou leurs combinaisons sont responsables des phénotypes lipidiques. Des perspectives de ce travail sont de back-crosser ces lignées affectées en C18:3 avec des lignées sauvages pour déterminer si les mutations sont causales du phénotype, ou bien étudier les promoteurs générés dans des constructions rapportrices en GFP ou luciférase.Perspectives généralesAu cours de cette thèse, nous avons démontré la faisabilité de la génétique avancée de masse avec l'utilisation intensive de la mutagenèse CRISPR-Cas9 multiplexée. L'analyse de séquençage long reads nous a permis de caractériser des profils de mutations complexes dans une grande population avec un pipeline d'analyse de précision fiable et reproductible. Potentiellement, ce type de mutagenèse combiné au génotypage et à la génération d'allèles nouveaux peut être mis à l'échelle avec des dizaines de cibles et des degrés de multiplexage plus élevés, permettant l'édition de nombreuses cibles à l'aide de CRISPR en un nombe de génératoions de plantes réduit. L'approche peut également être transférée à d'autres espèces polyploïdes. L'efficacité des ARN guides reste néanmoins un goulet d'étranglement qu'il convient d'analyser avec attention, car environ la moitié des ARN guides employés ont montré une faible efficacité de mutagénèse. En perspective, nous proposons que l'analyse de l'efficacité du sgRNA dès la génération T1 soit évaluée à l'aide d'un séquençage profond avant le génotypage ou le phénotypage à grande échelle.Nous avons néanmoins pu obtenir des mutations importantes et fréquentes dans une cible éloignée du promoteur ATG de FAD3, et avons montré que des délétions importantes dans cette zone ont un impact limité sur la teneur en linolénate des graines. Néanmoins, il est possible que la régulation de FAD3 chez Camelina et Arabidopsis ait été légèrement modifiée étant donné que nous avons identifié un phénotype mineur d'accumulation de linolénate. Il ne peut être exclu que des modifications de l'activité du promoteur se soient produites mais qu'elles aient été diminuées par un contrôle strict de l'expression de l'ARN, la synthèse ou la stabilité des protéines. Par conséquent, les nouveaux allèles promoteurs générés dans ce travail, en particulier ceux qui hébergent de grandes mutations, seront intéressants pour étudier le découplage entre l'activité du promoteur et les autres niveaux de régulation in vivo. Cette question peut être résolue en clonant notre nouveau promoteur en fusion avec des gènes rapporteurs comme la luciférase.Nous avons également confirmé que les cibles d'intérêt devraient très probablement être localisées à moins de 1000 paires de bases en amont de l'ATG de FAD3 et nous avons donc réduit la région du promoteur FAD3 à analyser, tandis que la collection de promoteurs générés contient plusieurs allèles avec des mutations ponctuelles dans cette région qui n'ont pas été précisément analysés pour l'instant.En perspective, les outils développés au cours de cette thèse pourraient également être utilisés de manière similaire pour éditer un plus large éventail de gènes impliqués dans l'accumulation d'acide linolénique, en particulier ceux responsables du transfert de linolénate vers les triacyl-glycérol lors du développement de la graine tels que les gènes DGAT, PDCT ou DGAT pour explorer davantage de strates de régulation possibles d'accumulation d'acides gras.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 : Arabidopsis Omega-6 and Omega-3 desaturase characteristics.
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		Substrate	Product	Cofactor	Localisation Uniprot
						accession
	FAD2	PC-C18:1	PC-C18:2	Cyt-B5	ER, external	P46313
					leaflet.	
	FAD3	PC-C18:2	PC-C18:3	Cyt-B5	ER, external	P48623
					leaflet.	
	FAD6	MGDG-C18:1	MGDG-C18:2	Ferredoxin	Plastid	P46312
		DGDG-C18:1	DGDG-C18:2			
		SQDG-C18:1	SQDG-C18:2			
		PG-C18:1	PG-C18:2			
		MGDG-C16:1	MGDG-C16:2			
		DGDG-C16:1	DGDG-C16:2			
		SQDG-C16:1	SQDG-C16:2			
		PG-C16:1	PG-C16:2			
	FAD7	MGDG-C18:2	MGDG-C18:3	Ferredoxin	Plastid	P46310
		DGDG-C18:2	DGDG-C18:3			
		SQDG-C18:2	SQDG-C18:3			
		PG-C18:2	PG-C18:3			
		MGDG-C16:2	MGDG-C16:3			
		DGDG-C16:2	DGDG-C16:3			
		SQDG-C16:2	SQDG-C16:3			
		PG-C16:2	PG-C16:3			
	FAD8	MGDG-C18:2	MGDG-C18:3	Ferredoxin	Plastid	P48622
		DGDG-C18:2	DGDG-C18:3			
		SQDG-C18:2	SQDG-C18:3			
		PG-C18:2	PG-C18:3			
		MGDG-C16:2	MGDG-C16:3			
		DGDG-C16:2	DGDG-C16:3			
		SQDG-C16:2	SQDG-C16:3			
		PG-C16:2	PG-C16:3			

