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Maize is a pillar of modern agriculture primarily used for food and feed due to the nutritional value of its seed. The maize seed bears two filial compartments: the embryo (future plant) and the endosperm (nutritive tissue) that grow in a coordinated fashion through active communication at their interface. The starchy endosperm cell layers in contact with the embryo form an endosperm sub-domain called EAS (Endosperm Adjacent to Scutellum). To uncover the role of this sub-domain, sugar (Sugars Will Eventually be Exported Transporters -SWEETs) and amino acid (Usually Multiple Acids Move In and out Transporters -UMAMITs) transporters, preferentially expressed in the EAS, were mutated with CRISPR/Cas9 technology (Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR associated protein 9).

Mutants exhibit disturbed sugar and amino acid contents in the embryo, EAS and endosperm.

Furthermore, in wild type plants, the EAS has a distinct metabolic identity (sugar contents).

The dynamics of the EAS have been addressed with genetic and cytologic tools. The EAS grows in the same proportions as the embryo as shown by the expression of an EAS marker gene over time using the GUS reporter gene. The death of the cells closest to the embryo generates an accumulation of cell wall material in the EAS which has been documented by calcofluor staining and electron microscopy. Finally, in order to facilitate functional genomics work, a validation system for CRISPR/Cas9 constructs was set up in maize protoplasts (isolated cells).

Résumé

Le maïs est un pilier de l'agriculture moderne principalement utilisé pour l'alimentation animale et humaine et dont la graine est convoitée pour ses valeurs nutritionnelles. Le grain de maïs comporte deux compartiments filiaux : l'embryon (future plante) et l'albumen (compartiment de réserve) qui doivent croître de manière coordonnée via une communication active à leur interface. Les couches cellulaires de l'albumen amylacée au contact de l'embryon constituent un sous-domaine de l'albumen appelé EAS (Endosperm Adjacent to Scutellum). Pour élucider le rôle de ce sous-domaine, des transporteurs de sucres (Sugars Will Eventually be Exported Transporters -SWEETs) et d'acides aminés (Usually Multiple Acids Move In and out Transporters -UMAMITs), préférentiellement exprimés dans l'EAS, ont été mutés par la technologie CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR associated protein 9). Les mutants montrent des perturbations dans les teneurs en sucres et acides aminés de l'embryon, l'EAS et l'albumen. Par ailleurs, chez les plantes sauvages, l'EAS possède une identité métabolique propre (teneur en sucres). La dynamique de l'EAS a été abordée grâce à des méthodes génétiques et cytologiques. La zone EAS s'agrandit en accompagnant le développement de l'embryon, comme illustré par l'expression d'un gène marqueur de l'EAS au cours du temps grâce au gène rapporteur GUS.

La mort des cellules les plus proches de l'embryon provoque une accumulation de parois cellulaires dans l'EAS, qui a été documentée par marquage des parois au calcofluor et des observations en microscopie électronique. Enfin, pour faciliter les travaux en génomique fonctionnelle, un système de validation des constructions CRISPR/Cas9 en protoplastes (cellules isolées) de maïs a été mis au point.
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Preamble

This thesis is organized in three main parts: introduction, results and conclusions.

In the introduction, the importance of the maize plant in modern agriculture is discussed before describing some genetic tools used for its study. Then, the main steps of maize seed development are explained and a new endosperm subdomain recently identified which is possibly important for embryo/endosperm communication is described.

In the results, this new endosperm subdomain is studied via cytological and histochemical methods. Then the functional characterization of genes preferentially expressed in this subdomain is presented in the form of two publication projects. Then, the validation of new genome editing tools in maize is presented in a third publication project.

In the conclusions, the main messages of the results are summarized and directions for future work are suggested.

Introduction

1.1 Maize, a major crop 1.1.1 Socio-economic interest Cereal grains are the dry fruits of cultivated grasses and provide humans with nearly half of their total caloric requirement [START_REF] Ranum | Global maize production, utilization, and consumption[END_REF]. Among the dozen grass species used for food, maize (Zea mays), also called corn, is the staple crop with the highest production worldwide, reaching 1100 Mt in 2018, followed by rice and wheat with 782 Mt and 734 Mt, respectively (www.fao.org/faostat/en/#data/QC/visualize). The most valuable part of the plant are the nutrient packed kernels that contain approximately 72% starch, 10% proteins and 4% fat and represent about half of the plant dry weight, knowing that whole plants are also used as livestock feed [START_REF] Nuss | Maize: A Paramount Staple Crop in the Context of Global Nutrition[END_REF]. Despite its tropical origins, maize has been adapted to a wide range of climates and is now present on all continents with the USA, China and Brazil being the top three producers worldwide. France is a major European producer together with Ukraine, Italy and Romania. Maize production is also at the origin of cooperative farming companies whose diverse activities are centered around this plant. A good example is the cooperative group Maïsadour, which funded this PhD work and was founded in 1936 around the production of corn as animal feed. It quickly integrated other types of businesses revolving around the crop, notably duck meat processing that became over time a regional flagship and economic driving force.

While initially used exclusively for food and feed, the use of corn has been extended to industrial applications such as the production of glue and fuel ethanol, the latter accounting for roughly 40% of US production [START_REF] Ranum | Global maize production, utilization, and consumption[END_REF].

Another factor explaining maize popularity, is the commercial availability of genetically modified (GM) plants that exhibit herbicide and/or pest resistance and have been widely embraced in leading countries like the USA, where 89% of corn produced in 2014 was GM [START_REF] Taheripour | Evaluation of economic, land use, and land-use emission impacts of substituting non-GMO crops for GMO in the United States[END_REF]. GM corn has had positive impacts on yield, farmers' profit, pesticide reduction and soil conservation [START_REF] Klümper | A Meta-Analysis of the Impacts of Genetically Modified Crops[END_REF][START_REF] Brookes | Farm income and production impacts of using GM crop technology 1996-2015[END_REF].

Despite public rejection and harsh legislation in Europe, GM maize cultivation is still allowed for one event (MON810, resistant to corn borer pest) and imports of GM maize for food and feed are around 3 Mt per year [START_REF] Rostoks | Genetically modified seeds and plant propagating material in Europe: potential routes of entrance and current status[END_REF].

Zea mays, among other species, has allowed us to reach a state of global organized civilization, while we shaped it at the same time to sustain the development of our ever-increasing population. Such an intricate relationship is described as a co-evolutionary process, where both parties go through profound transformations as a result of constant interactions.

Humans have been incredibly ingenious to push the boundaries of corn productivity during the last 70 years [START_REF] Shiferaw | Crops that feed the world 6. Past successes and future challenges to the role played by maize in global food security[END_REF], and are now facing the challenge of doubling it by 2050 to ensure food security in a world that would keep doing "business as usual". However, the yield trends show that maize production will fail to meet those requirements [START_REF] Ray | Yield Trends Are Insufficient to Double Global Crop Production by 2050[END_REF], and that farmers will have to deal with a global warming-induced variability that increases the chances of shocks thus reducing food access for poor consumers [START_REF] Tigchelaar | Future warming increases probability of globally synchronized maize production shocks[END_REF]. However, according to certain models, the current food production could be sufficient if radical changes are made in the socio-economic conditions (ensure that all consumers can access the range and quantity of foods for a healthy diet and can make rational and informed choices) and dietary habits of large parts of mankind (Berners- [START_REF] Lee | Activities and specificities of CRISPR/Cas9 and Cas12a nucleases for targeted mutagenesis in maize[END_REF]. I believe that a better acceptance of biotechnology worldwide and strong governmental support for research to increase our knowledge on the major members of the grass family would also be part of the solution.

Phylogeny

There are two clades of seed producing plants in the plant kingdom: the angiosperms (seed in a fruit case) who are by far the most diverse clade of the plant kingdom with over 350,000 species alive today (~90% of all living plants), and the gymnosperms (naked seed) which comprise ~1000 species nowadays. Their lineages separated ~300 million years ago (MYA), in other words ~150 million years after land plants arose, i.e. 475 MYA [START_REF] Forest | Gymnosperms on the EDGE[END_REF][START_REF] Magallón | Land plant evolutionary timeline: Gene effects are secondary to fossil constraints in relaxed clock estimation of age and substitution rates[END_REF]. However, the intense diversification of angiosperms, which still remains elusive [START_REF] Augusto | The enigma of the rise of angiosperms: can we untie the knot?[END_REF], started only between 180 and 140 MYA, i.e. a long time after their emergence [START_REF] Bell | The age of the angiosperms: a molecular timescale without a clock[END_REF]. Angiosperms are characterized by key innovations such as the production of flowers, reproduction through double fertilization and the presence of a carpel surrounding the ovules. They include two main groups, the monocotyledons and the eudicotyledons, which diversified ~130 MYA, now accounting for 20% and 75% of all angiosperm species, respectively [START_REF] Herendeen | The fossil history of the monocotyledons[END_REF][START_REF] Magallón | Phylogenetic Pattern, Diversity, and Diversification of Eudicots[END_REF][START_REF] Magallón | A metacalibrated time-tree documents the early rise of flowering plant phylogenetic diversity[END_REF]. Among the monocotyledons, maize belongs to the Poaceae family, also known as grasses, that includes all major cereals such as wheat, rice and sorghum who began to diverge from a common ancestor ~60 MYA [START_REF] Kellogg | Relationships of cereal crops and other grasses[END_REF].

More recent technological advances gave us a better insight into the high degree of variation found in overall size, ploidy level and chromosome number across cereal crop genomes despite a high conservation in their genetic maps [START_REF] Kellogg | Relationships of cereal crops and other grasses[END_REF]. For example, rice (Oryza sativa) is diploid (2n = 24) with a genome size of 0.4 giga bases (Gb), whereas maize is also diploid (2n = 20) but has a much larger genome of ~2.5 Gb, and bread wheat (Triticum aestivum) is hexaploid (2n = 42) with an even larger genome of ~17 Gb. These plant genomic resources allowed us to reconstruct with a greater precision the events that drove cereal evolution such as translocations, inversions, fusions and duplications, thereby enabling comparative genomics and the improvement of breeding methods [START_REF] Salse | Palaeogenomics in cereals: Modeling of ancestors for modern species improvement[END_REF].

The maize ancestor genome underwent a recent whole genome duplication event 5-12 MYA (Swigoňová et al., 2004). However, rather than remaining at a tetraploid state, a series of chromosomal breakage and fusion events remodeled the duplicated chromosomes into a diploid genome with 10 mosaic chromosomes (Schnable et al., 2011). These rearrangements led to different fates for the duplicated genes, some being lost and some being retained as homeolog gene pairs (paralogs), the latter accounting for >20% of the total maize gene content that comprises ~32,000 genes (Hughes et al., 2014). Paralog genes may diverge and develop novel functions, partition and share the ancestral gene function or maintain fully identical functions.

Plant genome analyses allow us to recreate natural evolutionary blue-prints of organisms dating from very ancient times but they are also a powerful tool to understand the impact of human selection on modern crops ancestors.

Domestication

The quest to identify the wild progenitor of cultivated maize started in the late 19 th century and led to two main theories stating that either maize evolved from a missing or extinct ancestor [START_REF] Mangelsdorf | The Origin of Maize[END_REF] or maize evolved from a wild grass (Zea mays ssp. parviglumis) [START_REF] Beadle | Teosinte and the origin of maize[END_REF]) also referred to as 'teosinte', a term broadly used to refer to wild taxa within the genus Zea including Zea mays ssp huehuetenangensis and Zea mays ssp mexicana of the Zea section or Zea luxurians and Zea perennis of the Luxuriantes section [START_REF] Doebley | Taxonomy of Zea (gramineae). I. a Subgeneric Classification with Key to Taxa[END_REF] (Fig. 1). Because of the drastic morphological differences between maize and teosinte, the two different views sparked heated debate in the maize community.

The combination of modern archeological and molecular techniques eventually converged to progressively establish a single domestication from teosinte in the Rio Balsas area in South-Central Mexico ~9000 years ago [START_REF] Matsuoka | A single domestication for maize shown by multilocus microsatellite genotyping[END_REF][START_REF] Piperno | Starch grain and phytolith evidence for early ninth millennium B.P. maize from the Central Balsas River Valley, Mexico[END_REF].

Maize spread from its domestication area throughout the Americas over thousands of years before being brought to Europe in the late 15 th century. Trade further introduced it to all climatically suitable parts of the world where it was locally adapted and selected, leading to the creation of hundreds of new landraces in the past 500 years [START_REF] Dubreuil | More on the introduction of temperate maize into Europe: large-scale bulk SSR genotyping and new historical elements[END_REF]. These landraces usually display poor agronomic performance but represent a valuable source of genetic diversity much needed by modern breeders all around the world for the creation of new varieties.

The story of maize is not unique and many crops encountered similar selection pressures such as cultivation and processing practices, similarities in agricultural environment and cultural preferences, resulting in a common suite of traits that distinguishes most present seed and fruit crops from their progenitors. This phenomenon is known as the domestication syndrome and the main phenotypic differences between maize and its ancestor such as reduced branching, reduction in seed dispersal and increased seed size are part of this suite [START_REF] Purugganan | Evolutionary Insights into the Nature of Plant Domestication[END_REF]. It is now accepted that changes in expression of a handful of genes with large effect, are at the origin of these key innovations, although not sufficient to make a maize plant [START_REF] Doebley | The Genetics of Maize Evolution[END_REF][START_REF] Stitzer | Maize domestication and gene interaction[END_REF].

For example, a transposable element inserted in regulatory sequences of the teosinte branched1 (tb1) transcription factor increases expression of this branching repressor and plays a crucial role in branching differences observed between maize and teosinte.

Interestingly, molecular dating shows that the transposon insertion in tb1 regulatory sequences predates maize domestication by at least 10,000 years providing an example of selection based on standing variation rather than new mutation [START_REF] Studer | Identification of a functional transposon insertion in the maize domestication gene tb1[END_REF]. Another major domestication gene is teosinte glume architecture1 (tga1) which largely controls whether the grains are enclosed in a hard "fruitcase" as in teosinte, or uncovered and readily accessible for food use as in maize. In contrast to the situation observed for TB1, it is a fixed single nucleotide polymorphism (SNP) in the coding sequence of tga1 transcription factor gene that distinguishes the maize and teosinte alleles. Whereas tb1 and tga1 are located under major QTLs distinguishing teosinte from maize, the evidence for the implication of other genes is simply based on signatures indicative of selection during domestication. One example is ZmSWEET4c coding for a key sugar transporter expressed at the base of the kernel and likely contributing to the increased kernel size of modern maize (Sosso et al., 2015). Ancient farmers have been successful in selecting for larger grains and ears and this trend has been followed in more recent times. Although it might not increase the total grain weight per plant (fewer large ears equals many small ears) [START_REF] Duvick | The Contribution of Breeding to Yield Advances in maize (Zea mays L.)[END_REF], it is still an interesting feature since it facilitates harvest and processing. Apart from morphology, changes in metabolic profiles are also of interest for the breeder. A recent study [START_REF] Xu | Evolutionary Metabolomics Identifies Substantial Metabolic Divergence between Maize and Its Wild Ancestor, Teosinte[END_REF] has identified candidate genes contributing to this metabolic divergence and showed that a large proportion of these genes were under selection.

The downside of historical mass selection is that while focusing on seed or fruit-related traits, favorable alleles for other traits such as biotic and abiotic stresses tolerance are lost, making modern varieties more profitable but often also more susceptible to unpredictable events. In this context, Zsögön et al. [START_REF] Zsögön | De novo domestication of wild tomato using genome editing[END_REF] have developed a strategy of de novo domestication from wild tomato (S. pimpinellifolium) in order to combine agronomically desirable yield traits with useful stress tolerance traits present in wild lines. They identified six key genes for domestication traits and targeted them with CRISPR-Cas9 technology, aiming for loss-of-function alleles. Their experiment was successful and they obtained in a single generation a decent crop with modified architecture, nutrient content, fruit shape and an increase in fruit number and size. The authors also discuss the transferability of this approach to other crops and propose the 4 maize genes tb1, tga1, lg1 and ZmCCT. Another group performed similar work in tomato [START_REF] Rodríguez-Leal | Engineering Quantitative Trait Variation for Crop Improvement by Genome Editing[END_REF] and on an orphan species never domesticated before [START_REF] Lemmon | Rapid improvement of domestication traits in an orphan crop by genome editing[END_REF].

Given the constant improvements in genome editing techniques allowing the re-writing of genomic sequences of interest (Lin et al., 2020) and the available data on key kernel-related maize loci [START_REF] Tao | Whole-Genome Analysis of Candidate genes Associated with Seed Size and Weight in Sorghum bicolor Reveals Signatures of Artificial Selection and Insights into Parallel Domestication in Cereal Crops[END_REF][START_REF] Liu | The Conserved and Unique Genetic Architecture of Kernel Size and Weight in Maize and Rice[END_REF], breeding efforts could in theory be facilitated and expand the range of resilient crops helping to cope with future challenges.

1.2 Genetic tools for the study of maize

Maize is a model in genetics

As one of the most cultivated plant species, maize has been broadly studied by the scientific community and has become a model in developmental biology and genetics. It is an attractive model for several reasons, such as (i) the separation of male and female flowers allowing easily controlled crosses, (ii) the large number of seeds held in rows facilitating the observation of kernel phenotypes and the calculation of segregation ratios and (iii) the existence of induced mutant populations for genetics studies [START_REF] Nannas | Genetic and Genomic Toolbox of Zea mays[END_REF]. The genome of maize inbred line B73 was sequenced and assembled in 2009, providing an extremely valuable resource for the maize community [START_REF] Schnable | The B73 maize genome: complexity, diversity, and dynamics[END_REF]. Some of the induced mutant populations rely on the natural ability of transposable elements (TEs) to be excised or copied from their original position and be inserted elsewhere in the genome, potentially affecting the functionality of genes located at these new positions. The democratization of the internet combined with the advent of molecular biology led to the establishment of publicly available maize genetic resources that are now just one click away, like the Maize Genetics and Genomics Database (Maize GDB, www.maizegdb.org).

Mutagenesis via transposable elements

In maize, TEs represent over 85% of the maize genome [START_REF] Schnable | The B73 maize genome: complexity, diversity, and dynamics[END_REF] and their ability to jump to new genomic positions and to generate mutations at their landing site was used to create mutant populations. TEs are classified according to differences in the mechanisms at play when they move positions in the genome, leading to a large number of families themselves divided in classes. We will briefly describe here the only two types of TEs that were used during this thesis work: Mutator (Mu) and Ac-Ds.

The Ds (Dissociation) element is non-autonomous and can only move in the presence of the autonomous element Ac (Activator), the latter encoding a transposase [START_REF] Kunze | The hAT and CACTA Superfamilies of Plant Transposons[END_REF]. Ac and Ds elements transpose preferentially into unique or low-copy sequences making them highly efficient insertion mutagens [START_REF] Cowperthwaite | Use of the transposon Ac as a gene-searching engine in the maize genome[END_REF]. The Ac element is usually present in only one copy in lines with Ac activity and is absent from most maize populations and lines whereas hundreds of Ds elements were found in the B73 inbred line [START_REF] Du | The complete Ac/Ds transposon family of maize[END_REF]. In this thesis work we used transposon-induced mutant lines that carried an engineered Ds element marked with GFP for rapid segregation analysis developed by the Dooner lab (www.acdsinsertions.org). The collection is made of 14000 Ds insertions and all insertions sites are available through maize GDB.

The Mutator family, which is generally present in higher copy numbers than Ac-Ds, is also composed of a series of non-autonomous elements (Mu1 to Mu8) that need to be activated in trans by the autonomous MuDR element, present in only a few maize lines, which encodes the transposase [START_REF] Lisch | Mutator transposons[END_REF]. Initial Mu populations used in functional genomics had heterogeneous backgrounds and an accumulation of parental mutations which increased the difficulty to resolve parental and newly created mutations linked to phenotypes. Therefore, a

Mu population named UniformMu was created in which the high mutagenic activity was introduced in a homogeneous genetic background. The Mu activity was genetically controlled by suppression of Mu transposition before molecular analysis, and parental seed mutations were screened and removed to maximize independence of seed mutations [START_REF] Mccarty | Steady-state transposon mutagenesis in inbred maize[END_REF]. In this study, lines from the UniformMu collection were used as well as lines from the Photosynthesis Mutant Library (PML) [START_REF] Stern | Genetics and genomics of chloroplast biogenesis: maize as a model system[END_REF]. The PML contains Mu chlorophylldeficient mutants that are easy to score due to an albino phenotype. This collection took advantage of the high throughput of Illumina sequencing to catalogue transposon-flanking sequences and link Mu insertions to interesting phenotypes [START_REF] Williams-Carrier | Use of Illumina sequencing to identify transposon insertions underlying mutant phenotypes in high-copy Mutator lines of maize[END_REF]. In this study the line coming from the PML is referred to as Mu-Illumina.

Although transposon mutant collections are a valuable tool for functional characterization of genes in maize, they do not saturate the coding regions of the maize genome. The application of the CRISPR-Cas9 targeted mutagenesis tool and its recent evolutions are an excellent way to bypass this limitation and obtain mutants in any desired candidate gene.

Targeted mutagenesis and base editing

Targeted mutagenesis initially relied on first generation technologies that used meganucleases, zinc finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs). These methods involved laborious, time-consuming and costly procedures to achieve target specificity. The second generation of targeted genome modification techniques developed later, such as CRISPR-Cas9, were in contrast quicker to design and much cheaper to implement. The second generation tools are now used in routine in experimental biology and have been successfully applied to maize.