Table 2 : log2-fold change of fatty acid content in desaturases mutants compared to wild type from published work with respective reference.

 2 Empty table box indicates absence of available data; nd, not detectable. Coloring indicates strength of change: Vivid red for increased accumulation and vivid blue for reduced accumulation. White is no change.

	Tissue Mutant C16:0 C16:1 C16:3 C18:0 C18:1 C18:2 C18:3	Referen ce
		fad2-1 0,03	-0,26	0,21		3,18	-1,86	-0,34	Lemieux 1990
		fad6	0,23	1,46	nd	0,15	1,55	0,22	-0,10	Falcone 1994
	leaves	fad3-1 -0,40	0,37	0,19		-1,06	0,43	-0,11	Lemieux 1990
		fad7	0,14	1,27	-2,42	0,11	1,31	1,21	-1,39	Browse 1986
		fad8-1								McConn 1994
		fad2-1 -0,78	-0,48		-0,91	3,04	-2,23	-1,16	Lemieux 1990
		fad6	-0,01	0,58		0,00	0,17	-0,14	-0,01	Browse 1989
	roots	fad3-1 -0,52	-0,36		-0,48	0,82	0,88	-1,47	Lemieux 1990
		fad7	-0,04	-0,39		0,08	-0,05	0,02	0,05	Browse 1986
		fad8								McConn 1994
		fad2-1 -0,22			0,78	1,82	-3,32	-1,86	Lemieux 1990
		fad6	0,15			0,00	-0,15	-0,02	-0,58	Browse 1989
	dry seeds	fad3-1 -0,38			0,06	0,58	0,49	-3,14	Lemieux 1990
		fad7	0,00	-0,32		-0,09	0,02	0,01	-0,02	Browse 1986
		fad8								McConn 1994

Table 3 : Reports of differential regulation of FAD7 and FAD8 in response to stress related signals.
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	Organism	Gene	Stress	Regulation References
	Olive tree	FAD7	Cold	Up	(Hashempour et al., 2019)
	Soybean	FAD7-1	Cold	Up	(Román et al., 2012)
	Arabidopsis	FAD7	Cold	Down	(Román et al., 2015)
	Birch	FAD7	Cold	Down	(Martz et al., 2006)
	Maize	FAD7	Cold	Up	(Berberich et al., 1998)
	Arabidopsis	FAD8	Cold	Up	(Román et al., 2015)
	Birch	FAD8	Cold	Up	(Martz et al., 2006)
	Rice	FAD8	Cold	Up	(Wang et al., 2006)
	Cowpea	FAD8	Drought	Down	(Torres-Franklin et al., 2009)

  . Generating a mutant bank in Arabidopsis by multiplexed CRISPR mutagenesis and a. Assessing the efficiency of the multiplex CRISPR/Cas9 CRE mutagenesis b. Identify a proper phenotyping strategy to isolate mutants of agronomical and scientifical interest c. Identify potentially critical CRE for FAD3 activity d. Identify the nature of CRE function and associated regulatory mechanisms 2. Using the knowledge generated from the Arabdiopsis experiment to carry out a similar mutagenesis project on Camelina sativa and:

a. Identify a viable strategy to generate multiplexed mutants in the hexaploid context b. Identify a strategy to generate gain-of-function plants c. Assess FAD3 cis-regulatory mutants if identified

The evaluation of the CRISPR/Cas9 multiplexed mutagenesis proved to be particularly difficult by using tools commonly available at the lab in particular in polyploid plants. After the testing different approaches (PCR genotyping, sanger sequencing and High-Resolution Melting qPCR) that were unsuccessful, I decided to opt for high throughput sequencing, which represented a major technical challenge to cover all the different tandem mutagenesis sites, to identify all the different type of variants (including large deletions or inversions) and to reconstruct haplotypes for each mutagenized promoter. A first strategy relying on Illumina sequencing of the populations with pooled individuals was carried out in Arabidopsis and presented in chapter IV. Plants with new fatty acyl profile compatible with enhanced FAD3 expression and gain-of-function alleles and stable across several generations were identified. Unfortunately, these lipid phenotypes were not correlated to detected mutations in sequenced PCR products generated from the target locus. Differential seed lipid phenotypes remained nonetheless associated with initial transformant families independently of the presence of Cas9 construct.

Table 5 : Polymorphism comparison for selected sgRNA target regions and selected variations sequenced with both PE150 and sanger reads analysis.
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Table 6 : Percent identity matrix generated with ClustalO v2.1 between nucleic acid sequences of Arabidopsis thaliana and Camelina sativa FAD3 CDS.
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		AtFAD3	CsFAD3-A	CsFAD3-B	CsFAD3-C
	AtFAD3	100	94.53	94.62	94.79
	CsFAD3-A		100	98.96	99.22
	CsFAD3-B			100	99.39
	CsFAD3-C				100

table 1 : Genbank bioinformatic sequences used in this study with corresponding accession numbers.

 1 The last amino-acid sequence is also mentioned as they contain a dilysine motif for ER retrieval which is specific of FAD3.

		Gene name	Chr GenBank	Position	last 5 a.a
				Accession		
	Brassica napus	promBnaFAD3A3	A3	NC_027759.2	10046035..10048234	KSKIN
		promBnaFAD3C4-2	C4	NC_027770.2	22155085..22157284	KSKIN
		promBnaFAD3C4-1	C4	NC_027770.2	58869679..58871878	KSKIN
		promBnaFAD3A5	A5	NC_027761.2	11021905..11023164	KSKIN
	Arabidopsis	promAtFAD3	2	NC_003071.7	12784943..12786942	KSKIN
	thaliana					
		AtFAD3 cDNA	NR	NM_128552.4	NR	NR
	Arabidopsis	promAlFAD3	unk	NW_003302552.1	13891652..13893752	KSKIN
	lyrata					
	Capsella rubella promCrFAD3	unk	NW_006238920.1	7391941..7394041	KSKIN
	Camelina sativa CsFAD3-A	16	NC_025700.1	5590049..5592150	KSKIN
		CsFAD3-B	7	NC_025691.1	6300077..6302278	KSKIN
		CsFAD3-C	5	NC_025689.1	12489247..12491848	KSKIN
	Brassica nigra	BniFAD3-B2	B2	LFLV01001663.1	19485587..19487687	KSKIN
		BniFAD3-B3	B3	LFLV01002392.1	35192150..35194250	RSKIN
		BniFAD3-B5	B5	LFLV01000699.1	28682665..28684765	KSKIN
	Supplemental					

Supplemental table 2: Target sequence and PAM for CRISPR-Cas9 directed mutagenesis in Arabidopsis thaliana and Camelina sativa obtained from CRISPOR.