CRISPR-Cas9 discovery and mode of action

Clustered regularly interspaced short palindromic repeats (CRISPR) were first observed in Escherichia coli DNA more than 30 years ago [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], but no biological function could be assigned to these unusual DNA repeats. Almost two decades later, the sequences of spacer regions of CRISPRs found in prokaryotic DNA were shown to have high similarity to foreign DNA (bacteriophages) [START_REF] Mojica | Intervening sequences of regularly spaced prokaryotic repeats derive from foreign genetic elements[END_REF][START_REF] Bolotin | Clustered regularly interspaced short palindrome repeats (CRISPRs) have spacers of extrachromosomal origin[END_REF]. In parallel, several genes encoding putative DNA repair proteins were found to be associated with CRISPR and were called Cas (CRISPR-associated) genes [START_REF] Jansen | Identification of genes that are associated with DNA repeats in prokaryotes[END_REF]. In 2006, it was suggested that CRISPR and Cas proteins work together to act as a prokaryotic acquired immune system fighting off invading viruses and plasmids much alike the eukaryotic RNA interference (RNAi) system [START_REF] Makarova | A putative RNA-interference-based immune system in prokaryotes: computational analysis of the predicted enzymatic machinery, functional analogies with eukaryotic RNAi, and hypothetical mechanisms of action[END_REF] . One year later, it was experimentally proven that the CRISPR-Cas system confers protection against invasive foreign DNA, using the reconstituted CRISPR-Cas9 system of Streptococcus thermophilus expressed in E. coli, showing in the meantime that Cas9 was the only Cas gene needed in that case to confer silencing of foreign DNA [START_REF] Barrangou | CRISPR Provides Acquired Resistance Against Viruses in Prokaryotes[END_REF]. In a famous 2012 publication from Jennifer Doudna's group, it was shown that in the CRISPR-Cas9 system of Streptococcus pyogenes (SpCas9), two RNA elements, the targeting CRISPR RNA (crRNA) and the trans-activating crRNA (tracrRNA), associate and guide the Cas9 endonuclease to its 20 bp DNA target site by base paring between the DNA target (protospacer) and the crRNA. They further demonstrated that the crRNA and tracrRNA could be fused to form a single chimeric single-guide RNA (sgRNA) (Jinek et al., 2012). In order to bind to the DNA, the SpCas9 endonuclease requires the juxtaposition of a canonical series of three nucleotides (NGG) next to the protospacer, called protospacer adjacent motif (PAM), which is recognized by its PAM interacting (PI) domain. Once locked onto the DNA, the Cas9 HNH and RuvC nuclease domains cleave the complementary and non-complementary strand respectively between the 4 th and the 3 rd bases upstream the PAM [START_REF] Ishino | History of CRISPR-Cas from Encounter with a Mysterious Repeated Sequence to Genome Editing Technology[END_REF] (Fig. 2).

The double strand breaks (DSBs) generated by the nuclease activity of the Cas9 protein are repaired by one of several cellular repair mechanisms that are prone to errors and can lead to mutations at the Cas9 cleavage site. Mutations at desired locations can thus readily be obtained by directing the Cas9 via an appropriate sgRNA to the site of interest. The most common repair pathway in plants is non-homologous end joining (NHEJ) that involves joining of the damaged strands by a DNA ligase which can be sorted in two categories, classical NHEJ or alternative NHEJ also called microhomology-mediated end joining (MMEJ) (Fig. 3). Classical NHEJ mostly yields insertions and/or deletions of a few bases, whereas MMEJ usually generates larger deletions (Puchta and Fauser, 2014). Another repair mechanism is homologous recombination (HR) which can be non-conservative or conservative. Nonconservative HR, also called single-strand annealing (SSA), can be triggered when repeats of more than 30 nucleotides are located upstream or downstream of the DSBs and can repair up to 1/3 of the DSBs while generating large deletions making it efficient for mutagenesis (Steinert et al., 2016). Finally, conservative HR offers the possibility to replace or insert a sequence of interest at a specific locus. A modified sequence maintaining high sequence similarity with the endogenous sequence, or a sequence of interest flanked by regions identical to the endogenous sequence is introduced into the cell together with the Cas9/sgRNA complex is are copied into the genome through HR by homology-directed repair (HDR) (Fig. 3). Although HDR offers the exciting possibility to rewrite the sequence of a gene to obtain a favorable allele, its efficiency remains very low in higher plants and is two orders of magnitude lower than that of NHEJ (Steinert et al., 2016). However, the nature of the mutations obtained by NHEJ is random and unpredictable and developing novel agronomic traits often requires the precise modification of genomic information. Two powerful technologies, base editing and prime editing, that circumvent the limitations of CRISPR-Cas induced mutagenesis have been recently developed and successfully used in maize. 

Base editing

Base editing is a recent technology that allows to generate precise point mutations in genomes (DNA) or transcripts (RNA) without directly producing DSBs [START_REF] Porto | Base editing: advances and therapeutic opportunities[END_REF]. DNA base editors (BEs) are made of a fusion between a catalytically impaired Cas nuclease and a protein domain modifying nucleotides, generally deaminase domains. There are currently two categories of BEs that have been demonstrated in plant systems: cytosine BEs (CBEs)

catalyzing the conversion of a C•G base pair to a T•A base pair, and adenine BEs (ABEs) that can convert an A•T base pair to a G•C base pair [START_REF] Molla | Precise plant genome editing using base editors and prime editors[END_REF].

CBEs were the first DNA BEs to be published and their architecture typically contained a Cas9 nickase (nCas9, for example, with a D10A mutation, which impairs one of the two nuclease domains and only cuts one strand of the DNA) fused to a cytidine deaminase (for example rat APOBEC) and an uracil glycosylase inhibitor (UGI) (Komor et al., 2016;[START_REF] Nishida | Targeted nucleotide editing using hybrid prokaryotic and vertebrate adaptive immune systems[END_REF] (Fig. 4A). As in the classical CRISPR-Cas system, a sgRNA guides the CBE to its genomic target. When the sgRNA-CBE is locked onto its target, it unwraps the DNA molecule to form a single stranded DNA R-loop. One strand of DNA is cut by the nCas9 protein, while the other DNA strand is made accessible to the cytidine deaminase which proceeds to the deamination of exposed cytosines (C) (Fig. 4B). In the process, the abnormal guanine•uracil (U) intermediate is maintained thanks to the action of the UGI that prevents uracil base excision repair from regenerating the original base pair (Fig. 4B). Moreover, the nicking of the non-edited strand favors a U•A outcome over a reparation of the U•G mismatch and increases editing efficiency [START_REF] Hassan | Construct design for CRISPR/Cas-based genome editing in plants[END_REF]. Deamination and subsequent biased cellular mismatch repair lead to Cto-T conversions (Fig. 4B). Alternative CBE systems such as Target-AID [START_REF] Shimatani | Targeted base editing in rice and tomato using a CRISPR-Cas9 cytidine deaminase fusion[END_REF] are based on other sources of cytidine deaminase and lack the UGI domain. The UGI domain is also absent in ABEs which otherwise use the same general strategy [START_REF] Molla | Precise plant genome editing using base editors and prime editors[END_REF].

Despite improvements via deaminase variants, the action of CBEs is not contained to a single base in the 20 nucleotide target and typically represents a window ranging from the 2 nd to the 8 th position in the protospacer sequence (the NGG PAM sequence spans from position 21 to 23) [START_REF] Rees | Base editing: precision chemistry on the genome and transcriptome of living cells[END_REF]. Although BEs can introduce certain point mutations with high efficiency, they do not allow precise indels, and generate bystander mutations. In contrast, prime editors (PEs) give the possibility to generate all 12 possible base conversions mutation as well as small indels by writing new genetic information into a desired DNA target. A standard PE is composed of a catalytically impaired Cas9 (nCas9 with a H840A mutation) fused to an engineered reverse transcriptase (RT), and a prime editing guide RNA (pegRNA) (Fig. 5B) [START_REF] Anzalone | Search-andreplace genome editing without double-strand breaks or donor DNA[END_REF].

The pegRNA specifies the target site with its crRNA portion and allows the RT to encode the edited DNA strand thanks to its primer-binding site (PBS) and RT template (Fig. 5A). The nCas9 nicks the editing strand of the double stranded DNA and the nicked strand hybridizes with the PBS which allows the RT to perform the reverse transcription of edited DNA into the target site (Fig. 5C). In this process two competing single stranded DNA flaps are produced: the 3' flap with the edit and the 5' flap without the edit. The 5' flap is less stable than the 3' and is degraded by nucleases. Subsequently, the 3' flap is ligated in the DNA which generates an heteroduplex between the edited strand and the unedited strand. The heteroduplex is detected by the cellular DNA repair machinery which copies the information from the edited strand to the complementary strand, permanently installing the edit in the DNA target (Fig. 5D). Prime editing has been demonstrated in several crops including maize, rice, wheat, tomato and potato, although efficiencies reported in plants were low compared to mammalian systems and require further optimization to broaden its application in plants [START_REF] Hassan | Construct design for CRISPR/Cas-based genome editing in plants[END_REF]. Some potential agronomic applications of base editing and prime editing are represented in figure 6. properties such as overall size, PAM sequences, optimal spacer length, guide RNA architecture, editing specificity and efficiency [START_REF] Anzalone | Genome editing with CRISPR-Cas nucleases, base editors, transposases and prime editors[END_REF].

In addition to natural variants, several engineered SpCas9 variants have been generated

through phage assisted continuous evolution leading to xCas9 (Hu et al., 2018) or by structureguided rational design leading to SpCas9-NG [START_REF] Nishimasu | Engineered CRISPR-Cas9 nuclease with expanded targeting space[END_REF]. xCas9 was shown to display higher activity on non-NGG PAM sequences (especially NGT and NGA PAMs), and SpCas9-NG can target all NG PAM sequences with varying activity and with a generally higher efficiency than xCas9 [START_REF] Anzalone | Genome editing with CRISPR-Cas nucleases, base editors, transposases and prime editors[END_REF]. Both xCas9 and Cas9-NG have been successfully used in plants including rice and Arabidopsis [START_REF] Hassan | Construct design for CRISPR/Cas-based genome editing in plants[END_REF]. A recently developed engineered SpCas9 variant, called SpRY, is capable of recognizing NRN PAMs (R stands for A or G), and with a lower efficiency NYN PAMs (Y stands for C or T). This near-PAM-less Cas9 variant [START_REF] Walton | Unconstrained genome targeting with near-PAMless engineered CRISPR-Cas9 variants[END_REF] has been applied to plant genome editing [START_REF] Ren | PAM-less plant genome editing using a CRISPR-SpRY toolbox[END_REF][START_REF] Xu | SpRY greatly expands the genome editing scope in rice with highly flexible PAM recognition[END_REF].

The second most widely Cas proteins used in plants are Cas12 nucleases, especially Cas12a

(formerly Cpf1) that has been used in several plant species including maize [START_REF] Lee | Activities and specificities of CRISPR/Cas9 and Cas12a nucleases for targeted mutagenesis in maize[END_REF].

It is suitable for editing of T-rich regions of genomic DNA since it is able to recognize a TTTV PAM (V is A, C or G) [START_REF] Rees | Base editing: precision chemistry on the genome and transcriptome of living cells[END_REF]. Contrary to SpCas9 which produces blunt end DSBs, Cas12a generates staggered end DSBs making it better for experiments relying on HDR.

Indeed, being able to determine the exact sequence of the sticky ends would allow an adequate DNA insert design to favor an insertion in the correct orientation (Zetsche et al., 2015). Cas12a only requires one short crRNA (~42 nt) for its activity, and possesses an RNAse activity allowing it to process a single CRISPR array into individual crRNAs for multiplex editing (aiming for several targets at the same time). Moreover, the Cas12a cleavage site is distal from the PAM, i.e. far from the seed sequence of the protospacer which is most important for target site recognition, which potentially results in higher editing efficiency and larger deletions due to increased DNA cuts before the edits prevent crRNA biding [START_REF] Hassan | Construct design for CRISPR/Cas-based genome editing in plants[END_REF].

Genome editing techniques constitute a powerful tool to decipher molecular mechanisms underlying maize development and particularly the ones involved in the development of its most valuable part: the seed.

1.3 Generalities on seeds and focus on maize seed development

Emergence of the seed structure

The life cycle of land plants is characterized by an alternation of generations where a diploid sporophyte produces through meiosis haploid spores, which develop into a haploid gametophyte, producing gametes. Gamete fusion gives rise to a single-celled zygote, which will develop into a new sporophyte, thus closing the life cycle (Fig. 7) [START_REF] Niklas | The evolution of the land plant life cycle[END_REF].

Early land plants reproduced via release of asexual spores of roughly similar size, a condition called homospory in which the bisexual gametophyte generation was dominant by its size and longevity. With the appearance of vascular plants, sporophytes evolved larger sizes, increased longevity and evolved more complex ways of partitioning reproductive resources. Some of them show a specialized division of labor where meiosis in the sporophyte stage generates both small sperm-producing microspores and large egg-producing megaspores that will grow into a male and female gametophyte respectively. The production of two different kinds of spores is called heterospory and has evolved from homospory in several lineages which are now extinct or represented by a small number of species [START_REF] Bateman | Heterospory: The most iterative key innovation in the evolutionary history of the plant kingdom[END_REF][START_REF] Bonacorsi | A novel reproductive strategy in an Early Devonian plant[END_REF][START_REF] Haig | Selective forces in the emergence of the seed habit[END_REF]. The most successful group of heterosporous plants is the one that produces seeds, also called spermatophytes. In seed plants (angiosperms and gymnosperms), the female gametophyte (embryo sac) is retained, protected and nourished by the mother plant. The male gametophyte (pollen grain) is mobile and able to form a pollen tube that grows through sporophytic tissue to reach the female gametophyte [START_REF] Haig | Selective forces in the emergence of the seed habit[END_REF]). Among other characteristics, retention of the female gametophyte and efficient pollination may have been key breakthroughs of seed plants, by-passing the physical environment as a selective filter to a successful syngamy [START_REF] Bateman | Heterospory: The most iterative key innovation in the evolutionary history of the plant kingdom[END_REF][START_REF] Magnani | Seed Evolution, A 'Simpler' Story[END_REF]. After gamete fusion, the zygote will be nurtured and protected by the sporophyte via the seed structure that offers many advantages to contribute to the fitness of a species. 

Advantages of the seed structure

Seeds constitute the main vector of propagation and dispersal of sessile plants in a given biotope and show a wide range of fascinating adaptations that allow them to be carried by wind, animals and, more rarely, water in order to colonize new territories. A greater distance between mother plants and offspring increases the chances of a species survival in case of sudden local environmental disturbances (e.g. fire, flooding, predation and disease). Mature seeds are usually more or less desiccated and contain little or no water, the metabolic activity of the embryo slows to a near standstill. This state of dormancy can persist for months, years and even centuries until conditions are right for germination [START_REF] Sallon | Germination, Genetics, and Growth of an Ancient Date Seed[END_REF][START_REF] Lerman | New Carbon-14 Evidence for Six Hundred Years Old Canna compacta Seed[END_REF]. In some cases, the environmental triggers required for seed germination can be counterintuitive such as post-fire smoke chemicals for Emmenanthe penduliflora [START_REF] Wicklow | Germination Response in Emmenanthe Penduliflora (Hydrophyllaceae)[END_REF], or dependent on another species like fungal symbiosis in orchids [START_REF] Zettler | Symbiotic Seed Germination of an Orchid in Decline (Platanthera integra) from the Green Swamp, North Carolina[END_REF].

In addition, many seeds have specialized compartments where they store large quantities of mother plant-derived nutrients. They are essential to fuel the establishment and early steps of seedling development after germination. The longevity of seeds coupled to their ability to perceive environmental clues illustrates their unique physiology and their ability to protect the embryo against harsh environmental conditions and to trigger its germination under favorable conditions.

Among spermatophytes, angiosperms have evolved three specific characteristics: (i) the seed coat derives from two outer layers (integuments) of the ovule instead of one in gymnosperms, (ii) a fruit develops from ovary tissue that surrounds the seed and (iii) a second fertilization event generates a second filial compartment called the endosperm.

Maize seed development 1.3.3.1 Double fertilization

As in all angiosperms, maize seed development is triggered by a double fertilization event. In maize, male and female gametes are produced within two distinct and spatially separated types of flowers. In the anthers of the male flowers (gathered on the tassel at the tip of the plant) and the ovules of the female flowers (gathered on the ears between stem and leaves), diploid "mother" cells undergo meiosis to give rise to haploid microspores and megaspores, respectively. Microspores develop into pollen grains, the male gametophyte. At maturity, the pollen grain is formed by a large vegetative cell that fully encloses two haploid sperm cells (gametes) [START_REF] Twell | Male gametogenesis and germline specification in flowering plants[END_REF]. Since both male gametes result from post-meiotic divisions, they are genetically uniform. Megaspores give rise to the seven-celled female gametophyte called the embryo sac containing two female gametes, a haploid egg and a diploid central cell, as well as accessory haploid cells (two synergids and three antipodals) [START_REF] Sprunck | Nuclear behavior, cell polarity, and cell specification in the female gametophyte[END_REF][START_REF] Kiesselbach | The Structure and Reproduction of Corn[END_REF]. As on the male side, the two female gametes result from post-meiotic divisions and are genetically uniform.

After landing on the stigma (silk) of the female flower, pollen grains germinate and emit a pollen tube that will grow through the intercellular space of stigmatic hair cells to achieve the transport of the immobile sperm cells to the female reproductive cells. In maize, this represents a journey of up to 30 centimeters guided with great precision thanks to intensive communication between the pollen tube and maternal tissues [START_REF] Higashiyama | The Mechanism and Key Molecules Involved in Pollen Tube Guidance[END_REF]. Once arrived at the female gametophyte, the pollen tube interacts with one of the synergids where it ruptures to release the two sperm cells at very close proximity to the neighboring egg and central cells. This is when double fertilization happens: one sperm cell fuses with the egg cell to produce a diploid embryo while the other one fuses with the central cell to produce a triploid tissue called the endosperm [START_REF] Dresselhaus | Fertilization Mechanisms in Flowering Plants[END_REF][START_REF] Dumas | Fertilization and early seed formation[END_REF]. After fertilization, the successful seed development relies on the coordinated development of the embryo, the endosperm and maternal tissues.

Maternal seed tissues

As in all flowering plants, the maize seed develops inside a coat of maternal origin made of inner and outer integuments as well as an ovary wall. During maize seed development, both integuments degenerate, and at maturity the maize seed is surrounded by a protective adhering tissue deriving from the ovary wall called the pericarp [START_REF] Randolph | Developmental morphology of the caryopsis in maize[END_REF] (Fig. 8A).

Apart from protection, maternal tissues are involved in providing nutrients to the filial compartments. The nucellus is a maternal nutritive tissue that surrounds the embryo sac prefertilization. After fertilization, as the embryo and the endosperm expand, the nucellus degenerates and the released cell components are taken up by the endosperm [START_REF] Lu | Seed tissue and nutrient partitioning, a case for the nucellus[END_REF]) (Fig. 8A). At maturity, the endosperm and the pericarp are separated by a persistent thin membrane deriving from the outer epidermal wall of the nucellus [START_REF] Kiesselbach | The Structure and Reproduction of Corn[END_REF]. Another important structure for filial nutrition is located and the basal part of the kernel and is called the pedicel. The pedicel contains maternal phloem element terminations and specializes in nutrient unloading for subsequent uptake in the seed (Shannon, 1972) (Fig. 8D).

Embryogenesis

The diploid zygotic cell resulting from the fusion of one of the two sperm cells with the egg cell undergoes successive mitosis in a process called embryogenesis. In maize, as in other plants, embryogenesis can be separated in three main stages: the first stage consists of developmental events such as the acquisition of polarity and tissue morphogenesis and differentiation, the second stage is characterized by embryo growth and nutrient accumulation and during the third stage the embryo dehydrates and enters into quiescence to prepare for separation from the mother plant [START_REF] Vernoud | Maize Embryogenesis[END_REF] (Fig. 8A). Polarity is established after the first asymmetric cell division of the zygote resulting in a small apical and a large basal cell. The large basal cell gives rise to a transitory structure called the suspensor which anchors the embryo in the seed and may contribute to nutrient uptake from the endosperm [START_REF] Kawashima | The suspensor: not just suspending the embryo[END_REF][START_REF] Randolph | Developmental morphology of the caryopsis in maize[END_REF] (Fig. 8B). Divisions of the small apical cell result in the formation of the embryo proper. The initial radial symmetry of the proembyo shifts to a bilateral symmetry at the transition stage, marked by the formation of a distinct cell layer at the surface of the embryo called the protoderm. The shoot apical meristem (SAM) and the root apical meristem (RAM) are established at the onset of the coleoptilar stage and the embryo proper takes on a shield-like shape. Later on, protective structures emerge to surround the SAM and the RAM, the coleoptile and the coleorhiza respectively, and the scutellum develops at the abaxial side of the embryo (Fig. 8B). These morphogenetic events are followed by a phase of embryo growth and nutrient storage (mainly lipids in the scutellum), coming from the mother plant and transferred by the endosperm, which roughly occupies 70% of the total seed volume in advanced developmental stages. At maturity, the embryo dehydrates and slows down its metabolic processes to enter into quiescence. There is continuity between embryonic and post-embryonic development and dehydration and quiescence only mark a pause in plant development. The next step in maize development is germination which is triggered by favorable environmental conditions. During germination, the plantlet will use nutrients stored in both scutellum and endosperm. [START_REF] Sabelli | The Development of Endosperm in Grasses[END_REF]. Cellularization is triggered at the final round of free nuclear division and proceeds centripetally to completely fill the central cell cavity at around 4 days after pollination (DAP) [START_REF] Leroux | Maize early endosperm growth and development: From fertilization through cell type differentiation[END_REF] (Fig. 8C). The endosperm continues to expand through more classical cytokinesis and differentiation of specialized cell types occurs concomitantly to or following the multiplication phase.

Transfer cells develop at the basal side of the endosperm giving rise to a specialized tissue called Basal Endosperm Transfer Layer (BETL) (Fig. 8D). The BETL is in close contact with the maternal placento-chalazal tissue of the pedicel where nutrients are delivered by the phloem terminals. BETL cells are cytologically characterized by an extensive network of cell wall invaginations and increased membrane surface making them efficient for nutrient uptake (primarily sucrose and amino acids) towards the endosperm. A transcriptomic analysis of the BETL revealed a high representation of expressed genes related to transporter activity [START_REF] Xiong | Discovery of Genes Expressed in Basal Endosperm Transfer Cells in Maize Using 454 Transcriptome Sequencing[END_REF][START_REF] Zhan | RNA Sequencing of Laser-Capture Microdissected Compartments of the Maize Kernel Identifies Regulatory Modules Associated with Endosperm Cell Differentiation[END_REF], suggesting a high density of various solute transporters at the plasma membrane of these cells. The crucial role of this zone is highlighted by the reduced kernel filling of mutants showing defects in transfer cells differentiation [START_REF] Gutiérrez-Marcos | empty pericarp4 Encodes a Mitochondrion-Targeted Pentatricopeptide Repeat Protein Necessary for Seed Development and Plant Growth in Maize[END_REF]Sosso et al., 2015;[START_REF] Cheng | The Miniature1 Seed Locus of Maize Encodes a Cell Wall Invertase Required for Normal Development of Endosperm and Maternal Cells in the Pedicel[END_REF].

The aleurone differentiates in the peripheral cell layer of the endosperm between 6 and 10 DAP. The aleurone is characterized by very regular, rectangular cells that surround most of the inner starchy endosperm except in the BETL region (Fig. 8D). The aleurone cells are the only cells that remains alive at maturity and upon seed imbibition, they respond to a gibberellic acid stimulation from the embryo, by synthetizing proteolytic and hydrolytic enzymes that allow the mobilization of starch and proteins stored in the bulk endosperm which will fuel embryo growth [START_REF] Sabelli | The Development of Endosperm in Grasses[END_REF].

The starchy endosperm (SE) cells occupy the central region of the endosperm and represent the largest body of cells in the endosperm. The SE constitutes a strong sink tissue and accumulates massive amounts of starch and storage proteins. Starch synthesis is initiated with the conversion of sucrose to ADP-glucose and is therefore dependent on the sugar supply coming from the mother plant. Interestingly, high glucose-sucrose ratio in maize kernels are associated with endosperm cell proliferation, whereas a spike in sucrose correlates with the transition into the starch accumulation phase. Starch accumulates in the form of starch grains in amyloplasts throughout the period of cell growth. Similarly, the SE stores proteins including glutamine and proline-rich prolamins that represent 50% to 60% of total endosperm proteins [START_REF] Sabelli | The Development of Endosperm in Grasses[END_REF]. Prolamins are synthesized in the rough endoplasmic reticulum (RER) and form insoluble accretions called protein bodies that are retained within the RER. To accommodate large amount of nutrients, SE cells become huge and their development is marked by DNA replication without mitosis (endoreduplication) yielding cells with up to 96 genomic copies. The purpose of endoreduplication remains enigmatic and has been proposed

to increase the metabolic activity and indirectly the storage capacity of these large cells through bypassing cytokinesis and avoiding the associated cost of membrane and cell wall synthesis [START_REF] Becraft | Endosperm development: dynamic processes and cellular innovations underlying sibling altruism[END_REF]. At around 16 DAP, programmed cell death (PCD) initiates in the central SE cells and in the crown (apical SE cells) and progresses quickly in a centrifugal manner. At maturity, all SE cells are dead but the PCD events were not followed by "corpse processing", preserving the accumulated storage compounds of the mummified SE cells. The preserved starch and proteins of the dead SE cells are degraded by enzymes released by the aleurone during germination to provide energy to the growing seedling [START_REF] Becraft | Endosperm development: dynamic processes and cellular innovations underlying sibling altruism[END_REF].

Another endosperm domain is the embryo surrounding region (ESR), englobing the entire embryo at early stages and only the suspensor at later stages. The ESR is composed of several cell layers that differentiate upon completion of endosperm cellularization. The ESR cells have a dense cytoplasm, a complex membrane system and are rich in small vacuoles [START_REF] Kiesselbach | Structure of Certain Specialized Tissue in the Kernel of Corn[END_REF][START_REF] Schel | Interactions between embryo and endosperm during early developmental stages of maize caryopses (Zea mays)[END_REF]. In addition to their specific cytological identity, ESR cells have distinct gene expression profiles compared to other endosperm domains and thus appear to have their own transcriptional program [START_REF] Cosségal | The Embryo Surrounding Region[END_REF][START_REF] Zhan | RNA Sequencing of Laser-Capture Microdissected Compartments of the Maize Kernel Identifies Regulatory Modules Associated with Endosperm Cell Differentiation[END_REF].

ESR cells are thought to be involved in embryo nutrition and defense as well as signaling at the embryo-endosperm interface. Indeed, ESR cells specifically express an apoplastic invertase inhibitor which may help to maintain a sucrose supply to the embryo by preventing deleterious sucrose cleavage (Bate et al., 2004). Evidence of defense from pathogens comes from the expression of at least two genes in the ESR, ZmAE3 and ZmEsr6, which have antimicrobial activities [START_REF] Cosségal | The Embryo Surrounding Region[END_REF]. Signaling between the embryo and the endosperm could be mediated by small peptides, which accumulate in ESR cells soon after endosperm cellularization. The ZmEsr1, ZmEsr2 and ZmEsr3 peptides show sequence similarity to Arabidopsis CLAVATA3 [START_REF] Bonello | Esr proteins are secreted by the cells of the embryo surrounding region[END_REF], a secreted peptide regulating shoot apical meristem maintenance via its interaction with transmembrane receptors [START_REF] Somssich | CLAVATA-WUSCHEL signaling in the shoot meristem[END_REF]. Therefore, ZmEsr1 to ZmEsr3 could be endosperm derived ligands binding to receptors on embryonic cells to regulate embryo development. As the embryo grows, it emerges from the ESR whose cells are restricted to the lower part of the suspensor at 12 DAP (Fig. 8D) and then disappear together with the suspensor at around 15DAP [START_REF] Kiesselbach | Structure of Certain Specialized Tissue in the Kernel of Corn[END_REF]. In this process, the embryo switches from an interface with the ESR to an interface with the starchy endosperm on its abaxial side. The SE cells at the interface with the embryo have been shown recently to have a distinct transcriptomic identity and are thought to be involved in nutrient partitioning and signalization between the endosperm and the embryo (Doll et al., 2020). This new SE subdomain was named endosperm adjacent to scutellum (EAS) and its characteristics are discussed in the following section.

The Endosperm Adjacent to Scutellum

In the maize kernel, the embryo is surrounded by the endosperm itself enveloped by maternal tissues (Fig. 8A). This Russian doll-like organization implies a good developmental coordination between these three compartments, which likely requires a complex intercompartmental dialogue [START_REF] Widiez | Embryo-endospermsporophyte interactions in maize seeds[END_REF]. Since the maternal tissues and the two filial compartments are symplastically isolated, this dialogue is likely to happen at their apoplastic interfaces [START_REF] Diboll | An electron microscopic study of the mature megagametophyte in Zea mays[END_REF][START_REF] Widiez | Embryo-endospermsporophyte interactions in maize seeds[END_REF]. As described above, a first interface is located between the maternal phloem terminals in the placenta-chalaza region of the pedicel, and the BETL of the endosperm (Fig. 8D). This interface is determinant in maintaining the sink force of the endosperm, which acts as a channel that must retain nutrients for its own development but also provide maternally-derived nutrients to the growing embryo. The second interface is between endosperm and embryo. After its emergence from the ESR, the embryo has an interface on its abaxial side with the starchy endosperm and on its adaxial side with the scutellar aleurone (Fig. 8D). In contrast to other interfaces, the endosperm cells at the abaxial interface with the embryo scutellum do not exhibit any obvious cytological differences with starchy endosperm cells [START_REF] Van Lammeren | Embryogenesis in Zea mays L.: a structural approach to maize caryopsis development in vivo and in vitro[END_REF]. Recently, a transcriptomic analysis of the endosperm cells in contact with the embryo at 13 DAP unexpectedly revealed a specific transcriptional identity of these cells, and this new region was named endosperm adjacent to scutellum (EAS) (Fig. 8D) (Doll et al., 2020). Among the genes preferentially expressed in the EAS compared to the whole endosperm, there was an enrichment in gene ontology terms related to the transport function, with 16% of these genes encoding putative transporters.

The molecules putatively transported include sugars, amino acids and/or auxin, nucleotides, heavy metals, phosphate and other inorganic ions. In situ hybridization of several genes preferentially expressed in the EAS showed that expression was restricted to 1 to 3 layers of endosperm cells in contact with embryo and that activation of the EAS appeared at ~9DAP

and lasted up until ~20 DAP (Fig. 9). The timing of expression differed among EAS marker genes with some initiating relatively early at ~9DAP while others started later ~11DAP, suggesting the existence of at least two different transcriptional programs in the EAS: an early one weakly influenced by the embryo and one starting later more embryo-dependent.

Moreover, in situ hybridizations performed on mutant embryo specific kernels (mutant whose endosperm develops normally despite an early embryo abortion) [START_REF] Sosso | PPR8522 encodes a chloroplast-targeted pentatricopeptide repeat protein necessary for maize embryogenesis and vegetative development[END_REF], revealed that the expression of some EAS marker genes was altered by the absence of the embryo.

These observations suggest that the establishment of the EAS identity could result from independent factors coming from both the embryo and the endosperm.

The dynamic profile of the EAS that progresses within the starchy endosperm tissues to follow embryo development is illustrated by localized PCD events in the EAS and accumulation of cell wall material coming from EAS cells crushed by the embryo. In order to provide the space needed by the embryo as it develops, the endosperm initiates cell death in the cells in contact with embryo, while the next cell layers of starchy endosperm acquire the EAS identity. In the process, EAS cells get crushed by the embryo and the remains of dead cells accumulate at the embryo-endosperm interface (Fig. 10).

Seeds represent sink tissues that are unable to fix CO2 for the synthesis of nutrients such as sugars and amino acids and rely on the metabolic activity of maternal source tissues and nutrient transport in the vasculature (Fig. 11). Once nutrients reach the endosperm, they need to be delivered to the embryo through the apoplast as seed compartments are symplastically isolated. The spatio-temporal pattern of expression of transporter-encoding genes in the EAS suggests that this zone could be involved in nutrient transfer from the endosperm to the apoplastic space surrounding the growing embryo and/or recycling nutrients from crushed cells to the starchy endosperm. The two main objectives of this thesis were to (1) functionally characterize the newly discovered embryo/endosperm interface region: the EAS and (2) implement new genome and base editing techniques in maize.

The EAS was first studied using cytological and histochemical approaches ( § 2.1 and 2.2). Then, the putative roles of the EAS in nutrient transfer toward the embryo and/or nutrient reuptake in the endosperm were investigated ( § 2.3). This was done through the generation and study of CRISPR/Cas9 mutants for genes preferentially expressed in the EAS and putatively involved in both carbon and nitrogen transport. These genes belong to the Usually Multiple Acids Move

In and out Transporters (UMAMITs) amino acid transporter family ( § 2.3.2) and the Sugars Will Eventually be Exported Transporters (SWEETs) sugar transporter family ( § 2.3.3).

Finally, a transient expression system using maize protoplasts coupled to a next generation sequencing pipeline was developed in order to be able to rapidly assess new genome and base editing techniques ( § 2.4).

These scientific objectives coincided with the corporate strategy of MAS Seeds, a seed company interested in getting hands-on experience with the potential but also the pitfalls of genome editing in one of their major crops.

Results

2.1 Cytological approach to the EAS: calcofluor staining and TEM imaging

The EAS is a dynamic endosperm sub-domain that progressively extends following embryo development at the adaxial side of the starchy endosperm. It has been suggested to contribute to nutrient export toward the embryo and/or be involved in nutrient recycling in the endosperm (Doll et al., 2020). Over the course of time, the EAS cells closest to the embryo are dying through programmed cell death (PCD) and get crushed by the growing embryo, resulting in an accumulation of cell wall material at the endosperm/embryo scutellum interface that can be revealed through calcofluor staining (Doll et al., 2020). Here we tested whether the accumulation of cell wall material at the embryo/endosperm interface is embryo dependent.

We used the embryoless mutant emb8522 whose homozygous seeds contain an aborting embryo that consists only of a few cells, while the rest of the seed structures develop normally. The embryonic cavity is generated but remains empty. The severity of the embryonic phenotype depends on the genetic background in which the mutation is introduced, and is strongest in the Rscm2 genetic background, which was used in these experiments [START_REF] Sosso | PPR8522 encodes a chloroplast-targeted pentatricopeptide repeat protein necessary for maize embryogenesis and vegetative development[END_REF].

After characterizing the accumulation of cell wall material at the embryo/endosperm interface over time with calcofluor, we used transmission electron microscopy (TEM) to gain a better visual resolution of this zone and obtain images showing the ultrastructure of cells in the EAS and neighboring cells in wild-type kernels.

Cell wall accumulation at the embryo/endosperm interface is embryo dependent

Heterozygous plants for the emb8522 mutation were self-pollinated and cell wall staining was performed on kernels harvested at 11, 14 and 17 DAP. After fixation and sectioning, sibling kernels were classed as either phenotypically wild-type (genetically EMB8522/EMB8522 or EMB8522/emb8522) or containing aborted embryos (genetically emb8522/emb8522) prior to staining with calcofluor. This dye binds to 1,3-b-and 1,4-b-polysaccharides that are present in the cell walls of fungi, algae and plants. It was used here to visualize the accumulation of crushed cell wall material at the embryo/endosperm interface. A continuous signal was systematically observed at the adaxial border of the EAS at all developmental stages in presence of an embryo. Moreover, the width of the continuous signal increased over time and reached a maximum at 17 DAP (Fig. 12A-C) and spanned the whole length of the embryo (Fig. 12G). In the absence of a viable embryo, the results were more contrasted. We observed a patchy and diffuse signal at 14 DAP at the adaxial side of the endosperm which was absent at 11 and 17 DAP (Fig. 12D-F, H). To confirm the signal intensity differences visually observed between the samples with and without embryo, a semi-quantitative analysis of the signal was performed on the pictures shown in Figure 12A-F. The results were in accordance with the visual observations and confirmed that without a viable embryo, the accumulation of cell wall material at the EAS is decreased approximately by a factor of two (Fig. 12I). 

EAS cells ultrastructure analysis reveals different cell types

In order to characterize the ultrastructure of EAS cells, TEM was performed on kernels that had been harvested at 17 and 19 DAP and subsequently fixed, stained and embedded in resin.

To validate the quality of tissues after fixation and embedding, 1 µm sections of the resin blocks were cut and stained with toluidine blue (Fig. 13A andC) before proceeding to ultrathin sections and TEM acquisitions (Fig. 13B andD). At the TEM level, the embryo cells looked healthy, were densely packed with organelles and had a round nucleus (Fig. 13B), whereas the EAS cells closest to the embryo, consisted in a mixture of cells (i) appearing mostly devoid of any cellular content, (ii) showing prominent electron transparent vacuole-like structures (Fig. 13D) or (iii) cells with an amorphous substance and irregularly shaped nucleus (Fig. 13B). In the neighboring EAS cells more distant from the embryo, cells gradually appeared with more cellular content, especially starch granules and protein bodies. The matrix between embryo and EAS cells was composed of cell walls pushed against each other in a wavy pattern intertwined with cellular debris. 

Discussion

In developing maize seeds, the embryo and the endosperm grow in a constrained space and have to achieve coordinated growth, via active communication at their interface, to yield normal kernels. As it grows, the embryo invades the neighboring nutritive endosperm that has to trigger mechanisms that will facilitate embryo progression. DNA fragmentation occurs in the EAS (Doll et al., 2020), which is an indicator that PCD is likely happening in this zone, allowing the embryo to make pressure on the loosened cell walls of dead cells. The fast progression of the embryo, that grows from a single cell to more than 1 mm in 12 days, leads to the accumulation of cell walls, remaining from crushed cells, as reported before [START_REF] Corona-Carrillo | Peroxidase activity in scutella of maize in association with anatomical changes during germination and grain storage[END_REF][START_REF] Van Lammeren | Embryogenesis in Zea mays L.: a structural approach to maize caryopsis development in vivo and in vitro[END_REF] and observed here in more detail. Structures present between the embryo scutellum and the endosperm have been described before as a fibrous layer containing phenolic molecules, 1,3-b-glucans, neutral lipids and cell wall material [START_REF] Corona-Carrillo | Peroxidase activity in scutella of maize in association with anatomical changes during germination and grain storage[END_REF][START_REF] Enríquez-Arredondo | The plasma membrane H+-ATPase of maize embryos localizes in regions that are critical during the onset of germination[END_REF]. The origin of this fibrous layer is not well established and might be a mix of embryo-derived deposits and endosperm-derived deposits [START_REF] Van Lammeren | Embryogenesis in Zea mays L.: a structural approach to maize caryopsis development in vivo and in vitro[END_REF]. The cell wall accumulation occurs on the most adaxial side of the EAS were PCD was reported (Doll et al., 2020). Here we focused on the dynamics of cell wall accumulation in presence or absence of a viable embryo. In the presence of an embryo, cell wall accumulation is already happening at 11 DAP, increases over time, and is present over the whole length of the EAS. In contrast, without embryo, cell wall accumulation did not happen at 11 DAP and remained patchy or absent at later stages. These results argue in favor of an embryo-dependence of cell wall accumulation. As stated earlier, the PCD occurring in the EAS leads to a loosening of the tissues that get crushed by the growing embryo, trapping the remains of dead cells. Whether PCD happens in the absence of an embryo remains to be tested, but without an embryo, loose cells do not get crushed and cell walls do not accumulate. Intriguingly, the remains of dead cells are not eliminated, as it is the case in some PCD mediated developmental steps like the elimination of the suspensor in maize [START_REF] Giuliani | Programmed Cell Death during Embryogenesis in Maize[END_REF]. The maintenance of this layer could potentially serve as a barrier to protect the embryo from enzymes produced in the endosperm or from molecules produced during PCD in the endosperm [START_REF] Moussu | A functional and genetic analysis of novel signaling molecules regulating embryo surface formation in Arabidopsis thaliana[END_REF].

In order to get a more detailed view of the structure of EAS cells neighboring the embryo scutellum, transmission electron microscopy was performed. No cell wall ingrowths were detected in the embryo or EAS, contrary to the situation in Ricinus, where cell wall accumulation of nucellus cells crushed by the developing endosperm is accompanied by DNA fragmentation in the nucellus, and the development of cell wall ingrowths of endosperm cells adjacent to crushed nucellus cells. These cell wall ingrowths are characteristic of transfer layers, that might play a role in nutrient import into the endosperm [START_REF] Greenwood | Ricinosomes and endosperm transfer cell structure in programmed cell death of the nucellus during Ricinus seed development[END_REF].

Yet, in the maize embryo physical structures that could be involved in nutrient import in the embryo from the endosperm have never been reported and were not observed here. The presence of EAS cells containing large numbers of vacuole-like structures was intriguing (Fig. 13D). They seem to represent an intermediate state between the cells with no discernable cellular structures and cells filled with protein bodies and starch grains. Fusion of lytic vacuoles is one of the step that precedes PCD [START_REF] Hautegem | Only in dying, life: programmed cell death during plant development[END_REF] and it is possible that we observed cells in this process. Moreover, a vacuolar processing enzyme (VPE) was found to be highly and preferentially expressed in the EAS (Doll et al., 2020) and some members of this protease family have been associated with developmental PCD [START_REF] Nakaune | A Vacuolar Processing Enzyme, δVPE, Is Involved in Seed Coat Formation at the Early Stage of Seed Development[END_REF][START_REF] Radchuk | Vacuolar processing enzyme 4 contributes to maternal control of grain size in barley by executing programmed cell death in the pericarp[END_REF].

The observation of lytic vacuoles together with TUNEL staining argue in favor of PCD in the EAS being one of the mechanisms allowing embryo progression into the endosperm by killing the cells adjacent to the scutellum. Whether PCD in the EAS is part of a program inherent to the endosperm or whether it results from a cross-talk (mechanical, signalization, nutrient status) between the embryo and the endosperm remains to be investigated. For example, mutants forming normal looking seeds without a viable embryo, like embryo defective emb8522, could be used to monitor PCD related events over time in the EAS. It would also be interesting to block PCD specifically in the EAS to check if alters embryo development.

Material and methods

Plant materials and plant growth conditions

The plants carrying the emb8522 mutation in Rscm2 background [START_REF] Sosso | PPR8522 encodes a chloroplast-targeted pentatricopeptide repeat protein necessary for maize embryogenesis and vegetative development[END_REF] and the wild-type A188 plants were grown in a field located at the ENS de Lyon, France. Genotyping to detect the Mu (Mutator) transposon insertion in EMB8522 were performed by PCR with the primers Mu938 5'-CCCTGAGCTCTTCGTCYATAATGGCAATTATCTC-3' and 8522ds3 5'-GGGTGTGGAGGATCTTGGG-3'.