  

			CsFAD CsFAD	SgRNA_ SgRNA_			Allele 0,0202 0,0877									
	-892	2385	3A 3B	4A6C 3AB	1 0	1 1	count 7027 6596		1829 MIXED 2385 MIXED		148 188	191 191		43 3		11 43
	SgRNA		CsFAD CsFAD	SgRNA_ SgRNA_			ratio 0,0371 0,0345						Numb		
	cut -1322 -892	1828 2385	3A 3B	4A6C 3AB	Positio 1 0	-1 -1	over 6216 7447		1829 MIXED 2385 MIXED	Numb 148 188	Numb 191 191	er of	43 3	Numb 11 43	Allele
	site	raw	CsFAD CsFAD	SgRNA_ SgRNA_	n from		total 0,0202 0,0157	Raw	er of	er of	individ	er of		count
	positio -1322 -892	alignm 1828 2385	3A 3B	4A6C 3AB	corresp 2 1	14 -1	genoty 7027 0681	INDEL 1830 MIXED 2386 INDEL	called 148 191	total 191 191	uals	43 0	variant 5 16	in the
	n from	ent	CsFAD CsFAD	SgRNA_ SgRNA_	onding	INDEL	ped 0,0101 0,0366	positio	sample	sample	with		individ	popula
	ATG -1322 -892	cutsite 1828 2385	chrom 3A 3B	sgrna 4A6C 3AB	cut site 2 1	length -1 -1	loci 3514 4921	n	TYPE 1830 MIXED 2386 INDEL	s	148 191	s used 191 191	no call 43 0	uals	5 16	tion
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,0531 0,0066 0,0052									
	-2048 -1322 -892	1102 1828 2385	3A 3A 3B	7A8B9C 4A6C 3AB	1 3 7	-723 -513 -3	25 2252 356		1103 INDEL 1831 INDEL 2392 INDEL		160 151 191	191 191 191		31 40 0		9 1 2
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,0066 0,0324 0,0152									
	-2048 -808 -2556	1102 2342 1194	3A 3A 3C	7A8B9C 3AB 7A8B9C	13 1 0	0 1 -780	6667 6753 439		1115 SNP 2343 MIXED 1194 INDEL		150 154 164	191 191 191		41 37 27		11 12 3
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,0566 0,0162 0,0406									
	-2048 -808 -2173	1102 2342 1577	3A 3A 3C	7A8B9C 3AB 8C	13 1 -4	-1 1 -2	6667 3377 25		1115 SNP 2343 MIXED 1573 INDEL		150 154 160	191 191 191		41 37 31		11 12 12
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,0570 0,0064 0,0156									
	-2048 -808 -2173	1102 2342 1577	3A 3A 3C	7A8B9C 3AB 8C	14 1 -4	-1 7 -1	4698 9351 25		1116 SNP 2343 MIXED 1573 INDEL		149 154 160	191 191 191		42 37 31		11 12 12
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,0067 0,0064 0,2080									
	-2048 -808 -2173	1102 2342 1577	3A 3A 3C	7A8B9C 3AB 8C	14 1 -2	0 -1 1	1141 9351 5369		1116 SNP 2343 MIXED 1575 INDEL		149 154 149	191 191 191		42 37 42		11 12 82
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,0259 0,0062 0,2281									
	-1742 -808 -2173	1408 2342 1577	3A 3A 3C	6A7B 3AB 8C	-2 5 -2	1 -8 -399	7403 1118 8792		1406 MIXED 2347 INDEL 1575 INDEL		154 161 149	191 191 191		37 30 42		12 1 82
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,0324 0,0410 0,0570									
	-1742 -59 -2173	1408 3091 1577	3A 3A 3C	6A7B 1A 8C	-2 -7 -2	-1 0 -1	6753 9589 4698		1406 MIXED 3084 SNP 1575 INDEL		154 146 149	191 191 191		37 45 42		12 10 82
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,0354 0,0306 0,0100									
	-1549 -59 -2173	1601 3091 1577	3A 3A 3C	5A6B7C 1A 8C	-36 -6 -2	-1 0 -1	8387 1224 6711		1565 INDEL 3085 SNP 1575 INDEL		155 147 149	191 191 191		36 44 42		8 8 82
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,0064 0,0443 0,0065									