Kernel fixation and cell wall staining for calcofluor experiments

Kernels were harvested at 11, 14 and 17 DAP and were fixed for 2 h under vacuum in ice-cold 1X Dulbecco's Phosphate Buffered Saline (PBS) containing 4% paraformaldehyde (pH7), 0.3% Triton X100 and 0.3% Tween 20. In order to facilitate penetration of the fixative, the top left and right corners of the kernels were cut, and vacuum was broken every 15 minutes. Kernels were put in fresh 4% paraformaldehyde overnight at 4°C. The samples were dehydrated through an increasing ethanol series (30%, 50%, 70%, 85%, 95% and three times 100%) on ice and kept overnight at 4°C in 100% ethanol saturated with Eosin Y (Sigma). Ethanol was replaced by Histoclear in two steps (50% ethanol/50% Histoclear, then 100% Histoclear) and embedding in Paraplast Plus (McCormick Scientific) started at 60°C overnight in 50% Histoclear/50% Paraplast Plus. The next day, the kernels were put in 100% Paraplast Plus and kept at 60°C for 2 more days, changing the Paraplast Plus twice a day. The embedded kernels were cut in sections of 10-12 µm using a HM355S microtome (Microm Microtech) and attached on Adhesion Slides Superfrost Ultra Plus Ò (ThermoFisher Scientific). The sections were dewaxed with two successive 100% Histoclear baths and rehydrated in a decreasing ethanol series (100%, 95%, 85%, 70%, 50%, 30%) with a last step in Milli-Q Ò ultrapure water.

The slides were incubated in a 0.01% solution of Fluorescent Brightener 28, a structural analog of Calcofluor, (Sigma-Aldrich) and washed with a 1X PBS solution. The slides were left to dry at room temperature and mounted with Entellan Ò (Sigma-Aldrich).

Imaging and quantification for calcofluor experiments

Images in (Fig. 12A-F) were obtained using an Axio Imager M2 microscope (Zeiss) equipped with an Axiocam 705 color (Zeiss) through a DAPI 02 filter (excitation 335-383 nm, emission 420-long pass) and 10X objective. Pictures in (12G) and (12H) are mosaics of 80 images stitched together and acquired with a LSM710 confocal microscope (Zeiss) using laser excitation at 405 nm and emission at 414-524 nm under a Ec Plan-NeoFluar 10X/0.30 objective. Quantification was achieved with a macro on Fiji software. Briefly, a band of 50 µm width was generated encompassing the area of cell wall accumulation creating a first area, which was compared to a second area encompassing the rest of the endosperm. Signal intensities were measured and averaged in each area.

Kernel fixation embedding and imaging for TEM experiments

Kernels were harvested at 17 DAP, cut transversally with a razor blade in 2-4 mm slices and immediately fixed for two hours at room temperature in a 0.1 M sodium cacodylate buffer (pH7) supplemented with 2% glutaraldehyde and 7 mM CaCl2. Fixed samples were washed twice and stored overnight at 4°C in 0.1 M sodium cacodylate buffer (pH 7) containing 7 mM CaCl2. The samples were then post-fixed for two hours in 1X PBS supplemented with 1% osmium tetroxide and dehydrated in a graded ethanol series, ranging from 30% to 100%. The sections were progressively embedded in a graded series of Spurr's resin diluted in ethanol, ranging from 33% to 100% and the resin was polymerized for at 60°C for 18 h. Ultrathin sections (80 nm) were prepared on an UC7 ultramicrotome (Leica) equipped with a diamond knife, lifted onto copper grids (slots of 3 x 1 mm) and post-stained with UranyLess Ò and lead citrate. Finally, the sections were imaged at 120 kV on a JEM-1400Flash transmission electron microscope (JEOL) equipped with a 4K Gatan Rio 16 camera.

Alternatively, resin blocks were cut on a RM2265 microtome (Leica) equipped with a glass knife in 1 µm sections. Sections were attached on Adhesion Slides Superfrost Ultra PlusÒ (ThermoFisher Scientific) and stained with a toluidine blue solution and imaged on a VHX900F digital microscope (Keyence).

Histochemical marking of the EAS

In order to generate a genetic tool that would allow visual tracking of the EAS over time during maize kernel development, we designed transcriptional activity reporter experiments exploiting three marker genes showing a more than 10-fold enrichment in the EAS compared with the endosperm (Doll et al., 2020). These genes were Serine carboxypeptidase-like49

(Zm00001d014983, ZmSCL49), Phosphatidylethanolamine binding protein11
(Zm00001d037439, ZmPebp11), and a gene of unknown function named Endosperm adjacent to scutellum1 (Zm00001d017285, ZmEAS1). We intended to drive the expression of the GUS reporter gene with the promoters of the three aforementioned genes. The GUS reporter gene was privileged over GFP due to its robustness and high auto-fluorescence in several endosperm domains.

The promoter regions of these three genes were defined as the upstream sequence from the start codon to the first retrotransposon encountered in the 3'à5' direction (B73 genome, V4, https://www.maizegdb.org), and were 2695 bp for ZmSCL49, 2405 bp for ZmPebp11 and 870 bp for ZmEAS1. The high-fidelity PCR amplification of these promoter regions was successful for ZmSCL49 and ZmEAS1 but not for ZmPebp11. The successfully amplified promoters were recombined by triple Gateway into the destination vector pBb7m34GW [START_REF] Karimi | Modular cloning in plant cells[END_REF] that was used to transform maize (see material and methods).

2.2.1

The EAS can be specifically marked and tracked over time

Screening of T0 plants with GUS specific primers revealed that five plants (five independent transformation events) carried the pEAS1::GUS construct. Among these five plants, two plants never produced seeds and the three remaining plants carried seeds but they did not exhibit any detectable GUS signal at 13 DAP and 18 DAP in any of the kernel compartments. For the pZmSCL49::GUS construct, 9 independent transformation events were obtained and 6 of these T0 plants produced seeds. In initial observations, seeds from five of these plants showed a strong GUS signal in the EAS at 13 DAP and weak signal at 19 DAP. The pZmSCL49::GUS T0 plants were propagated and two independent T2 lines were chosen to generate a time course of GUS reporter gene expression representing the expression of ZmSCL49.

Previous in-situ hybridization experiments performed on maize kernel sections with a ZmSCL49 antisense probe had shown that ZmSCL49 expression specific to the EAS started as early as 11 DAP, with the strongest expression observed at 14 DAP before decreasing at 17

DAP and disappearing at 20 DAP (Doll et al., 2020). Based on these results, the chosen time points to look for GUS signal representing the expression of ZmSCL49 were 9, 11, 13, 15, 17 and 20 DAP. Kernels were harvested at the above-mentioned time points and hand-dissected with a razor blade. Since the embryo and the EAS are in close contact, the embryos were removed from the embryonic cavity prior to GUS staining in order to prevent any contamination of embryonic tissues by diffusion of GUS signal coming from the EAS. At all observed developmental stages, ZmSCL49::GUS embryos as well as wild-type control embryos did not exhibit any GUS histochemical signal in either the scutellum (Fig. 14) or the embryonic axis (not shown). The only GUS reporter activity detected in embryos was at the tip of the degenerating suspensor of ZmSCL49::GUS embryos at 15 DAP (Fig. 14D).

In the observations of longitudinal (Fig. 15) and transversal (Fig. 16) wild-type kernel sections, GUS signal was never observed in any of the compartments at any of the developmental stages. Therefore, we concluded that the signal observed in transgenic kernels was specific to the ZmSCL49::GUS construct. In the longitudinal sections of transgenic kernels, at 9 and 11 DAP, GUS signal was observed in the endosperm above the embryonic cavity and was stronger at 11 DAP. Signal was also detected in the upper part of the pericarp and the pedicel (Fig. 15A,B). At 13 and 15 DAP, GUS signal was still present in the pedicel and the pericarp but the pattern observed in the endosperm shifted from the top of the embryonic cavity to the upper and middle part of the EAS at 13 DAP and the whole EAS at 15 DAP (Fig. 15C,D). At 17 and 20 DAP, signal in the pericarp and the pedicel almost disappeared but was still present in the upper part of the EAS, although weaker than at 13 and 15 DAP (Fig. 15E,F).

The pattern of GUS signal in the endosperm in transverse sections of transgenic kernels followed the same pattern as observed in longitudinal sections with a signal detected as early as 9 DAP that got stronger and was maintained throughout 11, 13 and 15 DAP before progressively weakening at 17 DAP and 20 DAP (Fig. 16). The transverse sections were taken in the middle of the embryonic cavity along the vertical axis, which explains the absence of the pedicel and the pattern of signal in the pericarp. 

Discussion

We successfully developed a genetic tool to visualize the EAS over time during maize seed development. However, only one out of three attempts to clone the GUS reporter gene under the control of the promoter of an EAS marker gene was successful. Contrary to the promoters of ZmSCL49 and ZmEAS1, the selected upstream region of ZmPebp11 remained impossible to amplify by PCR. This could be partly due to our strict primer design where the forward primer was juxtaposed to the first retrotransposon encountered in 5' and the reverse primer was adjacent to the start codon. A more relaxed design could be implemented for the forward primer in order to increase the probability of successful amplification. Another factor possibly affecting PCR efficiency is chromatin conformation that can impair DNA accessibility for DNA polymerase. Technical optimizations such as adjustments of the melting temperature, the use of other enzymes or the addition of DMSO in order to make DNA more labile for heat denaturation were not sufficient to improve PCR efficiency.

In the case of ZmEAS1::GUS, transgenic lines were produced but no signal could be detected in any of the seed compartments. For this EAS marker gene, the length of the 5' sequence preceding the start codon was only 870 bp. Although, this length is theoretically sufficient to contain all core promoter elements necessary for the initiation of transcription, it is possible that the expression of ZmEAS1 in its native context requires the presence of a more distal (enhancer) element that was absent from 870 bp we cloned. It is unlikely that the expression of the GUS reporter gene was below detection level, because ZmEAS1 is among the most strongly expressed genes in the EAS (Doll et al., 2020). However, it cannot be excluded that the ZmEAS1 promoter::GUS reporter gene junction was suboptimal or that elements in the 3'UTR of ZmEAS1 contribute to its strong expression.

In the successful design, some differences were observed between the in-situ experiments performed with a ZmSCL49 antisense probe (Doll et al., 2020) and our findings with the pZmSCL49::GUS construct. At 9 DAP, GUS signal was detected above the embryonic cavity and at 20 DAP some signal was observed in the upper part of the EAS whereas for these time points, no signal was revealed by in-situ hybridization. Although in-situ hybridization is a sensitive detection method, it is possible that the transcripts levels at these stages were too low to be detected. More generally, the important half-life time of the GUS protein, reported to be 3 to 4 days in tobacco plants [START_REF] Weinmann | A chimeric transactivator allows tetracycline-responsive gene expression in whole plants[END_REF] can amplify the signal of labile transcripts. Therefore, it is possible that the GUS protein accumulated in the tissues even with low transcription levels and generated the signal we observed at 9 and 20 DAP in the EAS as well as in other parts of the seed.

Interestingly, GUS signal was detected in the degenerating suspensor of 15 DAP pZmSCL49::GUS embryo. This degeneration process has been proposed to be an embryonic developmentally regulated process through programmed cell death (PCD) rather than a simple necrosis [START_REF] Giuliani | Programmed Cell Death during Embryogenesis in Maize[END_REF][START_REF] Vernoud | Maize Embryogenesis[END_REF]. This draws a parallel with the developmental program at play in the EAS where TUNEL experiments suggest that cells are eliminated through PCD and where ZmSCL49 is also expressed (Doll et al., 2020). Similarly, in germinating wheat kernels TUNEL assay detected in situ nuclear DNA fragmentation in cells

showing Carboxypeptidase III (CPIII) expression [START_REF] Domínguez | A germination-related gene encoding a serine carboxypeptidase is expressed during the differentiation of the vascular tissue in wheat grains and seedlings[END_REF]. Keeping in mind that the signals detected in the pericarp and pedicel also concern tissues that are degenerating/dying, the pZmSCL49::GUS lines likely reflect cell death occurring at the EAS.

Overall, the pZmSCL49::GUS lines that were generated here, proved to be a valuable genetic tool to track the EAS over time despite the unexpected, additional expression in the maternal pedicel and pericarp. These lines could, for example, be used in mutant backgrounds to follow the impacts of mutations on the establishment or maintenance of the EAS.

Material and methods

Plant material and growth conditions

Transgenic plants of inbred line A188 were cultured in growth chambers as described (Doll et al., 2020).

Promoter cloning

The 5' regions of genomic DNA upstream of the start codon of genes of Zm00001d014983 (ZmSCL49) and Zm00001d017285 (ZmEAS1) were amplified by PCR using Phusion â High-Fidelity Polymerase (NEB). For each gene, specific primer pairs were designed and synthesized with attB4 and attB1 Gateway cloning adapters (Table 1). The amplicons with attB4-attB1 extremities were subsequently cloned into entry vector pDONR P4-P1R using a BP reaction according to manufacturer's recommendations (ThermoFisher Scientific). The promoters with Gateway borders attP4-P1R, the GUS encoding gene in pDONR221 [START_REF] Karimi | Recombinational Cloning with Plant Gateway Vectors[END_REF] and the mock plasmid pENTR_3' were recombined using a triple LR reaction into the pBb7m34GW [START_REF] Karimi | Modular cloning in plant cells[END_REF] destination vector using the LR clonase II enzyme mix (ThermoFisher Scientific) (Table 2). The promoters were checked by Sanger sequencing with primers GUSF4 and M13R for ZmEAS1 and primers 4983F1, 4983F2 and 4983F3 for ZmSCL49 (Table 1). 

L1960 pZmSCL49::GUS pZmSCL49 (L1958) GUS/pEN-L1-S1-L2 pmock3' pBb7m34GW (Karimi et al., 2005) L1961 pZmEAS1::GUS pZmEAS1 (L1959) GUS/pEN-L1-S1-L2 pmock3' pBb7m34GW (Karimi et al., 2005)

Table 2. Constructs and cloning strategies used in this study

Maize transformation and screen for transgenic plants

The pZmSCL49::GUS and pZmEAS1::GUS fusions were introduced in A. tumefaciens strain LBA4404 harbouring pSB1which was used to transform 12 DAP immature embryos of maize inbred line A188 according to a standard protocol (Ishida et al., 1996(Ishida et al., , 2007)). After regeneration, screening for plants carrying the transgene was performed by PCR on gDNA extracted from leaves, using primers GUSF2/GUSR2 (Table 1).

GUS staining

Kernels from T2 transgenic plants were harvested at 9,11,13,15,17 and 20 DAP and hand dissected to prepare longitudinal and transverse sections of 1-2 mm. They were median sections taken in the middle of the seed according to the considered direction of cutting.

Embryos were separated from the kernel sections before staining (except for the picture of wild-type kernel at 9 DAP, longitudinal section, Figure 15A). Samples were stained at 37°C for 16 h in 24-well cell culture plates using a solution of 1mM 5-bromo-4-chloro-3-indoyl b-Dglucuronic acid (X-Gluc), 0.5 mM potassium ferro-/ferri-cyanide, 0.05% Triton X-100 and 100 mM sodium phosphate buffer at pH7. The X-Gluc solution was rinsed with 70% ethanol and samples were imaged using a binocular MZ12 (Leica) coupled to an ICc 5 Axiocam (Zeiss) driven by ZEN blue software (Zeiss). In the pictures of figures 14, 15, and 16, the dissected kernels were always taken from the same of the two independent lines to benefit from a slightly stronger GUS signal observed in the plants of this line.

Characterization of genes enriched in the EAS

Overview

For the functional characterization of the endosperm adjacent to scutellum (EAS), a total of 14 genes (Table 3) were selected on the basis of 5 criteria:

• a highly enriched expression in the EAS as compared to the total endosperm

• a high expression level in the EAS Not all of the criteria were fulfilled by all the genes and two genes of the list were only included because they were paralogs of selected genes and were potentially functionally redundant.

For all the genes, with the exception of ZmAAP (Zm00001d012229) and the one with unknown function (ZmEAS1, Zm00001d017285), at least one mutant was obtained (Table 3). Most of the mutants were obtained by targeted mutagenesis with CRISPR/Cas9 technology, the rest were transposon insertions available in public mutant collections (Table 4). For ZmUMAMIT1b (Zm00001d009063), one CRISPR/Cas9-mediated mutant was obtained after regeneration but no viable seeds could be retrieved. ZmUMAMIT1b is therefore absent from Table 4. I made the first suggestions regarding the choice of candidate genes listed in Table 3 (with the exception of UMAMITs which had been selected by Nicolas Doll, a previous PhD student) using the five criteria mentioned above.

For all the CRISPR/Cas9-mediated mutants listed in Table 4, I performed sgRNA design, vector cloning (with the exception of Zmumamit mutants) and I actively contributed to genetic transformation work. I managed the transposon insertion lines orders, including all the paperwork associated to a material transfer agreement for the Mu-Illumina line.

After plant regeneration of all the CRISPR/Cas9 mutants, I performed mutation characterization by Sanger sequencing of the target areas followed by careful analysis of sequencing chromatograms. A similar approach was applied to the transposon insertion lines to determine the exact site of transposon insertion. Finally, I handled all the appropriate manual pollinations as well as regular macroscopic checks of the mutant developing seeds to check for obvious phenotypes.

None of the single mutants showed an obvious macroscopic phenotype, i. e. a defective kernel (dek), empty pericarp (emp), miniature (mn) or embryo specific (emb) phenotype [START_REF] Sosso | Embryogenesis and early grain development[END_REF]. For closely related genes with possibly redundant functions, double mutants were constructed and subjected to more detailed phenotypic analysis. The most advanced works on ZmUMAMIT2a/ZmUMAMIT2b and ZmSWEET14a/ZmSWEET14b will be presented in more detail hereafter. 

Amino acid transport

ZmUMAMIT1a

Yes 3

ZmUMAMIT1b

Yes 8

ZmUMAMIT2a

Yes 8

ZmUMAMIT2b

Yes 6

ZmAAP

No 8

Sugar transport

ZmSWEET14a

Yes 2

ZmSWEET14b

Yes 4

ZmSWEET15a

Yes 4

ZmSWEET15b

Yes 5

Protease

ZmSCL49

Yes 5

ZmVPE

Yes 2

Transcription factor

ZmNAC65

Yes 10

ZmNAC36

Yes 2

Unknown

ZmEAS1

No 5

Table 4. Mutants obtained during this PhD project.

1 Gene nomenclature: ZmSWEET and ZmNAC genes were named following publicly available information on the Gramene website (www.gramene.org), ZmUMAMIT genes were named according to their strength of preferential expression in the EAS (i.e. ZmUMAMIT1a > ZmUMAMIT2a) reported in the transcriptomic analysis of the EAS (Doll et al., 2020). Finally, proteases genes ZmSCL49 and ZmVPE were named according to their orthology with Arabidopsis thaliana and rice (Oryza sativa) genes.

2 Gene model in the 4 th release of B73 maize inbred line (www.maizegdb.org).

3 Indication if the mutant was obtained with targeted mutagenesis via CRISPR/Cas9 technology (with the number of the exon(s) targeted with the 2 sgRNA) or with transposable element insertions (with the site of insertion and the type of transposon). Ac/Ds/GFP-DS corresponds to GFP tagged transgenic transposons in a Hi II x W22 genetic background (Li et al., 2013) 

ZmUMAMIT1b (Zm00001d009063), ZmUMAMIT2a (Zm00001d010655), ZmUMAMIT2b (Zm00001d038554), ZmUMAMIT28 (Zm00001d021656) and ZmUMAMIT38 
(Zm00001d007263). ZmUMAMIT1a, ZmUMAMIT1b and ZmUMAMIT2a were selected for functional analysis based on their preferential expression in the EAS, and their relative phylogenetic proximity with Arabidopsis orthologs whose mutants exhibited seed phenotypes [START_REF] Besnard | Arabidopsis UMAMIT24 and 25 are amino acid exporters involved in seed loading[END_REF][START_REF] Müller | Amino Acid Export in Developing Arabidopsis Seeds Depends on UmamiT Facilitators[END_REF]. ZmUMAMIT1a/ZmUMAMIT1b and ZmUMAMIT2a/ZmUMAMIT2b form two paralog couples resulting from the last whole genome duplication of maize. Each couple was targeted with a single CRISPR-Cas9 construct, which resulted in mutations in the ZmUMAMIT2a/ZmUMAMIT2b pair and ZmUMAMIT1b but not in ZmUMAMIT1a. Unfortunately, no viable seed could be retrieved from the zmumamit1b plant, therefore further work focused on zmumamit2a/zmumamit2b plants and is presented in the following publication project.

In this work, I generated and designed the phylogenetic tree, using sequences that had been retrieved by Nicolas Doll who had also done the sgRNA design and appropriate vector cloning.

Maize genetic transformation was performed by Ghislaine Gendrot, Emilie Montes and myself. I propagated the mutant plants and performed their molecular characterization by PCR amplification of the target areas, followed by Sanger sequencing and careful analysis of the sequencing chromatograms. I did the sampling, grinding and weighing of all the samples for the metabolic analysis which was performed by our collaborators Sylvie Citerne and Grégory Mouille ("Observatoire du Végétal" platform, IJPB Versailles). Our collaborator Ulrich

Hammes performed the efflux assays. I wrote the manuscript and designed the figures. The manuscript was corrected by Peter Rogowsky and Thomas Widiez who both supervised my work.

INTRODUCTION

Maize (Zea mays L.) is a pillar of modern agriculture used for food and feed, reaching a worldwide production of more than one billion ton in 2019, making it the most produced cereal on the planet (www.fao.org/faostat/en/#home). Maize kernels store large amounts of starch (endosperm), lipids (embryo) and protein (endosperm and embryo) that will provide energy to the embryo during kernel development and germination. Proteins are made of amino acids that derive from inorganic nitrogen assimilation in the roots and leaves of plants (source tissues). Amino acids are essential organic nitrogen carriers that are transported in the vasculature, via both the xylem and the phloem, to supply sink tissues, e.g., seeds, and sustain growth and development [START_REF] Ishida | The long and winding road: transport pathways for amino acids in Arabidopsis seeds[END_REF]. As there is no symplasmic connections between the maternal phloem and filial tissues in the seed, amino acid transporters are needed to mediate apoplastic exchanges at the interfaces of these compartments. In Arabidopsis, more than 100 amino acids transporters have been identified

and can be classified as importers and exporters [START_REF] Ishida | The long and winding road: transport pathways for amino acids in Arabidopsis seeds[END_REF]. There are two major families within the importers, the APC (amino acid-polyamine-choline) family and the ATF family (Amino acid Transporter Family), also called AAAP (Amino Acid/Auxin permease) [START_REF] Rentsch | Transporters for uptake and allocation of organic nitrogen compounds in plants[END_REF]. So far, transporters from these two families have been shown to be active import systems that catalyse the transport of several amino acids across membranes towards the cytosol, with little specificity albeit with different affinities, using a proton gradient [START_REF] Ishida | The long and winding road: transport pathways for amino acids in Arabidopsis seeds[END_REF]. A third group of transporters, called Usually Multiple Acids

Move In and out Transporters (UMAMITs), also referred as MtN21, was identified in Arabidopsis thaliana and several of its members have been shown to be bidirectional amino acid transporters working downstream of an electrochemical gradient making them uniporters/facilitators [START_REF] Ladwig | Siliques Are Red1 from Arabidopsis Acts as a Bidirectional Amino Acid Transporter That Is Crucial for the Amino Acid Homeostasis of Siliques[END_REF][START_REF] Müller | Amino Acid Export in Developing Arabidopsis Seeds Depends on UmamiT Facilitators[END_REF]. Another study reported the ability of AtUMAMIT5 to act as an auxin transporter (Ranocha et al., 2013, 1). Although structure of UMAMITs has not been extensively studied yet, a recent study predicted them to have 10 transmembrane domains, using protein topology prediction tools on 180 sequences [START_REF] Zhao | Detailed characterization of the UMAMIT proteins provides insight into their evolution, amino acid transport properties, and role in the plant[END_REF]. The UMAMIT family in Arabidopsis is composed of 47 members that fall into 6 main clades [START_REF] Ladwig | Siliques Are Red1 from Arabidopsis Acts as a Bidirectional Amino Acid Transporter That Is Crucial for the Amino Acid Homeostasis of Siliques[END_REF].

Several umamit mutants exhibit seed phenotypes, suggesting a role of UMAMITs in amino acid efflux toward the developing seed. For example, AtUMAMIT18 is expressed in the chalazal seed coat during early embryogenesis in Arabidopsis seeds, and in the atumamit18 mutant the amount of total free amino acids in siliques was reduced [START_REF] Ladwig | Siliques Are Red1 from Arabidopsis Acts as a Bidirectional Amino Acid Transporter That Is Crucial for the Amino Acid Homeostasis of Siliques[END_REF].

Similarly, AtUMAMIT11 and AtUMAMIT14 have been shown to be crucial for amino acid phloem unloading into the seed and AtUMAMIT28 and AtUMAMIT29 to be involved in amino acid efflux from different symplasmic domains of the developing seed. All four atumamit11, atumamit14, atumamit28 and atumamit29 mutants were characterized by a disturbed amino acid content in their siliques and a reduced seed volume [START_REF] Müller | Amino Acid Export in Developing Arabidopsis Seeds Depends on UmamiT Facilitators[END_REF]. Finally, AtUMAMIT24 and AtUMAMIT25 were shown to be expressed in the chalazal seed coat and the endosperm, respectively. The atumamit24 and atumamit25 mutants both exhibited reduced amino acid contents in developing seeds, although this phenotype was transient and disappeared at maturity [START_REF] Besnard | Arabidopsis UMAMIT24 and 25 are amino acid exporters involved in seed loading[END_REF].

In maize, 12 members of the UMAMIT family have been identified via a literature-based search and genome mining [START_REF] Denancé | Emerging Functions of Nodulin-Like Proteins in Non-Nodulating Plant Species[END_REF] and, to our knowledge, none of the ZmUMAMITs have been characterized so far. Interestingly, 6 maize ZmUMAMIT genes have recently been found to be preferentially expressed in a newly identified endosperm subdomain at the embryo/endosperm interface called the Endosperm Adjacent to Scutellum (EAS). This new zone is enriched in putative metabolite transporters and is thought to be involved in nutrient transfer from the nutritive endosperm toward the developing embryo and/or nutrient re-uptake in the endosperm after the death of cells closest to the embryo (Doll et al., 2020).

Here we report the characterization of a zmumamit2a/zmumamit2b double mutant line that did not exhibit any obvious macroscopic kernel phenotype but presented a disturbed amino acid content in the embryo, the EAS and the endosperm.

RESULTS

ZmUMAMIT2a and 2b are preferentially expressed in the EAS and belong to class III of the UMAMIT family

Transcriptomic analysis of the newly discovered EAS had revealed preferential expression of a member of the UMAMIT family of amino acid exporters in this sub-domain (Doll et al., 2020), consistent with a putative role of the EAS in embryo nutrition and/or in re-uptake of nutriments in endosperm from the dying EAS cells. Data mining of the RNAseq data identified 5 additional members with preferential expression in the EAS. To better understand the relationship between these 6 genes and with characterized members of the UMAMIT family, a phylogenetic tree was built (Fig. 1). To this end, the maize genome was interrogated by blast searches with confirmed Arabidopsis and rice family members. A total of 45 ZmUMAMIT genes were validated by reciprocal blast (Supplemental Fig. S1). The phylogenetic tree built on the corresponding 45 maize protein sequences and 47 previously reported Arabidopsis protein sequences [START_REF] Denancé | Emerging Functions of Nodulin-Like Proteins in Non-Nodulating Plant Species[END_REF] allowed to class the 6 genes preferentially expressed in the EAS (Fig. 1).

The six major classes already identified in the original phylogeny constructed with rice and Arabidopsis UMAMITs [START_REF] Ladwig | Siliques Are Red1 from Arabidopsis Acts as a Bidirectional Amino Acid Transporter That Is Crucial for the Amino Acid Homeostasis of Siliques[END_REF] clearly appear in the tree together with additional members that could readily be attributed to class 5 (white in Fig. 1). The six genes preferentially expressed in the EAS correspond to two paralogous couples, ZmUMAMIT1a

(Zm00001d040593) and ZmUMAMIT1b (Zm00001d009063) in class 2, and ZmUMAMIT2a

(Zm00001d010655) and ZmUMAMIT2b (Zm00001d038554) in class 3, as well as ZmUMAMIT28 (Zm00001d021656) in class 4 and ZmUMAMIT38 (Zm00001d007263) in class 2 (Supplemental Fig. S2). Our attention was drawn to the two paralogous couples since they belong to classes with genes previously described to be important for amino acid delivery in Arabidopsis seeds, UMAMIT24 and UMAMIT25 in class 2 [START_REF] Besnard | Arabidopsis UMAMIT24 and 25 are amino acid exporters involved in seed loading[END_REF] and UMAMIT11, UMAMIT14 and SIAR1/UMAMIT18 in class 3 [START_REF] Ladwig | Siliques Are Red1 from Arabidopsis Acts as a Bidirectional Amino Acid Transporter That Is Crucial for the Amino Acid Homeostasis of Siliques[END_REF][START_REF] Müller | Amino Acid Export in Developing Arabidopsis Seeds Depends on UmamiT Facilitators[END_REF]. For this study, ZmUMAMIT2a and ZmUMAMIT2b were chosen for CRISPR/Cas9mediated targeted mutagenesis. 

Generation of ZmUMAMIT2a and ZmUMAMIT2b mutants using targeted mutagenesis

To provide genetic evidence for a role of ZmUMAMIT2a and/or ZmUMAMIT2b in amino acid transfer to the developing maize embryo, CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats/CRISPR-associated protein 9) technology was applied to generate knockout mutants for both genes with a single construct. The vector carried two sgRNAs that were designed in fully homologous sequence stretches of exon 1 and exon 2 of ZmUMAMIT2a and ZmUMAMIT2b (sgRNA1 green triangle and sgRNA2 red triangle in Fig. 2A, sequences in Supplemental Table S1). The use of two sgRNAs increased the probability of successful mutation and ideally generated deletions between the two target sites that were easy to score on agarose gels. The distance between the two target sites was 279 bp and 256 bp in ZmUMAMIT2a and ZmUMAMIT2b, respectively.

A total of 24 T0 plants was screened for putative mutations by gene-specific PCR with primer pairs flanking both sgRNA targets (MtN21-2a-F2/ MtN21-2a-R1 and MtN21-2b-F1/ MtN21-2b-R1, Fig. 2A) followed by Sanger sequencing. 16 plants had no mutations in either ZmUMAMIT2a or ZmUMAMIT2b, 3 plants had mutations in ZmUMAMIT2a only, 3 plants had mutations in ZmUMAMIT2b only and 2 plants had mutations in both genes. In these lines, the mutations corresponded mainly to short deletions at one or both targets, including a canonical deletion of 256 bp between the two targets in ZmUMAMIT2b. In order to avoid potential functional redundancy, we selected one of the lines with mutations in both genes for further functional characterization. The choice was based on the predicted consequences of these deletions at the protein level (Fig. 2B) and the abundance of seed. The chosen alleles generate early stop codons after 25 and 89 amino acids for ZmUMAMIT2a and ZmUMAMIT2b, respectively, and disrupt the large conserved UMAMIT domain (Fig. 2C). Self-pollination of double heterozygous zmumamit2a-1/zmumamit2b-1 plants did not yield kernels with developmental defects of the embryo or the endosperm visible with the naked eye. 

ZmUMAMIT2a and ZmUMAMIT2b loss-of-function disturbs free amino acid content in developing maize kernels

To test whether the loss-of-function of the putative amino acid exporters ZmUMAMIT2a and ZmUMAMIT2b disturbed free amino acid contents in developing maize kernels, we generated the double homozygous zmumamit2a-1/zmumamit2b-1 mutant plants still bearing the transgene. The double homozygous mutant plants were grown in the same conditions as wildtype control plants and kernels harvested at 20 DAP. Embryos, EAS and endosperm were separated by hand dissection and the free amino acid contents of the three compartments were determined by ion exchange chromatography and ninhydrin dosage (Fig. 3).

Gly contents were significantly higher in all three compartments of the double mutant, with the strongest increase in the endosperm, whereas homocysteine levels were significantly lower in all three compartments of the double mutant plants with the strongest decrease in the EAS. In the mutant embryos, the levels of eight amino acids (Asp, Ala, Met, Ile, Leu, Phe, Homocys, Arg) were significantly decreased with a difference of up to 6-fold in the case of Ala (Fig 3A). The mutant EAS is accumulating more Asp, Gly and Pro and has an Homocys level five times lower than the wild-type (Fig. 3B). In the mutant endosperms, there is a significant accumulation of Gly and Met and the levels of Homocys and Arg are significantly decreased (Fig. 3C). In order to test whether ZmUMAMIT2a and ZmUMAMIT2b are functional amino acid transporters, we investigated their ability to export amino acids from Xenopus laevis oocytes.

We first injected a mixture of 22 radioactively labelled amino acids in the oocytes and observed a non-significant and significant export activity for ZmUMAMIT2a and ZmUMAMIT2b respectively (Fig. 4A). To go further, we injected the oocytes with individual radiolabelled amino acids glutamate and proline. The glutamate efflux was strong for ZmUMAMIT2a and significantly different from the control but no glutamate efflux was observed for ZmUMAMIT2b (Fig. 4B). Finally, no significant export activity of proline was detected for neither ZmUMAMIT2a or ZmUMAMIT2b (Fig 4C). These results show that ZmUMAMIT2a and ZmUMAMIT2b can mediate amino acid efflux. 
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DISCUSSION

We describe here two paralog genes from the ZmUMAMIT family expressed at the abaxial embryo/endosperm interface of developing maize kernels that are possibly involved in amino acids export to sustain embryo growth.

Duplications of ZmUMAMIT genes in the maize genome

In a previous study, only 12 members of the UMAMIT family had been reported in maize compared to 47 in Arabidopsis [START_REF] Denancé | Emerging Functions of Nodulin-Like Proteins in Non-Nodulating Plant Species[END_REF]. The multiple blast search we performed with confirmed sequences of Arabidopsis and rice family members revealed that the maize genome contains 45 putative UMAMIT sequences and that the family has similar sizes in maize (45), rice (51) and Arabidopsis (47). Very recently, very similar numbers were reported in an evolutionary study of the UMAMIT family with 42 in maize, 51 in rice and 44 in Arabidopsis [START_REF] Zhao | Detailed characterization of the UMAMIT proteins provides insight into their evolution, amino acid transport properties, and role in the plant[END_REF]. The difference in Arabidopsis is due to the declassification of 3 genes as pseudogenes due to missing transmembrane domains. In maize, 5 genes of our analysis (Zm00001d045582) and split ZmUMAMIT24 in two genes, the total number of ZmUMAMITs is brought to 47.

Among the ZmUMAMIT genes preferentially expressed in the EAS, we observed three closely related gene pairs. In two cases (ZmUMAMIT1a/ZUMAMIT1b and ZmUMAMIT2a/ZmUMAMIT2b), both paralogs shared the preferential expression in the EAS, whereas in the last case ZmUMAMIT36, the paralog of the preferentially gene ZmUMAMIT28,

was not preferentially expressed in the EAS. The presence of closely related gene pairs reflects the ancient tetraploid origin of maize which is in the process of diploidization (Wei et al., 2007). During this process, genes can be lost or maintained offering a possibility to accumulate mutations in one of the copies that can lead to functional divergence. In addition, for the paralog pairs ZmUMAMIT1a/ZUMAMIT1b and ZMUMAMIT2a/ZmUMAMIT2b, there is always one copy with higher expression levels in the EAS than the other, which could a sign of beginning functional divergence or gene loss (Hughes et al., 2014).

In our phylogenetic tree ZMUMAMIT2a and ZmUMAMIT2b grouped in class 3, together with the already characterized AtUMAMIT11, AtUMAMIT14 and AtUMAMIT18, being closest to AtUMAMIT11. This observation could be informative in terms of substrate preference. For example, in Arabidopsis changes in amino acid pattern observed in mutant fruits from two different clades were more similar between genes from the same clade. However, the two groups also shared a similar substrate specificity in some cases [START_REF] Müller | Amino Acid Export in Developing Arabidopsis Seeds Depends on UmamiT Facilitators[END_REF]. One could hypothesize that, within the same species, genes belonging to different classes may have different substrate preferences with some possible overlaps.

The zmumamit2a/zmumamit2b double mutant is likely loss of function but has no macroscopic phenotype

Out of the 4 genomic regions targeted with CRISPR/Cas9 in ZmUMAMIT2a and ZmUMAMIT2b, 3 presented small indels (<10 bp) at the Cas9 cutting site, and the fourth presented a larger deletion (>10 bp). These proportions are in accordance with a previous work in maize where 82 % of CRISPR/cas9 induced mutations were small indels (<10 bp) and 14% were large deletions (>10 bp) (Doll et al., 2019). These mutations are likely to cause the loss of function of the respective proteins since they generate early frameshifts and stop codons that totally disrupt the large conserved "Nodulin MtN21 family protein" domain in both ZmUMAMIT2a and ZmUMAMIT2b. Despite this high likelihood of loss-of-function, the zmumamit2a/zmumamit2b double mutant line did not have any macroscopic phenotype, i. e.

a defective kernel (dek), empty pericarp (emp), miniature (mn) or embryo specific (emb) phenotype (Doll et al., 2017) and could not be distinguished by the naked eye from wild-type at any developmental stage. This observation is in accordance with previous studies in Arabidopsis, that reported relatively benign macroscopic phenotypes (no loss of viability) that affected seed size but not yield [START_REF] Besnard | Arabidopsis UMAMIT24 and 25 are amino acid exporters involved in seed loading[END_REF] or seed number [START_REF] Müller | Amino Acid Export in Developing Arabidopsis Seeds Depends on UmamiT Facilitators[END_REF].

Functional redundancy with ZmUMAMIT1a/ZmUMAMIT1b, ZmUMAMIT28 or ZmUMAMIT38 that share the same pattern of expression in the seed, could compensate for the absence of ZmUMAMIT2a/ZmUMAMIT2b, even if their placement in different clades may reflect different substrate preferences. It might be necessary to obtain higher order mutant combinations in order to trigger a severe macroscopic phenotype in maize.

ZmUMAMIT2a and ZmUMAMIT2b can export amino acids

It should be noted that in order to perform the cDNA synthesis of ZmUMAMIT2a, a choice had to be made with regard to the gene model to be used. After alignments with UMAMIT family members from other species, we identified a unique 38 aa insertion in gene model When ZmUMAMIT2a and ZmUMAMIT2b were expressed in Xenopus laevis oocytes, they both displayed the ability to transport amino acids. Unexpectedly, their preferences were different despite a shared protein sequence identity of 82%. The fact that ZmUMAMIT2a did not exhibit a significant transport activity with the mix of amino acid could be due to the fact that this transporter has a narrower spectrum of substrates than ZmUMAMIT2b, and its transport activity for a fewer number of amino acids was masked by the bulk of non-transported amino acids. This hypothesis is supported by a recent study which reported that in Arabidopsis, 9

UMAMITs transported more than 8 amino acids whereas other UMAMITs were more specific and exported only a few amino acids with high efficiency [START_REF] Zhao | Detailed characterization of the UMAMIT proteins provides insight into their evolution, amino acid transport properties, and role in the plant[END_REF]. The potential difference in substrate preference with some overlaps was highlighted by the different results obtained with Glu export and the similarities observed for Pro export. In addition to the different expression levels ZmUMAMIT2a and ZmUMAMIT2b in the EAS, their apparent different behaviour regarding transport could be a sign of ongoing functional divergence. A last consideration concerns the subcellular localisation. In Arabidopsis, most UMAMITs are localized at the plasma membrane but a few members are also found at the tonoplast or the endoplasmic reticulum [START_REF] Yao | Amino Acid Transporters in Plants: Identification and Function[END_REF]). Since we do not have evidence of the subcellular localization of ZmUMAMIT2a and ZmUMAMIT2b, it is possible that the physiological conditions of the heterologous expression assay are favouring the emergence of these differences by corresponding more to the native environment of one protein or the other.

Confirming the plasma membrane localization of ZmUMAMIT2a and ZmUMAMIT2b would bring more evidence to their putative contribution to amino acid export from the endosperm toward the growing embryo.

The zmumamit2a/zmumamit2b double mutant is altered in seed amino acid composition

Given the preferential expression of ZmUMAMIT2a/ZmUMAMIT2b at the embryo/endosperm interface, we hypothesize that they could be involved in amino acid efflux from the endosperm towards the embryo. This hypothesis was supported by the fact that out of the 10 individual amino acid levels disturbed in the three compartments tested, 8 were found to be decreased in the embryo of the double mutant zmumamit2a/zmumamit2b. It is not possible to link all these 8 amino acids by their chemical properties although three of them are aliphatic (Ala, Ile and Leu). Interestingly, the strongest decrease in the embryo was observed for Ala which has been shown experimentally to be exported by AtUMAMIT14 and imported by AtUMAMIT18 (its levels were decreased in siliques of atumamit18/siar1 mutant), both members of the same class 3 as ZmUMAMIT2a andZmUMAMIT2b [START_REF] Besnard | UMAMIT14 is an amino acid exporter involved in phloem unloading in Arabidopsis roots[END_REF][START_REF] Besnard | Arabidopsis UMAMIT24 and 25 are amino acid exporters involved in seed loading[END_REF][START_REF] Zhao | Detailed characterization of the UMAMIT proteins provides insight into their evolution, amino acid transport properties, and role in the plant[END_REF]. However, the drop in Ala in the mutant embryo was not mirrored by the expected accumulation of Ala in EAS due to the lack of export.

Similarly, Asp levels were close to zero in zmumamit2a/zmumamit2b mutant embryos and this amino acid was transported by class 3 member AtUMAMIT18 in heterologous systems [START_REF] Besnard | Arabidopsis UMAMIT24 and 25 are amino acid exporters involved in seed loading[END_REF][START_REF] Ladwig | Siliques Are Red1 from Arabidopsis Acts as a Bidirectional Amino Acid Transporter That Is Crucial for the Amino Acid Homeostasis of Siliques[END_REF]. Interestingly, Asp levels were slightly higher in the EAS of mutant seeds than in the wild-type seeds, pointing towards a possible retention of Asp in the EAS. Unfortunately, Glu, which is transported by ZmUMAMIT2a in the Xenopus laevis system, could not be resolved under our experimental conditions and we were not able to get Glu contents for any of the three compartments. Overall, the decreased amounts of several amino acids in the mutant embryo is in accordance with the fact that UMAMITs do not appear to be all highly selective, and that the absence of ZmUMAMIT2a/ZmUMAMIT2b in EAS impairs amino acid efflux towards the embryo.

The fact that that amino acid levels were disturbed in all seed compartments could also result from an impaired transport of amino acids in maternal tissues prior to the transfer to the seed.