	-1549 -59 -1978	1601 3091 1772	3A 3A 3C	5A6B7C 1A 5A6B7C	-36 -4 1	-43 1 1	5161 038 3595		1565 INDEL 3087 INDEL 1773 MIXED		155 158 153	191 191 191		36 33 38		8 9 41
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,0064 0,0062 0,2320									
	-1549 -59 -1978	1601 3091 1772	3A 3A 3C	5A6B7C 1A 5A6B7C	-1 -2 1	1 1 -1	5161 1118 2614		1600 MIXED 3089 INDEL 1773 MIXED		155 161 153	191 191 191		36 30 38		10 1 41
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,0419 0,0322 0,0035									
	-1549 -59 -1774	1601 3091 1976	3A 3A 3C	5A6B7C 1A 4A6C	-1 -1 -9	-1 -1 -3	3548 5806 461		1600 MIXED 3090 INDEL 1967 INDEL		155 155 141	191 191 191		36 36 50		10 9 41
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,0032 0,0130 0,2517									
	-1322 -2089 -1774	1828 1188 1976	3A 3B 3C	4A6C 7A8B9C 4A6C	-14 1 -9	-13 -1196 -1	2581 8901 7305		1814 INDEL 1189 INDEL 1967 INDEL		155 191 141	191 191 191		36 0 50		6 4 41
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA6 SgRNA_			0,0322 0,0345 0,2571									
	-1322 -1699 -1774	1828 1578 1976	3A 3B 3C	4A6C A7B 4A6C	-14 -2 -8	-1 1 -1	5806 7447 4286		1814 INDEL 1576 INDEL 1968 INDEL		155 188 140	191 191 191		36 3 51		6 12 42
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,0033 0,0502 0,0071									
	-1322 -1507 -1774	1828 1770 1976	3A 3B 3C	4A6C 5A6B7C 4A6C	-8 -1 -8	-6 -2 -6	3333 6455 4286		1820 INDEL 1769 INDEL 1968 INDEL		150 189 140	191 191 191		41 2 51		7 57 42
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,0366 0,1216 0,0035									
	-1322 -1507 -1774	1828 1770 1976	3A 3B 3C	4A6C 5A6B7C 4A6C	-8 -1 -5	-1 -1 -3	6667 9312 7143		1820 INDEL 1769 INDEL 1971 INDEL		150 189 140	191 191 191		41 2 51		7 57 42
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,0202 0,0052 0,2607									
	-1322 -1507 -1774	1828 1770 1976	3A 3B 3C	4A6C 5A6B7C 4A6C	-7 -1 -5	-2 1 -1	7027 9101 1429		1821 INDEL 1769 INDEL 1971 INDEL		148 189 140	191 191 191		43 2 51		9 57 42
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,0371 0,0026 0,2067									
	-1322 -1507 -1774	1828 1770 1976	3A 3B 3C	4A6C 5A6B7C 4A6C	-7 -1 -4	-1 -1 -1	6216 455 6692		1821 INDEL 1769 INDEL 1972 INDEL		148 189 133	191 191 191		43 2 58		9 57 74
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,0551 0,0026 0,2781									
	-1322 -1376 -1774	1828 1901 1976	3A 3B 3C	4A6C 5B 4A6C	-5 -2 -4	-5 -1 -1	7241 5957 9549		1823 INDEL 1899 INDEL 1972 INDEL		145 188 133	191 191 191		46 3 58		24 10 74
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,0689 0,0265 0,0426									
	-1322 -1376 -1774	1828 1901 1976	3A 3B 3C	4A6C 5B 4A6C	-5 -2 -3	-1 1 1	6552 9574 3566		1823 INDEL 1899 INDEL 1973 MIXED		145 188 129	191 191 191		46 3 62		24 10 82
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,0034 0,0026									
	-1322 -1376 -1774	1828 1901 1976	3A 3B 3C	4A6C 5B 4A6C	-4 1 -3	-3 -484 -1	2466 5957 0,5		1824 INDEL 1902 INDEL 1973 MIXED		146 188 129	191 191 191		45 3 62		19 1 82
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,0890 0,0026 0,2182									
	-1322 -1139 -1774	1828 2138 1976	3A 3B 3C	4A6C 4B 4A6C	-4 1 -2	-1 1 0	411 5957 5397		1824 INDEL 2139 MIXED 1974 MIXED		146 188 126	191 191 191		45 3 65		19 4 80
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,1041 0,0053 0,0396									
	-1322 -1139 -1774	1828 2138 1976	3A 3B 3C	4A6C 4B 4A6C	-3 1 -2	-1 1 -2	6667 1915 8254		1825 INDEL 2139 MIXED 1974 MIXED		144 188 126	191 191 191		47 3 65		30 4 80
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,0069 0,0026 0,3015									
	-1322 -1139 -1774	1828 2138 1976	3A 3B 3C	4A6C 4B 4A6C	-3 1 -2	-5 -1 -1	4444 5957 873		1825 INDEL 2139 MIXED 1974 MIXED		144 188 126	191 191 191		47 3 65		30 4 80
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,0208 0,0026 0,0198									
	-1322 -892 -1491	1828 2385 2259	3A 3B 3C	4A6C 3AB 5C	-3 -9 0	6 -14 1	3333 5957 6755		1825 INDEL 2376 INDEL 2259 INDEL		144 188 151	191 191 191		47 3 40		30 2 3
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,0138 0,0026									
	-1322 -892 -1491	1828 2385 2259	3A 3B 3C	4A6C 3AB 5C	-3 -9 1	1 -1 2	8889 5957 0,01		1825 INDEL 2376 INDEL 2260 INDEL		144 188 150	191 191 191		47 3 41		30 2 3
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,1666 0,0159 0,0466									
	-1322 -892 -1299	1828 2385 2451	3A 3B 3C	4A6C 3AB 4C	-2 -6 -2	-1 -7 -1	6667 5745 6667		1826 INDEL 2379 INDEL 2449 INDEL		138 188 150	191 191 191		53 3 41		69 14 16
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,0217 0,0159									
	-1322 -892 -1299	1828 2385 2451	3A 3B 3C	4A6C 3AB 4C	-2 -6 -2	-3 -5 1	3913 5745 0,02		1826 INDEL 2379 INDEL 2449 INDEL		138 188 150	191 191 191		53 3 41		69 14 16
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,0144 0,0053 0,0033									
	-1322 -892 -1299	1828 2385 2451	3A 3B 3C	4A6C 3AB 4C	-2 -6 -2	1 -1 -4	9275 1915 3333		1826 INDEL 2379 INDEL 2449 INDEL		138 188 150	191 191 191		53 3 41		69 14 16
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,1195 0,0398 0,0174									
	-1322 -892 -920	1828 2385 2830	3A 3B 3C	4A6C 3AB 3C	-2 -5 -2	-1 -1 1	6522 9362 8252		1826 INDEL 2380 INDEL 2828 INDEL		138 188 143	191 191 191		53 3 48		69 17 39
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,0072 0,0079 0,2097									
	-1322 -892 -920	1828 2385 2830	3A 3B 3C	4A6C 3AB 3C	-2 -5 -2	-4 -3 -1	4638 7872 9021		1826 INDEL 2380 INDEL 2828 INDEL		138 188 143	191 191 191		53 3 48		69 17 39
			CsFAD CsFAD CsFAD	SgRNA_ SgRNA_ SgRNA_			0,0144 0,0531 0,0272									
	-1322 -892 -920	1828 2385 2830	3A 3B 3C	4A6C 3AB 3C	-2 -3 1	-2 -1 1	9275 9149 7273		1826 INDEL 2382 INDEL 2831 INDEL		138 188 165	191 191 191		53 3 26		69 19 8
	-1322 -892 Supplemental 1828 2385	CsFAD 3A CsFAD 3B	SgRNA_ 4A6C SgRNA_ 3AB	-1 -3	-1 -4	0,2644 9275 0,0079 7872		1827 MIXED 2382 INDEL		138 188	191 191		53 3		58 19
			CsFAD CsFAD	SgRNA_ SgRNA_			0,0217 0,0132									
	-1322 -892	1828 2385	3A 3B	4A6C 3AB	-1 -2	6 1	3913 9787		1827 MIXED 2383 MIXED		138 188	191 191		53 3		58 23
			CsFAD	SgRNA_			0,0558									
	-892	2385	3B	3AB	-2	-1	5106		2383 MIXED		188	191		3		23