Indeed, publicly available transcriptomic data (eFP browser, bar.utoronto.ca) show that both ZmUMAMIT2a and ZmUMAMIT2b are also expressed in roots (and also leaves in the case of ZmUMAMIT2b) (Supplemental Fig. S4). The results obtained in this study could result from a combinatory effect of the mutations during amino acid loading to the vascular system in roots and transfer from endosperm to embryo. For example, amino acid importer AAP8, was found to be expressed in seeds exclusively and thought to be involved in seed filling [START_REF] Schmidt | The amino acid permease AAP8 is important for early seed development in Arabidopsis thaliana[END_REF]. Further studies eventually revealed that AAP8 was involved in leaf phloem loading and that the aap8 effect on seed development was more likely to be due to reduced loading of the leaf phloem [START_REF] Santiago | Connecting Source with Sink: The Role of Arabidopsis AAP8 in Phloem Loading of Amino Acids[END_REF].

The results presented here are preliminary and need to be confirmed by biological repetitions and by testing double mutant lines with other allele combinations.

MATERIAL AND METHODS

Plant material and growth conditions

The maize (Zea mays) inbred line A188 and derived transgenic or edited plants were grown in 15 m 2 growth chambers that fulfil the French S2 safety standards for the culture of transgenic plants. The photoperiod consisted of 16 h light and 8 h darkness in a 24 h diurnal cycle.

Temperature was set to 24°C/17°C (day/night) during the first 3 months after sowing and then to 26°C/26°C for the remaining month of the life cycle. The relative humidity was controlled at 55% (day) and 65% (night). Seeds were germinated in 0.2 L of Favorit MP Godets substrate (Eriterre, Saint-André-de-Corcy) and transferred after 2 weeks to 8 L of Favorit Argile TM + 20% perlite substrate (Eriterre, Saint-André-de-Corcy) supplemented with 50 ml of Osmocote Exact Hi.End 5-6M (15-9-12+2MgO+TE) fertilizer (Scotts, Écully). All plants were propagated by hand pollination.

Identification of the UMAMIT family in maize

To investigate the entire UMAMIT family in maize, several BLAST searches were performed with Gramene (http://ensembl.gramene.org/Multi/Tools/Blast?db=core) based on previously annotated UMAMIT proteins. 54 proteins were found to have a domain similar to the one conserved in the UMAMITs. For these proteins, the closest orthologs in Arabidopsis and rice were manually compared based on Gramene and MaizeGDB annotation (http://www.gramene.org/ (Gupta et al., 2016), https://www.maizegdb.org/ [START_REF] Andorf | MaizeGDB update: new tools, data and interface for the maize model organism database[END_REF]) and only the genes encoding proteins with a confirmed UMAMIT ortholog were taken into account. Following this process, a total of 45 maize UMAMIT were validated.

UMAMIT Phylogeny

The 45 maize UMAMIT amino acid sequences and 46 Arabidopsis sequences [START_REF] Denancé | Emerging Functions of Nodulin-Like Proteins in Non-Nodulating Plant Species[END_REF] excluding the pseudogene AtUMAMIT39 were aligned with SeaView software using MUSCLE [START_REF] Gouy | SeaView Version 4: A Multiplatform Graphical User Interface for Sequence Alignment and Phylogenetic Tree Building[END_REF]. Conserved sites were selected using G-BLOCKS with all the three options available to minimize stringency. The AT2G16660 protein, a member of a sister group of transporters, was chosen as an outgroup member. The phylogeny was built using PhyML, based on the amino acid alignment, as described previously (Arnault et al., 2018).

sgRNA design

For the design of sgRNAs targeting both ZmUMAMIT2a and ZmUMAMIT2b, the online tool CRISPOR (http://crispor.tefor.net/) was interrogated and two 20-nucleotide targets at convenient positions in conserved regions of both genes with high-efficiency scores were selected. The specificity scores of the chosen targets were low since the CRISPOR algorithm is designed to find targets specific to one gene only. The first target is located in exon 1 of both genes and the second one is located on exon 2 of both genes. Designing two sgRNA per gene increases the chances of successful mutations and large deletions between the two targets.

Vector construction for genome editing

All genome editing-related cloning steps were performed as described in (Doll et al., 2019).

Briefly, sgRNA1 was cloned under the control of rice U3 promoter in vector L1609 containing a rice codon optimized Cas9 while sgRNA2 was cloned under the wheat U6 promoter in L1611

vector. The U6-driven target cassette from L1611 was subsequently excised with restriction enzymes and cloned into the L1609 derivative, downstream of the U3-driven target cassette.

The resulting construct was transferred to Agrobacterium tumefaciens strain LBA4404(pSB1)

and used for maize transformation.

Maize transformation and screen for edited plants

A. tumefaciens strain LBA4404 harbouring the recombination product of pSB1 and the construct of interest was used to transform 12 DAP immature embryos of maize inbred line A188 according to a standard protocol (Ishida et al., 1996(Ishida et al., , 2007)). Screening for genome editing events in ZmUMAMIT2a and ZmUMAMIT2b was performed on gDNA from T0 leaves by specific PCR amplification (see Supplemental Table S1 for primer sequences) followed by Sanger sequencing. ZmUMAMIT2a and ZmUMAMIT2b chromatograms from wild-type and transgene-bearing plants were then compared to identify putative targeted mutagenesis events.

Amino acid content analysis of maize kernel compartments

Kernels from three zmumamit2a-1/zmumamit2b-1 and three wild-type plants were harvested at 20 DAP and 15 embryos, 15 EAS and three whole endosperms were hand dissected from each plant and immediately frozen in liquid nitrogen and stored at -80°C for further processing. The samples were ground in liquid nitrogen with pestle and mortar and hydroethanolic extraction was performed on 50 mg of tissue with the following steps (all steps performed on ice): 250 µl of 80% ethanol were added to the 50 mg of ground tissue in a 1.5 ml Eppendorf tube, followed by vortex homogenization and gentle mixing for 1 h at 4°C at 300 rpm in a thermomixer (Eppendorf). The samples were centrifuged for 15 min at 15000 rpm at 4°C and the supernatant was collected in a second 1.5 ml Eppendorf tube. 250 µl of 50%

Ethanol were added to the pellet and the same steps of homogenisation, incubation and centrifugation were repeated. The supernatant was pipetted in the second 1.5 ml Eppendorf tube. Finally, 250 µl of water were added to the pellet followed by the same treatment as described above and the supernatant was collected in the second 1.5 ml Eppendorf tube.

Amino acids were separated by ion exchange chromatography and dosed using ninhydrin. The reaction between separated amino acids and ninhydrin forms a complex that absorbs at two different wavelengths: 570 nm for a amino acids and 440 nm for imino acids. This analysis was performed using a JLC-500/V amino acid analyser. The results were used to calculate the amino acid content in nmol (mg FW) -1 .

ZmUMAMIT2a and ZmUMAMIT2b cDNA synthesis and cloning

The cDNA sequences of ZmUMAMIT2a (Zm00001d010655) and ZmUMAMIT2b (Zm00001d038554) were retrieved from the version 4 of the maize genome on MaizeGDB (https://www.maizegdb.org). The unique gene model T001 of ZmUMAMIT2a had four exons but a putative intron of 114 nucleotides was identified in exon 4 following an alignment with other UMAMITs protein sequences from maize other species, thus splitting the original exon 4 into a shorter exon 4 and exon 5. The suspected intron was removed from the coding sequence prior to gene synthesis (Supp. Fig. S3).

ZmUMAMIT2b had two gene models but gene model T002 was chosen over model T001 based on the presence of only one lysine at position 68 instead of two lysines at position 68 and 69 in gene model T001 when performing an alignment with other UMAMIT protein sequences from maize and other species (Supp. Fig. S3). Gene synthesis was carried out by Genewiz (htpps://www.genewiz.com). The cDNA sequences of both genes carried two random bases, an EcoRV restriction site and a Kozak site at their 5' end and an additional stop codon, an

EcoRV restriction site and two random bases at their 3' end (Supp. Fig. S3). ZmUMAMIT2a and ZmUMAMIT2b cDNAs were digested from gene synthesis vector pUC with EcoRV and introduced in SmaI-digested oocyte expression vector pOO2.

Oocyte amino acid efflux assays

Xenopus laevis oocyte collection was carried out as described elsewhere and cRNA injection was performed the day after surgery [START_REF] Kottra | Inhibition of intracellular dipeptide hydrolysis uncovers large outward transport currents of the peptide transporter PEPT1 in Xenopus oocytes[END_REF]. cRNA synthesis was performed using For DNA synthesis, the color-coded were added for cloning and expression purposes: in blue, two random bases; in red, EcoRV restriction site; in purple, Kozak consensus sequence; in green, additional stop codon. The native start and stop codons are underlined. 
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Supplemental Table S1. Sequences and descriptions of primers used in this study

Primer ID Sequence (5'à 3') Description

MtN21-2a-F2

GCTGTGAGCGTGTTGTGTGA

Mutation detection at sgRNAs sites in ZmUMAMIT2a

MtN21-2a-R1

ACGCGCGCGATGGATGAAAGA Mutation detection at sgRNAs sites in The analysis of the EAS transcriptomic landscape revealed the preferential expression of five

ZmSWEET genes in this sub-domain:

ZmSWEET4c (Zm00001d015912), ZmSWEET6a (Zm00001d044421), ZmSWEET14a (Zm00001d007365), ZmSWEET14b (Zm00001d049252)
and ZmSWEET15a (Zm00001d050577). We selected ZmSWEET14a, ZmSWEET14b and ZmSWEET15a for functional analysis based on their expression profiles and orthology with family members in other species whose mutants exhibit a strong seed phenotype.

ZmSWEET14a and ZmSWEET14b are paralogs located in duplicated chromosome regions known to be remnants of the last whole genome duplication of maize. Similarly, ZmSWEET15a also has a paralog, called ZmSWEET15b (Zm00001d016590), which is not preferentially expressed in the EAS but was also included in our study because of a putative functional redundancy with ZmSWEET15a. Each of the couples ZmSWEET14a/ZmSWEET14b and ZmSWEET15a/ZmSWEET15b was targeted with a single CRISPR/Cas9 construct. We generated loss-of-function mutants in all four genes and homozygous zmsweet14a/zmsweet14b and zmsweet15a/zmsweet15b double mutant lines are available. Because of different timing in transformation experiments and seed propagation, work on the zmsweet14a/zmsweet14b double mutant is more advanced and is presented hereafter in the publication project. The analyses performed on zmsweet14a/zmsweet14b double mutant kernels are also planned on zmsweet15a/zmsweet15b kernels. We also obtained a quadruple zmsweet14a/zmsweet14b; zmsweet15a/zmsweet15b mutant but, so far, it is still at a heterozygous state. The results that will be generated with the zmsweet15a/zmsweet15b double mutant line will be integrated into the publication project hereafter before submission for peer-reviewing.

In this work, I gathered SWEET protein sequences from maize, Arabidopsis and rice, and created the phylogenetic tree. I performed sgRNA design and appropriate vector cloning.

Maize genetic transformation was done by Ghislaine Gendrot, Emilie Montes and myself. I propagated the mutant plants and performed their molecular characterization by PCR amplification of the target areas, followed by Sanger sequencing and careful analysis of the sequencing chromatograms. I did the sampling, grinding and weighing of all the samples for the metabolic analysis which was performed by our collaborators Cédric Cassan and Yves Gibon (MetaboHub platform, Bordeaux). I wrote the manuscript and designed the figures. The manuscript was corrected by Peter Rogowsky and Thomas Widiez who both supervised my work.

INTRODUCTION

Maize (Zea mays L.) is a staple crop used for food and feed, cultivated in one third of the 656 million farms worldwide and ranking first within the most produced cereals on earth [START_REF] Erenstein | Estimating the global number and distribution of maize and wheat farms[END_REF]. It is therefore a key player in the challenges faced by global food security. The most nutritious part of maize is its kernel which is valuable primarily for its high starch content (endosperm), but also contains important amounts of lipids (embryo) and protein (both embryo and endosperm). The starch contained in maize kernels is derived from sucrose, the main transport form of carbon, produced by fixation of inorganic carbon during photosynthesis. Photosynthesis is mainly carried out in leaves (source tissues) and sucrose is transported via the phloem to non-photosynthetic caryopses (sink tissues) to ensure their growth and development [START_REF] Patrick | Compartmentation of transport and transfer events in developing seeds[END_REF]. The maternal vascular tissues that provide sugars to the seeds end below the placento-chalazal region and the absence of symplastic connections between the maternal and filial compartments suggests that the path of entry of sugars from the maternal pericarp into the endosperm and from the nutritive endosperm to the embryo involves cell to cell apoplastic transport [START_REF] Bihmidine | Regulation of assimilate import into sink organs: update on molecular drivers of sink strength[END_REF][START_REF] Porter | Assimilate Unloading from Maize (Zea mays L.) Pedicel Tissues 1[END_REF]. The nutritional importance of endosperm-embryo interface is highlighted by the high expression an invertase inhibitor in the embryo-surrounding region of the endosperm (ESR) (Bate et al., 2004) and of sucrose transporters and other metabolic genes at the endosperm adjacent to scutellum (EAS) (Doll et al., 2020). So far, our understanding of the mechanisms underlying apoplasmic pathways for carbohydrates transport across maternal and filial interfaces remains partial.

Sugar transporters are essential components of both intracellular trafficking and apoplastic transport pathways and form three key families in plants: MSTs (monosaccharide transporters), SUTs (sucrose transporters) and SWEETs (Sugars Will Eventually be Exported Transporters) [START_REF] Eom | SWEETs, transporters for intracellular and intercellular sugar translocation[END_REF]. MSTs and SUTs belong to the major facilitator superfamily, have twelve transmembrane domains and most characterized members function as active transport systems using the driving force of the H + ATPase pump [START_REF] Geiger | Plant glucose transporter structure and function[END_REF][START_REF] Lalonde | Transport mechanisms for organic forms of carbon and nitrogen between source and sink[END_REF]. The long-distance transport of sucrose from source tissues towards sink tissues is mainly mediated by SUTs and once sucrose is released from the phloem, it is generally cleaved into monosaccharides (fructose and glucose) that are then transported by MSTs [START_REF] Ayre | Membrane-Transport Systems for Sucrose in Relation to Whole-Plant Carbon Partitioning[END_REF].

SWEETs are a class of uniporters characterized by 7 transmembrane domains that transport hexose and sucrose and mediate sugar influx or efflux along a concentration gradient [START_REF] Anjali | Structure and regulation of SWEET transporters in plants: An update[END_REF]Chen et al., 2015a). In the Arabidopsis thaliana genome, there are 17 SWEET genes that fall into four phylogenetic clades [START_REF] Chen | Sugar transporters for intercellular exchange and nutrition of pathogens[END_REF][START_REF] Eom | SWEETs, transporters for intracellular and intercellular sugar translocation[END_REF]. Based on current knowledge, the presence of a SWEET in a clade seems to correlate with selectivity towards monosaccharides or disaccharides. Clade I and II AtSWEETs tend to transport hexoses, clade III AtSWEETs prefer to transport sucrose and clade IV AtSWEETs likely transport fructose. In contrast, the implication of a SWEET protein in a physiological process does not seem to be correlated with its placement in a particular clade. Indeed, AtSWEET5, AtSWEET8 and AtSWEET13 are crucial for pollen nutrition, yet they belong to either clade II or III [START_REF] Eom | SWEETs, transporters for intracellular and intercellular sugar translocation[END_REF]. All clade III AtSWEETs (AtSWEET9 to AtSWEET15) transport sucrose and their specific function has been identified. For example, AtSWEET9 acts as a cellular efflux transporter in nectaries and is essential for nectar production [START_REF] Lin | CRISPR/Cas9 systems have off-target activity with insertions or deletions between target DNA and guide RNA sequences[END_REF]. AtSWEET11 and AtSWEET12 are involved in sucrose efflux for phloem loading [START_REF] Chen | Sucrose Efflux Mediated by SWEET Proteins as a Key Step for Phloem Transport[END_REF] and together with AtSWEET15 they mediate a cascade of sugar unloading from maternal tissues to filial tissues that supports embryo growth in developing seeds. atsweet11;12;15 triple mutant exhibits a wrinkled seed phenotype, with accumulation of starch in the seed coat and delayed embryonic development (Chen et al., 2015b).

The crucial role of SWEETs has been demonstrated in several crops of economic importance.

In soybean (Glycine max), GmSWEET15a and GmSWEET15b are essential for early stages of seed development by mediating sucrose export from the endosperm towards the embryo.

Knock-out of both genes causes retarded embryo growth, endosperm persistence and high rates of seed abortion [START_REF] Wang | The Soybean Sugar Transporter GmSWEET15 Mediates Sucrose Export from Endosperm to Early Embryo[END_REF]. In tomato (Solanum lycopersicum), knock-out of SlSWEET15 caused severe defects in seed filling and embryo development suggesting that SlSWEET15 is required for sucrose unloading from the seed coat to the growing embryo (Ko et al., 2021, 15). In rice (Oryza sativa), OsSWEET11, OsSWEET14 and OsSWEET15 have been shown to mediate sucrose efflux in developing caryopses and play key roles in grain filling.

ossweet11;14 and ossweet11;15 double mutants both exhibited reduced 1000-grain weight and abnormal starch accumulation in the pericarp [START_REF] Fei | OsSWEET14 cooperates with OsSWEET11 to contribute to grain filling in rice[END_REF]Yang et al., 2018).

In maize (Zea mays), the SWEETs family is composed of 24 members that are also clustered in 4 clades [START_REF] Li | Deciphering evolutionary dynamics of SWEET genes in diverse plant lineages[END_REF]. Clade III ZmSWEET13 paralogues (a, b, c) contribute to sugar phloem loading in cooperation with ZmSUT1 and triple knock-out mutants zmsweet13a;b;c have a severe stunted phenotype in which photosynthesis is impaired and leaves accumulate high levels of soluble sugars and starch [START_REF] Bezrutczyk | Impaired phloem loading in zmsweet13a,b,c sucrose transporter triple knock-out mutants in Zea mays[END_REF]. ZmSWEET4c which belongs to clade II is responsible for transferring hexoses across the basal endosperm transfer layer (BETL) into the starchy endosperm of developing maize kernels. Knock-out mutation of ZmSWEET4c generated a dramatic reduction of kernel weight in which the embryo was less affected than the endosperm, suggesting a partial maintenance of nutritive role of the endosperm for the embryo (Sosso et al., 2015). In a recent study (Doll et al., 2020),

ZmSWEET4c was also shown to be highly and preferentially expressed in the EAS together with four other uncharacterized ZmSWEETs (ZmSWEET6a, ZmSWEET14a, ZmSWEET14b and ZmSWEET15a). To date, it is still unknown if the apoplasmic transport of sugars in the EAS via SWEET transporters contributes to sustain embryo growth and/or contributes to nutrient reuptake by the starchy endosperm following programmed cell death of the cells closest to the embryo.

Here we generated two sweet14a/sweet14b double mutant lines that did not show any obvious macroscopic phenotype but exhibited disturbed seed sugar partitioning.

RESULTS

ZmSWEET14a and ZmSWEET14b are preferentially expressed in the EAS and belong to clade III of the SWEETs family of sugar transporters

The endosperm adjacent to scutellum (EAS), a newly discovered endosperm subdomain at embryo interface, is thought to be involved in nutrient transfer from the starchy endosperm cells towards the growing embryo (Doll et al., 2020). Consistent with this putative role, five genes from the SWEET sugar transporter family were found to be preferentially expressed at the EAS (Supplemental Fig. S1). One of these genes, ZmSWEET4c, a member of clade II of the SWEET family, is known to be essential for grain filling, acting as a hexose transporter located at the basal endosperm transfer layer (BETL) (Sosso et al., 2015). The remaining four genes (ZmSWEET6a, ZmSWEET14a, ZmSWEET14b, and ZmSWEET15a) have not been extensively characterized so far, and in order to better understand the relationship between them and confirm orthology with characterized members of the SWEET family, a phylogenetic tree was generated (Fig. 1). Built with 24 maize, 17 Arabidopsis and 21 rice SWEET protein sequences extracted from public databases, the tree clearly displayed the four clades described previously [START_REF] Chen | Sugar transporters for intercellular exchange and nutrition of pathogens[END_REF]. ZmSWEET6a, the first of the four uncharacterized SWEET genes from maize preferentially expressed in the EAS fell in clade II, whereas the three others fell in clade III and corresponded to a paralog couple, ZmSWEET14a and ZmSWEET14b, and one member of a second paralog couple, ZmSWEET15a (Fig. 1).

Interestingly, ZmSWEET14a and ZmSWEET14b are orthologs to OsSWEET14 and ZmSWEET15a is ortholog to OsSWEET15, knowing that both OsSWEET14 and OsSWEET15 have been shown

to be sucrose transporters essential for rice grain filling (Fei et al., 2021, 14;Yang et al., 2018, 15). In addition, physical evidence of preferential ZmSWEET14a expression at the EAS had been provided by in-situ hybridization in a previous study (Doll et al., 2020). Based on these observations, ZmSWEET14a and ZmSWEET14b were selected for CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats/CRISPR-associated protein 9) mediated gene inactivation. 