MitSpecScore indicates values of specificity, off target count for putative low frequency off targets.

table 4 : Raw counts of SNP and INDEL retrieved in the Camelina T2 sequenced population and additional data.
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Supplemental table 1: Genbank bioinformatic sequences used in this study with corresponding In order to confirm the observed phenotypes in segregated B lines, we selected 14 DsRED negative lines (B) with the highest C18:3/C18:2 ratios from different T1 families including Rp17 (6 T4 lines), Ub21

Lipid phenotypes did not correlate with FAD3 alleles

(3 T3 and 3 T4 lines) and Ub24 (3 T4 line) (Phylogenetic tree fig 14., left panel, transgene positive T2 parents are indicated in red). Plants were at T4 stage for lineage with two generations of mutagenesis (DsRED positive) and T3 from lineage with only one generation of mutagenesis. A total of 4 plants were used for each T3 or T4 lines plants that had their DNA extracted in pool and FAD3 promoter sequenced (Fig. 14). Only homozygous variants were recovered suggesting that the different lines were fixed for FAD3 promoter alleles. Most lines harboured +T insertions at guide RNA 8 position, with the exception of Ub21>B14>B12, which has a wild type promoter detected in Ub21>B14>B12 lines. The Rp17>R10

In order to assemble the different TU, three sequences containing 4, 4 and 5 sgRNA TU flanked by GoldenBraid compatible ends for further assembly were first synthesized and domesticated as modules in pUPD2 and then transferred to pDGB3 vectors by digestion / ligation method. The different modules (sgRNA, Cas9 and DsRED) were then combined using goldenbraid assembly process using pDGB3 alpha or omega 3 vectors as described by [START_REF] Sarrion-Perdigones | GoldenBraid 2.0: A Comprehensive DNA Assembly Framework for Plant Synthetic Biology[END_REF]. Finally, the pDGB3 alpha 1 goldenbraid construct containing the 15 TU was used to transform Camelina plants using the floral dip method (Fig. 20). obtained from long read sequencing, we would then be able to genotype efficiently the T3 progeny of the selected lines as they will segregate for alleles identified in T2 parents. Molecular markers could then be developed for each allele to rapidly identify lines with the expected haplotypes and to select for homozygous plants that will be finally used to final phenotyping. The correlation haplotype/phenotype could finally assess the impact of FAD3 promoter mutations on the seed fatty acid profile (Fig. 21).

Generation of mutagenic T1 lines and seed lipid phenotype analysis.

In order to generate plants with CsFAD3 promoter variants, floral-dip transformed Camelina seeds were first screened for RFP fluorescence. A total of 42 T1 positive transformant plants were selected, representing all the T1 lines that could be retrieved from the transformation of 4 T0 plants. The T2 seeds from each T1 were first analysed for their fatty acid profile by GC-MS. For each T1 plant, a batch of 20 null-segregant seeds (DsRED negative) was used to assess any potential major effects of the mutagenesis on T1 plants, and thus analysing only trans-acting effects of the CRISPR/Cas9 construct.