Loss of ZmSWEET14a and ZmSWEET14b alters sugar contents in maize kernels

As ZmSWEET14a and ZmSWEET14b were highly and preferentially expressed in the EAS, we tested whether the loss of function of these two genes could disturb sugar levels in developing maize kernels. We generated T2 double homozygous sweet14ab-1 and sweet14ab-2 plants that were grown in the same conditions as wild-type control plants. Kernels were harvested at 20 days after pollination (DAP) and hand dissected to separate embryo, EAS and endosperm. The sugar contents and protein levels of these three compartments were measured by enzymatic and Coomassie staining methods respectively (Fig. 3). To assess the relationship between the different tissue samples, a principal component analysis (PCA) was performed (Fig. 3E). The biological replicates grouped together showing experimental reproducibility. Interestingly, the PCA also revealed distinct sample populations corresponding to each compartment, i. e. the EAS formed a distinct group from the whole endosperm, indicating a proper metabolic landscape for the EAS compared to the whole endosperm. In the first double mutant line zmsweet14ab-1, significantly higher levels of glucose and fructose were consistently observed in the three compartments and starch levels were significantly decreased in the EAS and endosperm. The sucrose level was higher in the embryos of zmsweet14ab-1 but lower in the EAS of zmwseet14ab-2, the latter difference being the only significant one observed for line zmsweet14ab-2. For the protein level, the only significant difference observed was a decrease in the EAS in zmsweet14ab-1 (Fig. 3D). 

DISCUSSION

To ensure proper seed development, a good coordination is required between the endosperm and the embryo. This coordination implies a tight communication at the interface between these two symplastically isolated filial compartments. Thus, the cells on each side of this apoplastic interface represent a critical zone for signalization and nutrient exchange [START_REF] Widiez | Embryo-endospermsporophyte interactions in maize seeds[END_REF]. We describe here two paralog genes, ZmSWEET14a and ZmSWEET14b, that are preferentially expressed in EAS and possibly mediate sucrose efflux in the developing maize seed.

Duplicated SWEET genes in the maize genome

The size of the SWEET genes family in maize was slightly bigger than in Arabidopsis thaliana and rice and contained several closely related gene pairs (Fig. 1). This is not surprising since maize underwent a whole genome duplication event between 5 and 12 million years ago (Swigoňová et al., 2004) and is therefore an ancient tetraploid in the process of diploidization (Wei et al., 2007). In this process, duplicated genes are either lost or maintained and, nowadays, homeolog gene pairs represent >20% of the ~32,000 maize genes (Schnable et al., 2011[START_REF] Schnable | The B73 maize genome: complexity, diversity, and dynamics[END_REF].

We identified 5 SWEET genes preferentially expressed in the EAS: SWEET4c, SWEET6a, SWEET14a, SWEET14b and SWEET15a which all had at least one paralog (Fig. 1). However, only the pair SWEET14a/SWEET14b showed similar expression levels in the EAS (Supplemental Fig. S1). The divergence of expression within a pair can be related to neofunctionalization whereas pairs maintaining the same expression profile are likely to continue sharing the original gene function (Hughes et al., 2014).

In our phylogenetic tree, ZmSWEET14a and ZmSWEET14b grouped in clade III. Sucrose transporter activity has been demonstrated for all clade III SWEET transporters characterized so far: Arabidopsis AtSWEET11, AtSWEET12, AtSWEET15 (Chen et al., 2015b), soybean GmSWEET15 [START_REF] Wang | The Soybean Sugar Transporter GmSWEET15 Mediates Sucrose Export from Endosperm to Early Embryo[END_REF], cotton GhSWEET10 [START_REF] Cox | TAL effector driven induction of a SWEET gene confers susceptibility to bacterial blight of cotton[END_REF], pear PuSWEET15 (Li et al., 2020), rice OsSWEET11, OsSWEET14, OsSWEET15 [START_REF] Fei | OsSWEET14 cooperates with OsSWEET11 to contribute to grain filling in rice[END_REF]Yang et al., 2018, 11) and ZmSWEET13 [START_REF] Bezrutczyk | Impaired phloem loading in zmsweet13a,b,c sucrose transporter triple knock-out mutants in Zea mays[END_REF]. The conserved sucrose transport function of clade III SWEET proteins suggests that ZmSWEET14a and ZmSWEET14b likely transport sucrose along a concentration gradient during maize seed development.

zmsweet14a/zmsweet14b double mutant alleles are likely loss of function

Targeted mutagenesis via CRISPR/Cas9 on ZmSWEET14a and ZmSWEET14b generated small indels at the Cas9 nuclease cutting site (3 base pairs upstream of PAM sequence) (Fig. 2B).

This type of mutations is typically observed in maize gene editing experiments (Doll et al., 2019). These mutant alleles are likely loss of function since they generate frameshift mutations affecting the second MtN3/saliva conserved domain in both ZmSWEET14a and ZmSWEET14b (Fig. 2C). The conserved nature of these motifs highlights their importance for protein function. Residual activity of the proteins could be conferred by the remaining Nterminal MtN3/saliva motif but this hypothesis is unlikely. Indeed, the dimerization of SWEET proteins required for the formation of a functional pore is probably compromised in the mutant context [START_REF] Anjali | Structure and regulation of SWEET transporters in plants: An update[END_REF]. Furthermore, the C-terminal end of certain AtSWEETs is predicted to contain several putative phosphorylation sites and AtSWEET11 has been shown

to be phosphorylated at the threonine residue 276 by large scale phosphoproteome profiling [START_REF] Reiland | Large-Scale Arabidopsis Phosphoproteome Profiling Reveals Novel Chloroplast Kinase Substrates and Phosphorylation Networks[END_REF]. In maize, ZmSWEET14a and ZmSWEET14b are not covered by phosphoproteome data and it remains a possibility among others that in the sweet14ab-1 and sweet14ab-2 mutants, these putative phosphorylation sites are absent, potentially affecting protein activity.

zmsweet14a/zmsweet14b double mutants have no macroscopic phenotypes

The two zmsweet14a/zmsweet14b double mutant lines did not show any obvious macroscopic phenotypic difference to wild-type plants at any stage of plant or seed development. This can possibly be explained by functional redundancy with other SWEETs in the EAS, that could compensate the absence of SWEET14a and SWEET14b, preventing strong developmental defects. Functional redundancy was observed in Arabidopsis, where the mutation of AtSWEET15 alone did not affect seed development but the triple atsweet11;12;15 mutant showed an altered embryo development (Chen et al., 2015b). In rice, osweet11 and ossweet14 single mutants exhibited a weak and no seed phenotype, respectively. However, the ossweet11;14 double mutant had a stronger phenotype than ossweet11 revealing an overlap in OsSWEET11 and OsSWEET14 functions. ZmSWEET4c and ZmSWEET6a are also expressed in the EAS but their classification as clade II members, makes them more likely to mediate hexose transport and therefore less likely to compensate the absence of SWEET14a and SWEET14b. Interestingly, ZmSWEET15a also had a preferential expression in the EAS and belongs to clade III making it a potential sucrose transporter compensating the absence of ZmSWEET14a and ZmSWEET14b. Moreover, the induction of ZmSWEET4c by sugar (Sosso et al., 2015), suggests that a local sucrose accumulation, caused by the absence of ZmSWEET14a and ZmSWEET14b, could trigger an induction of ZmSWEET15a expression to higher levels.

The EAS has a proper metabolic landscape

When investigating the distribution of glucose, fructose, sucrose and starch in the embryo, the EAS and the whole endosperm at 20 DAP, a PCA analysis of the three types of tissues in wild-type revealed that the EAS formed a distinct group from the whole endosperm tissue, highlighting a different metabolic landscape between the two tissues (Fig. 3E). The main differences observed in wild-type plants between the EAS and the whole endosperm were in sucrose and starch levels (Fig. 3B,3C). The whole endosperm is mainly composed of starchy endosperm where sucrose is used for the synthesis of starch (Shannon, 1972). This could explain the lower levels of sucrose and higher starch levels in the whole endosperm compared to the EAS. The EAS contained less starch and almost two times more sucrose than the whole endosperm. It is possible that the sucrose build-up in the EAS is a mean to drive a concentration gradient and efflux toward the embryo.

Double mutant zmsweet14a/zmsweet14b is affected in seed sugar partitioning

Surprisingly, the two zmsweet14a/zmsweet14b double mutant lines showed contrasted results in their seed sugar contents. The mutant lines share the same sweet14a allele but bear a different sweet14b allele. If one excludes experimental errors, this implies that despite the above considerations one of the sweet14b alleles is not a loss-of-function or has acquired a new function which affects the strength of the metabolic phenotype. One may hypothesize that the frameshifts of zmsweet14a-1 and zmsweet14b-1 causing long C-terminal stretches of unrelated amino acid residues either lead to rapid degradation due to poor folding or to proteins incapable to form dimers. On the other hand, the truncated ZmSWEET14b-2 protein contains almost no unrelated sequences and is more likely to be partially functional. Although this hypothesis needs to be substantiated by the production of additional alleles, we will reflect hereafter on the results obtained with the sole zmsweet14ab-1 line.

The EAS of line zmsweet14ab-1 is characterized by elevated levels of glucose and fructose (Fig. 3B). We could hypothesize that loss of function of ZmSWEET14a and ZmSWEET14b leads to a transient over-accumulation of sucrose which is sensed by the cells that cleave sucrose into glucose and fructose in an effort to maintain sucrose homeostasis. This drive towards hexoses depletes the sucrose supply used to produce starch, which could explain the drop in starch content of the EAS in line zmsweet14ab-1 (Fig. 3B). By extension, the depletion of starch and accumulation of hexoses observed in the endosperm of zmsweet14ab-1 could result from similar events (Fig. 3C).

In parallel, the over-accumulation of sucrose in the EAS could induce the expression of embryo sucrose transporters that would mediate a stronger sucrose efflux towards the embryo that could be responsible for the higher sucrose levels observed in zmsweet14ab-1 embryos. The extra supply of sucrose could be partially cleaved and generate the higher levels of glucose and fructose observed in the zmsweet14ab-1 embryos (Fig. 3A). Finally, the putative excess amounts of sucrose in the EAS could negatively affect the C/N ratio and disturb protein accumulation levels in this tissue (Fig. 3D).

MATERIALS AND METHODS

Plant material and growth conditions

The maize (Zea mays) inbred line A188 and derived transgenic or edited plants were grown in 15 m 2 growth chambers that fulfil the French S2 safety standards for the culture of transgenic plants. The photoperiod consisted of 16 h light and 8 h darkness in a 24 h diurnal cycle.

Temperature was set to 24°C/17°C (day/night) during the first 3 months after sowing and then to 26°C/26°C for the remaining month of the life cycle. The relative humidity was controlled at 55% (day) and 65% (night). Seeds were germinated in 0.2 L of Favorit MP Godets substrate (Eriterre, Saint-André-de-Corcy) and transferred after 2 weeks to 8 L of Favorit Argile TM + 20% perlite substrate (Eriterre, Saint-André-de-Corcy) supplemented with 50 ml of Osmocote Exact Hi.End 5-6M (15-9-12+2MgO+TE) fertilizer (Scotts, Écully). All plants were propagated by hand pollination.

SWEET phylogeny

The 24 maize SWEET protein sequences were retrieved at from Gramene (http://www.gramene.org/) (Gupta et al., 2016)), and the 17 Arabidopsis and 21 rice SWEET protein sequences were downloaded from Phytozome (https://phytozome.jgi.doe.gov/pz/portal.html). Conserved sites were selected using G-BLOCKS with all the three options available to minimize stringency. The phylogeny was built using PhyML, based on the amino acid alignment, as described previously (Arnault et al., 2018).

sgRNA design

For the design of sgRNAs targeting both ZmSWEET14a and ZmSWEET14b, the online tool CRISPOR (http://crispor.tefor.net/) was interrogated and two 20-nucleotide targets at convenient positions in conserved regions of both genes with high-efficiency scores were selected. The specificity scores of the chosen targets were low since the CRISPOR algorithm is designed to find targets specific to one gene only. The two targets are located in exon 4 of both genes. Designing two sgRNA per gene increases the chances of successful mutations and large deletions between the two targets.

Vector construction for genome editing

All genome editing-related cloning steps were performed as described in (Doll et al., 2019).

Briefly, sgRNA1 was cloned under the control of rice U3 promoter in vector L1609 containing a rice codon optimized Cas9 while sgRNA2 was cloned under the wheat U6 promoter in L1611

vector. The U6-driven target cassette from L1611 was subsequently excised with restriction enzymes and cloned into the L1609 derivative, downstream of the U3-driven target cassette.

The resulting construct was transferred to Agrobacterium tumefaciens strain LBA4404(pSB1)

and used for maize transformation.

Maize transformation and screen for edited plants

A. tumefaciens strain LBA4404 harboring the recombination product of pSB1 and the construct of interest was used to transform 12 DAP immature embryos of maize inbred line A188 according to a standard protocol (Ishida et al., 1996(Ishida et al., , 2007)). Screening for genome editing events in ZmSWEET14a and ZmSWEET14b was performed on gDNA from T0 leaves by specific PCR amplification (see Supplemental Table S1 for primer sequences) followed by Sanger sequencing. ZmSWEET14a and ZmSWEET14b chromatograms from wild-type and transgenebearing plants were then compared to identify putative targeted mutagenesis events.

Sugar content analysis

Embryos, EAS and endosperms were hand dissected from fresh kernels at 20 DAP and immediately flash frozen in liquid nitrogen. The samples were ground with mortar and pestle in liquid nitrogen and approximately 20 mg were weighed in pre-cooled 1.40 ml Micronics Tm tubes. Ground samples were fractionated using three successive extractions (respectively 250 µl, 150 µl and 250 µl) with ethanol-buffer mixtures (respectively 80%, 80% and 50% ethanol, in 10 mM HEPES/KOH, pH6). The supernatants were collected and pooled to measure glucose, fructose and sucrose [START_REF] Stitt | Metabolite levels in specific cells and subcellular compartments of plant leaves[END_REF]. In order to quantify the total protein content, the pellets were resuspended in 400 µl 100 mM NaOH and then heated for 20 min. After centrifugation (5,000 g, 5 min), the protein content was measured with Coomassie Blue [START_REF] Bradford | A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding[END_REF]. After neutralization with HCl, starch was quantified in the pellets as described previously [START_REF] Hendriks | ADPglucose pyrophosphorylase is activated by posttranslational redox-modification in response to light and to sugars in leaves of Arabidopsis and other plant species[END_REF].

Statistical Analyses

Two tailed Student's t-test was performed using GraphPad Prism version 6.01 for Windows (GraphPad Software, San Diego, California USA, www.graphpad.com). S1. Sequences and descriptions of primers used in this study

INTRODUCTION

Genome editing using clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) technology has rapidly become the preferred tool to generate mutants for functional genomics in microbes, animals and plants (Adli, 2018;[START_REF] Chen | CRISPR/Cas Genome Editing and Precision Plant Breeding in Agriculture[END_REF][START_REF] Schindele | CRISPR/Cas brings plant biology and breeding into the fast lane[END_REF]. The success of CRISPR/Cas9 technology over earlier meganuclease, zinc finger or transcription activator-like effector nuclease (TALEN) techniques is mainly due to the fact that the recognition of the target sequence in the genome is mediated by fully foreseeable DNA/RNA base pairing rather than less predictable DNA/protein interactions. In its original context of bacterial defence the Cas9 nuclease forms a complex with two RNA molecules, the CRISPR RNA (crRNA) and the trans-activating crRNA (tracrRNA) (Jinek et al., 2012), which for biotechnological applications were linked together into a single-guide RNA (sgRNA) (Mali et al., 2013). Cas9 expression is driven either by constitutive or tissue-specific promoters transcribed by RNA polymerase II, whereas the sgRNA is generally under the control of U3 or U6 promoters transcribed by RNA polymerase III.

The state of the art in genome editing is rather variable between kingdoms and species.

In plants, the most widely use of the technology is targeted mutagenesis, which is achieved by a CRISPR/Cas9-mediated double strand break of the DNA. Due to the random nature of error-prone cellular DNA repair, only the site but not the nature of the mutation is predetermined. In 2019, 97% of the publications were based on this approach and only 3% used true genome editing, which copies the modified, predetermined sequence of a repair matrix into the genome [START_REF] Modrzejewski | What is the available evidence for the range of applications of genome-editing as a new tool for plant trait modifcation and the potential occurrence of associated of-target efects: a systematic map[END_REF]. This preference is due to the fact that the molecular nature of the mutation is not crucial for the generation of loss-of-function mutants and that the repair of nuclease-mediated double strand breaks by non-homologous end joining (NHEJ) or microhomology-mediated end joining (MMEJ) leading to targeted mutagenesis is approximately two orders of magnitude more frequent than repair by homologous recombination (HR) using a repair matrix [START_REF] Huang | CRISPR/Cas-mediated gene targeting in plants: finally a turn for the better for homologous recombination[END_REF]. More recently, new variants of the CRISPR/Cas9 technology such as base editing or prime editing have emerged that allow to predetermine the precise nature of the mutation, albeit with certain limitations. These variants are based on a nickase version of the Cas9 that cuts only one and not both DNA strands, and which is fused to a protein domain with enzymatic action, for example to a cytidine and/or adenine deaminase domain for C and/or A base editing [START_REF] Shimatani | Targeted base editing in rice and tomato using a CRISPR-Cas9 cytidine deaminase fusion[END_REF][START_REF] Zong | Precise base editing in rice, wheat and maize with a Cas9-cytidine deaminase fusion[END_REF][START_REF] Yan | Highly Efficient A.T to G.C Base Editing by Cas9n-Guided tRNA Adenosine Deaminase in Rice[END_REF]Li et al., 2020), or to a reverse transcriptase domain for prime editing [START_REF] Hua | Precision genome engineering in rice using prime editing system[END_REF]Lin et al., 2020).

Another limitation of the initial CRISPR/Cas9 technology was the protospacer adjacent motif (PAM), i. e. the need for the triplet NGG downstream of the targeted site in the genome.

Both the use of other RNA-guided nuclease such as Cas12a/CPF1 with its PAM sequence TTTN located upstream of the target (Zetsche et al., 2015), and the molecular engineering of Cas9 leading to the xCas9 (Hu et al., 2018) and Cas9-NG variants [START_REF] Nishimasu | Engineered CRISPR-Cas9 nuclease with expanded targeting space[END_REF] markedly enlarged the number of sites amenable to genome editing in a given genome. After initial exemplification in human cell lines, all of these improvements have been successfully

transferred to plants and are now available for plant genome editing [START_REF] Chen | CRISPR/Cas Genome Editing and Precision Plant Breeding in Agriculture[END_REF], including the latest development being PAM-less genome editing [START_REF] Ren | PAM-less plant genome editing using a CRISPR-SpRY toolbox[END_REF].

Since the production of edited plants is a time consuming and labour intensive process, which generally involves the in vitro culture of hundreds of calli over several months, this created a need for rapid, reliable and cost-efficient evaluation methods both for the implementation of novel genome editing tools and the day to day test of sgRNA designs. In fact, CRISPR/Cas9-mediated mutation rates show important variations between genes and between guides in a given gene (Doll et al., 2019), despite ever improving bioinformatics tools for the design of sgRNAs. Protoplasts are an attractive test system, since a large number of cells can be transformed in parallel to provide in depth insight in the efficiency of a molecular construct within one or two days [START_REF] Lin | Application of protoplast technology to CRISPR/Cas9 mutagenesis: from single-cell mutation detection to mutant plant regeneration[END_REF]. In maize, protoplast systems have been used for the initial setup of the technology with a marker gene (Feng et al., 2016), the codonoptimisation of the Cas9 protein and the validation of an endogenous maize U6 snRNA promoter (Zhu et al., 2016), the test of new vector sets (Xing et al., 2014;[START_REF] Gentzel | A CRISPR/dCas9 toolkit for functional analysis of maize genes[END_REF], the establishment of a DNA-free protocol based on pre-assembled ribonucleoprotein complexes (RNPs) composed of purified recombinant Cas9 enzyme and in vitro transcribed guide RNA (gRNA) molecules [START_REF] Sant'ana | PEG-Delivered CRISPR-Cas9 Ribonucleoproteins System for Gene-Editing Screening of Maize Protoplasts[END_REF] and the evaluation of targeted base editing [START_REF] Zong | Precise base editing in rice, wheat and maize with a Cas9-cytidine deaminase fusion[END_REF].

Here we used a streamlined maize protoplast system coupled to a novel NGS analysis pipeline to evaluate the efficiency of different sgRNA scaffolds, novel Cas9 variants with relaxed PAM sequences and cytidine base editing, and investigate recalcitrant genome regions. Finally, the types and positions of the mutations were summarised in a logo (Fig. 2).

The experimental system was used to analyse the CRISPR/Cas9 mutation landscape at 15 different target sites (Supp. Table S1). On average, nearly 15 million sequence reads were obtained for each target. An average 99.2% success rate of the PEAR step and a 99.3% success rate of the combined FASTQ/Fastq-mcf step were indicators for excellent sequence quality (Supp. Table S2). The collapse to unique sequences reduced the number of reads to 11% on average, rendering the time consuming pairwise alignment step easily feasible. After several tests, the (modifiable) default value of the Needleman & Wunsch score necessary for a sequence to be retained for subsequent steps was fixed to 200, which was a compromise between exhaustiveness to include even large deletions or insertions and specificity to exclude PCR products not related to the target site. When applying this default threshold, on average 8.2% of the unique sequences were eliminated (Supp. Table S2). The next step was to count the occurrence for each unique sequence in the initial sequence reads either with or without consideration of the 5-nt tag. Considering mutations at every single position of the 15 analysed amplicons, the highest difference ever observed was a 2.1-fold decrease when considering the tag. This suggested that there was no strong over-representation of particular PCR products and that the relative values obtained with or without tag were very similar. In the last step the table with numerical values was exploited to create a visual representation of the results (logo).