Fatty acid profiling showed no major differences between the lines and the two untransformed controls (Celine) with C18:3 varying from 48 To 52% of total C18 fatty acid in the seed (Fig. 22). The two control lines were ranked 42 nd and 2 nd for C18:2 and 44 th and 15 th out of 44 lines for C18:3 content respectively indicating that fatty acid variation within the T1 CRISPR lines were in the range of wild type variability (Fig. 22). This was expected in the case of low mutagenesis efficiency and potential buffering effect of wild type seeds in a batch analysis. Moreover, a large phenotypic effect was not expected at that stage considering the potentially high functional redundancy of the three CsFAD3 homeologs similar to what was observed earlier for CsFAD2 [START_REF] Morineau | Selective gene dosage by CRISPR-Cas9 genome editing in hexaploid Camelina sativa[END_REF].

Therefore, we estimated for a possible mutagenesis effect by analysing seed to seed variability in fatty acid profile in 30 individuals DsRED negative T2 seeds from 8 lines selected for C18:3 content in screened in bulk (Fig. 20). The first 7 best C18:3 accumulating lines as well as one low C18:3 accumulating line and the two Céline lines were compared. We speculated that an increased variability of C18:3 content among individual T2 seed of the same progeny would correlate with increased mutations found in T2 plants. The two Céline control lines provided similar seed to seed variability, with a standard deviation for C18:3 of 2,92 and 2,43 mol% and followed a normal distribution. Out of the 8 lines, three (TG663, TG671, TG687) were selected for their larger range of C18:3 with TG681 showing the highest variability with a C18:3 SD of 6,45 mol% followed by the line TG663 with C18:3 SD of 4,48 mol% and TG687 with a C18:3 SD of 3.98 mol% (Fig. 23). Keywords : Lipids, omega-3, CRISPR/Cas9, Arabidopsis, Camelina.

Abstract : FAD3 gene encodes an omega-3 desaturase able of desaturating phosphatidylcholine-esterified linoleic fatty acid (C18:2-PC) to alpha linolenic fatty acid (C18:3-PC). This enzyme is particularly active during seed maturation and allows the accumulation of omega-3 fatty acids in the triacylglycerols (TAG) contained in the lipid bodies accumulated in the seed. It appears that the C18:3 (Omega-3) content is directly correlated to the expression of the FAD3 gene. The objective of this thesis is to better understand the transcriptional regulation of the FAD3 gene by generating combinatorial mutants of the FAD3 promoter and by identifying cis-regulatory elements correlated to lipid phenotypes. We initially decided to employ a combinatorial multiplexed CRISPR/Cas9 mutagenesis method targeting the FAD3 promoter of Arabidopsis thaliana, to understand the effect of promoter editing in a model organism. A similar mutagenesis method was used in Camelina sativa to evaluate the feasibility of this strategy in a hexaploid agronomic plant. Global analysis of the edited population by Illumina sequencing showed that although combinatorial mutagenesis was effective for some sites, others are not very sensitive to mutations, probably due to sgRNA efficiency or chromatin accessibility. In Arabidopsis, FAD3 editing led to the appearance of phenotypes with altered lipid contents. In contrast, the link between induced mutations at the FAD3 locus and phenotypes could not be established. In Camelina, we used PacBio sequencing technology to sequence the entire CsFAD3 promoters in individual plants, which allowed us to identify complete haplotypes with significant mutations validated in the progeny of mutants. Allelic combinations were linked to increased C18:3 accumulation phenotypes. The prospects of this work will be to identify the elements that led to the modification of lipid phenotypes in Arabidopsis and to validate the new CsFAD3 alleles generated in Camelina in a reporter gene system to verify whether they are indeed the cause of the increased C18:3 content phenotype.