Theoretical considerations indicate that the observed final counts are only semiquantitative values under our experimental setup where 500 000 protoplasts were transformed and each amplicon sequenced with a depth of 15 million reads, since only 1 million (diploid genome) independent mutations are possible for a given target site. This indicates that on average a given mutation was independently amplified 15 times with different 5-nt tags. Considering that only 80 ng of protoplast DNA was amplified, the real effect was even much stronger. This limitation needs to be kept in mind when analysing the numbers presented in the following chapters. 

Mutagenesis tendencies in protoplasts correlate with tendencies in stable transformants

In order to test whether quick transient protoplast transformation could be used as a prediction tool for CRISPR/Cas9 efficiency in lengthy stable transformation, we targeted three genes from the Sugars Will Eventually Be Exported Transporter (SWEET) family: ZmSWEET14a (Zm00001e011125), ZmSWEET14b (Zm00001e021494) and ZmSWEET15a

(Zm00001e022582). Each gene was targeted with two sgRNAs, which were identical for the paralogous genes ZmSWEET14a and ZmSWEET14b showing very high sequence homology (Supp. Table S1). For NGS analysis, gene specific primers were designed to amplify the two targets in ZmSWEET14a and in ZmSWEET14b with a single amplicon of 199 bp and 194 bp respectively. For ZmSWEET15a, only the mutagenesis events at sgRNA1 target were analysed.

To assess the general sgRNA design efficiency, the occurrence of mutations (deletions, insertions and mismatches) within the 20-nt target regions was compared to the occurrence of mutations outside of the targets. All five targets considered, the number of deletions and insertions per base was at least 10 times and up to 800 higher within the 20-nt target than in the rest of the amplicon. The number of mismatches was also slightly higher within all targets except for sgRNA2 target for ZmSWEET14a (Supp. Table S2).

Although the sgRNA target sequences were identical between ZmSWEET14a and ZmSWEET14b the type of deletions observed within the target range of sgRNA1 showed contrasted results between the two genes (Fig. 3A). For example, a deletion at position -2 to -1 was 10 times more frequent for ZmSWEET14b. In contrast, the type of deletions observed at sgRNA2 target followed the same trends for the two genes with the highest frequency observed for a CC deletion at position -2 to -1 (Fig. 3A). For ZmSWEET15a, the usual -1 position had the highest deletion frequency (25%), followed by positions -5 to -2 (20%) and -5 to -1 (15%) (Fig. 3A). The efficiency of sgRNA2 (~85%) to generate deletions in ZmSWEET14a and ZmSWEET14b was far greater than the one of sgRNA1 (~9%) (Supp. Fig. S2A).

Large deletions between the two targets sites of ZmSWEET14a and ZmSWEET14b represented ~5% of all deletions observed for each gene, with the highest frequency observed for the 86 bp deletion between position -1 of the first target and position +2 of the second target (Fig. 3C).

The vast majority of insertions concerned positions -1 and +1 for all 5 targets, the values at position -1 being higher with the exception of ZmSWEET15a (Fig. 3B). There was a good correspondence for sgRNA1 and sgRNA2 targets between ZmSWEET14a and

ZmSWEET14b. The efficiencies of the two sgRNAs to generate insertions in ZmSWEET14a and ZmSWEET14b were balanced in ZmSWEET14a with ~47% and ~53%, whereas sgRNA2 was more efficient in ZmSWEET14b (~77%) than in ZmSWEET14a (~23%) and showing a similar imbalance as for deletions (Supp. Fig. S2B).

The vectors used to target ZmSWEET14a, ZmSWEET14b and ZmSWEET15a in protoplasts were used in parallel to generate stable transformants. All nine T0

Zmsweet14a/14b mutant plants bared mutations at sgRNA2 target site for each gene and only one plant had a mutation at sgRNA1 target site in ZmSWEET14b (a 1 bp insertion at position -1). The analysis of 8 events (for one event Sanger sequencing could not be interpreted) at the sgRNA2 target site in ZmSWEET14a revealed that all events were bi-allelic with 50% (8/16) of 1 bp insertions at position -1, 12.5% (2/16) of 1 bp insertions at position -3, 18.75% (3/16) of 1 bp deletions at position -1 (Supp. Table S3). In ZmSWEET14b, the most frequent type of mutations was a 1 bp insertion at position -1 (20%), a 5 bp deletions at position -2 to +3 (20%) and a 90 bp deletion (20%) not located between the two targets. In the case of ZmSWEET15a only one plant was retrieved after stable genetic transformation, and this plant carried a 23 bp deletion at the sgRNA1 target site (Supp. Table S3). These numbers fit the overall trends observed in protoplasts. 
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Different sgRNA scaffolds have similar efficiency

One of the major changes in adapting the naturally occurring type II CRISPR/Cas9 bacterial defence system to a biotechnology tool was the fusion of the crRNA and a normally trans-encoded tracrRNA into a single sgRNA molecule capable to form a complex with the Cas9 and to sequence-specifically cleave target DNA (Jinek et al., 2012). Several designs of sgRNA scaffolds have been proposed mainly differing in the length and structure of the hairpin linking the two initial molecules. To compare the most frequently used scaffold in plants (Shan et al., 2013) with two alternative designs [START_REF] Miao | Targeted mutagenesis in rice using CRISPR-Cas system[END_REF][START_REF] Dang | Optimizing sgRNA structure to improve CRISPR-Cas9 knockout efficiency[END_REF], the same 20 nt target sequence of Zm00001e008508 was linked to the three different scaffolds called hereafter Shan, Miao and Dang (Fig. 4A, Supp. Table S1). All three scaffolds were transformed in parallel into aliquots of a single batch of maize protoplasts (data set 1: Shan1, Miao1 and Dang1) and the experiment was repeated for the Shan and Miao scaffolds several months later (data set 2: Shan2 and Miao2).

All three scaffolds resulted in efficient targeted mutagenesis. The mutation rates within and outside the target range were more different between experiments than between scaffolds (Supp. Table S2, Supp. Fig. S3). Using the ratio of mutations within over outside the target range as an indicator of CRISPR/Cas9 efficiency, the Dong scaffold showed higher insertion and lower deletion frequencies than the Shan and Miao scaffolds, which did not exhibit any reproducible differences. There were no differences between scaffolds for mismatch mutations. A closer look at the type and position of the deletions and insertions revealed a strong increase of a single base deletion at the +1 position for the Dong scaffold (Fig. 4). The frequency remained nevertheless lower than at the usual -1 position. Despite some minor quantitative differences, the overall pattern for other deletions as well as for insertions was quite similar between repetitions and between scaffolds. 

Cas9 variants with relaxed PAM sites work in maize

The recent development of engineered Cas9 proteins with relaxed PAM sequences has alleviated the limitation of the strict NGG PAM sequence of the original SpCas9 system and given access to larger portions of genomes for genome editing. To assess the relative efficiencies of the xCas9 (Hu et al., 2018) and Cas9-NG [START_REF] Nishimasu | Engineered CRISPR-Cas9 nuclease with expanded targeting space[END_REF] variants, we took advantage of the high sequence similarity between the two paralog genes ZmGASSHOa (Zm00001e035023) and ZmGASSHOb (Zm00001e010407) to design a sgRNA that targeted the same string of 20 nt followed by either the canonical NGG PAM in ZmGASSHOb or the alternative NGC PAM in ZmGASSHOa. Protoplast transformation was performed with individual constructs for each Cas9 alternative and resulted in typical small insertions and deletions around the Cas9 cleavage site for both systems. The relative frequencies of given mutation types were very similar in both PAM contexts for xCas9, whereas substantial differences existed for two types (-6 to -3 and -7 to -1) for Cas9-NG (Fig. 5 A,B).

Disappointingly, the mutations at the alternative NGC PAM occurred at an extremely low frequency compared to the canonical NGG PAM for xCas9 (75-fold decrease, Supp. Fig. S4).

The total number of deletions or insertions observed at the alternative NGC PAM was more encouraging for Cas-NG, with a 4.5-fold decrease compared to the canonical NGG PAM (Supp.

Fig. S4). Finally, at the canonical NGG PAM, the efficiency of xCas9 was higher than that of Cas9-NG, with three and five times more deletions and insertions, respectively (Supp. Fig. S4). 
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APOBEC1 C-deaminase permits efficient base editing in maize

Base editing has emerged as an efficient albeit more limited alternative to gene editing by homologous recombination [START_REF] Mishra | Base editing in crops: current advances, limitations and future implications[END_REF]. For C to T editing, two main sources for cytidine deaminases have been successfully used in plants, APOBEC1 from rat [START_REF] Zong | Precise base editing in rice, wheat and maize with a Cas9-cytidine deaminase fusion[END_REF] and CDA1 from sea lamprey [START_REF] Shimatani | Targeted base editing in rice and tomato using a CRISPR-Cas9 cytidine deaminase fusion[END_REF]. In this study the nCas9-PBE (plant base editor) was used, in which the APOBEC1 domain is fused to a Cas9-D10A nickase and an uracil glycosylase inhibitor (UGI). The presence of UGI avoids an abasic site and error-prone repair and favours mismatch repair of the nicked strand (Komor et al., 2016). The target sites were chosen in Zm00001e018755 (ZmICEa) and Zm00001e008118 (ZmZOU/O11), two transcription factors of the bHLH family [START_REF] Grimault | ZmZHOUPI, an endosperm-specific basic helix-loop-helix transcription factor involved in maize seed development[END_REF]Feng and Song, 2018). The goals were to create a STOP codon (Q274/, target 1) and to mutate the only serine predicted in silico to be phosphorylated (S283L, target 2) in ZmICEa, as well as to create a STOP codon (Q355/) in ZmZOU.

Protoplast transformation with individual constructs for each of the three targets (Supp. Table S1) resulted in efficient base editing for the two targets in Zm00001e018755 and moderate base editing for Zm00001e008118 (Fig. 6). C to T transitions were by far the most frequently observed mismatches in the sgRNA binding site of 20 nt. The frequency of other nCas9 induced mismatches was very low, since the considerable background level of mismatches likely caused by errors introduced during PCR and Illumina NGS reactions [START_REF] Schirmer | Insight into biases and sequencing errors for amplicon sequencing with the Illumina MiSeq platform[END_REF] was quite similar within and outside of the sgRNA binding range (Supp.

Fig. S5). Deletions and insertion were respectively one and two orders of magnitude less frequent than mismatches and there was no notable difference between their frequency in the sgRNA binding range and neighbouring regions, indicating that the D10A mutation of the Cas9 efficiently reduced or aborted Cas9-mediated double strand break and subsequent NHEJ.

Deletions were most frequent in homopolymer stretches, likely reflecting Illumina NGS errors.

The frequency of C to T transitions strongly varied with distance from the nCas9 nick site. For example, in the case of Zm00001e018755 (target 2) C to T base editing gradually increased for positions -7, -8, -9 and -13, whereas no substantial base editing occurred at positions -1, -2, -3 and -15 (Fig. 6). Similarly, editing was highest at position -14 for Zm00001e018755 (target 2) and at positions -11 and -13 for Zm00001e008118. No substantial C to T base editing was detected at the other side of the nick (positions +1 to +3) or outside of the sgRNA binding range. The observed editing window from -7 to -14 is in overall agreement with previous work [START_REF] Zong | Precise base editing in rice, wheat and maize with a Cas9-cytidine deaminase fusion[END_REF] despite slightly different boundaries (-9 to -15). 
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Base editing of ZmICEa impacts stomata and plant growth

Stable transformation of the construct aiming at target in ZmICEa (Zm00001e018755) demonstrated the predictive value of protoplast work. All 5 transformation events carried the C to T change at position -13, which was the most frequently observed change in protoplasts (Fig. 6). One of the 5 events contained in addition a double C to T mutation in positions -8 and -9, which corresponded to the next most frequent modifications in protoplasts. More unexpectedly, another of the 5 events also carried a C to G mutation changing the triplet TCA (serine) to a TGA (stop codon), a modification also found in protoplasts but with a much lower frequency.

To assess the phenotypic impact of the loss of the single predicted phosphorylation site in ZmICEa, the corresponding ZmiceaS283L mutant together with the ZmiceaS283/ mutant carrying a stop codon in the same position and an insertional mutant Zmicea::Mu were cultivated in parallel (Fig. 7). At 25 days after sowing (DAS), no notable difference in plant growth was observed for the ZmiceaS283L mutant, whereas the ZmiceaS283/ and Zmicea::Mu mutants were smaller and had less developed root systems than wildtype siblings (Fig. 7A-C).

At 38 DAS (Fig. 7D-F) and 66 DAS (Fig. 7G-I), the ZmiceaS283L mutant continued to grow normally, while mutants ZmiceaS283/ and Zmicea::Mu stopped growth and eventually died.

Observation of leaves on a trans-illuminator revealed that mutants ZmiceaS283/ and Zmicea::Mu had more transparent, paler leaves compared to wildtype and mutant ZmiceaS283L and presented dark green spots in the pale zones (Fig. 7J-L). Leaf imprints indicated more frequent aberrations from the regularly spaced stomata pattern in mutants ZmiceaS283/ and Zmicea::Mu than in wiltype and mutant ZmiceaS283L (Fig. 7M-O). A more detailed analysis of stomata of the Zmicea::Mu mutant showed that they appeared small and abnormally shaped (Supp. Fig. S6). In many cases, even when the stomata looked relatively normal, the aperture of the pore which is formed by separation of the two guard cells, was not fully formed in the mutant (Supp. Fig. S6). To quantify this stomatal phenotype, indexes of normally shaped stomata, abnormally shaped stomata and meristemoids (epidermis cell number per stomata or meristemoid ) on the adaxial face of the third leaf were calculated (Supp. Fig. S6J). A Mann-Whitney U-test revealed statistically significant differences between the wildtype and mutant Zmicea::Mu. Zmicea::Mu plants had 5.5-fold more abnormally

DISCUSSION

We present here an optimised maize protoplast system and an original bioinformatics pipeline to evaluate rapidly the efficiency of CRISPR/Cas9 constructs or of novel Cas9 variants before engaging in time-and resource-consuming stable transformation.

Protoplasts allow rapid evaluation of genome editing tools

A revisited and streamlined protocol for the preparation and transformation of maize leaf protoplasts was used to characterize the type and frequency of the modifications triggered by the CRISPR/Cas9 genome editing tool. The system showed a good repeatability between samples analysed in two independent experiments and the comparison with the type and frequency of the modifications observed after stable transformation with some of the constructs suggested that the results of transient transformation in protoplasts were predictive for ulterior maize transformation.

As expected, the most frequently observed modifications were small indels at the cleavage site of the Cas9 enzyme 3 pb upstream of the PAM site [START_REF] Chen | CRISPR/Cas Genome Editing and Precision Plant Breeding in Agriculture[END_REF]. If most of the time the frequency of the deletions decreased both with their size and the distance of the deletion starting point from the cleavage site, in several cases specific deletions of several bases were strongly overrepresented, suggesting the participation of microhomologymediated end joining (MMEJ) in addition to non-homologous end joining (NHEJ) in the repair of nuclease-mediated double strand breaks leading to targeted mutagenesis.

An obvious limit of the NGS analysis of genome editing events on an Illumina NextSeq500 platform is the read length. Even in pair end mode only PCR products smaller than 300 bp can be fully analysed, restricting the analysis to the vicinity of the target site and excluding the detection of deletions or insertions larger than 300 bp as well as chromosome rearrangements. Large deletions of dozens of kb [START_REF] Ordon | Generation of chromosomal deletions in dicotyledonous plants employing a user-friendly genome editing toolkit[END_REF] and recombination between chromosomes [START_REF] Schmidt | Changing local recombination patterns in Arabidopsis by CRISPR/Cas mediated chromosome engineering[END_REF] have been reported in Arabidopsis, although they remain considerably less frequent than small indels.

For user-friendly analysis of the NGS data, a 7-step bioinformatics pipeline combining existing programs and custom-made Python scripts was developed. A first key point was the choice of the Needleman & Wunsch algorithm for pairwise alignments with the reference sequence to guarantee a systematic alignment over the entire length of the reference sequence and satisfactorily handle the often important size differences between the mutated and reference sequence. The other major asset was the development and provision of a logo that allows to assimilate by a glimpse of the eye the nature, frequency and position of the genome modifications.

sgRNA scaffolds leave little room for improvement

Cas9 is an inherently efficient nuclease leaving little room for improvements. On the other hand, the sgRNA is a biotechnological engineering product raising the question, whether the initial fusion of the crRNA and a normally trans-encoded tracrRNA into a single sgRNA molecule (Jinek et al., 2012) was the optimal solution to form a complex with the Cas9 and to in plants (Shan et al., 2013) with two alternative designs [START_REF] Miao | Targeted mutagenesis in rice using CRISPR-Cas system[END_REF][START_REF] Dang | Optimizing sgRNA structure to improve CRISPR-Cas9 knockout efficiency[END_REF] in the maize protoplast system did not reveal any tangible differences in the efficiency of the three designs. Keeping in mind that more profound changes in the sgRNA scaffold, such as the addition of MS2 hairpins attracting transcriptional activator complexes [START_REF] Chavez | Comparison of Cas9 activators in multiple species[END_REF], also do not seem to notably reduce the efficiency of the system, one may conclude that the sgRNA-Cas9 interaction is rather robust to change.

To increase the overall efficiency of genome editing in maize, other approaches may be more promising, for example the use of the Babyboom/Wuschel system to overcome genotype dependency [START_REF] Lowe | Morphogenic Regulators Baby boom and Wuschel Improve Monocot Transformation[END_REF] and to shorten the duration of in vitro culture steps by the use of somatic embryogenesis [START_REF] Masters | Agrobacterium-Mediated Immature Embryo Transformation of Recalcitrant Maize Inbred Lines Using Morphogenic Genes[END_REF]. Another important consideration frequently neglected is the vectorisation of Cas9. Recent studies underline the importance of optimised promoter-Cas9 and Cas9-terminator junctions for efficient genome editing (Castel et al., 2019) and report a substantial improvement by the introduction of introns in the Cas9 coding sequence [START_REF] Grutzner | High-efficiency genome editing in plants mediated by a Cas9 gene containing multiple introns[END_REF].

Relaxed PAM increases the choice of target sites for genome editing

For the first time, the activity of two Cas9 variants, xCas9 and Cas9-NG, has been assessed in maize. The efficiency of the two enzymes recognising relaxed PAM sites differed in maize protoplasts depending on the type of the PAM sequence. In the case of the canonical NGG PAM, the lower activity of Cas9-NG compared to xCas9 observed here, has been reported before in rice protoplasts [START_REF] Zhong | Improving Plant Genome Editing with High-Fidelity xCas9 and Non-canonical PAM-Targeting Cas9-NG[END_REF] and mammalian cells [START_REF] Nishimasu | Engineered CRISPR-Cas9 nuclease with expanded targeting space[END_REF].

On the other hand, other studies report higher efficiency of Cas9-NG compared to xCas9 on NGG PAM targets in stable Arabidopsis [START_REF] Ge | Engineered xCas9 and SpCas9-NG variants broaden PAM recognition sites to generate mutations in Arabidopsis plants[END_REF] and rice transformants [START_REF] Ren | Cas9-NG Greatly Expands the Targeting Scope of the Genome-Editing Toolkit by Recognizing NG and Other Atypical PAMs in Rice[END_REF]. Consequently, the relative efficiency of xCas9 and Cas9-NG in an NGG PAM context seems to vary, possibly depending on the protospacer context, the species and/or the method of transformation. Our study did not include a wildtype Cas9 for the same target sites, but several studies have shown that it systematically displays higher efficiencies than xCas9 and Cas9-NG on targets with NGG PAM sequence [START_REF] Nishimasu | Engineered CRISPR-Cas9 nuclease with expanded targeting space[END_REF][START_REF] Ge | Engineered xCas9 and SpCas9-NG variants broaden PAM recognition sites to generate mutations in Arabidopsis plants[END_REF]Ren et al., 2019;[START_REF] Zhong | Improving Plant Genome Editing with High-Fidelity xCas9 and Non-canonical PAM-Targeting Cas9-NG[END_REF]. Therefore, native Cas9 remains the system of choice for a targeted mutagenesis aiming at a single 20 nt target followed by NGG.

In the context of the non-canonical NGC PAM, the efficiencies observed here for indel induction at the target site were considerably higher for Cas9-NG than for xCas9. This observation is in agreement with other studies which consistently report higher efficiency of Cas9-NG compared to xCas9 in rice [START_REF] Ren | Cas9-NG Greatly Expands the Targeting Scope of the Genome-Editing Toolkit by Recognizing NG and Other Atypical PAMs in Rice[END_REF][START_REF] Zhong | Improving Plant Genome Editing with High-Fidelity xCas9 and Non-canonical PAM-Targeting Cas9-NG[END_REF], Arabidopsis [START_REF] Ge | Engineered xCas9 and SpCas9-NG variants broaden PAM recognition sites to generate mutations in Arabidopsis plants[END_REF] and tomato [START_REF] Niu | Expanding the scope of CRISPR/Cas9-mediated genome editing in plants using an xCas9 and Cas9-NG hybrid[END_REF] with non-NGG PAMs. The efficiency observed in maize protoplasts for xCas9, at least at the tested alternative CGC PAM site, seems incompatible with routine use in stable maize transformation, despite the fact that a C in the last position of the PAM site is less favourable than a T or A [START_REF] Nishimasu | Engineered CRISPR-Cas9 nuclease with expanded targeting space[END_REF]. In contrast, the frequency for Cas9-NG was more encouraging and it would be interesting to test the system to see if stable maize transformants can be generated at a reasonable rate. In conclusion, Cas9-NG but not xCas9 has the potential to expand the scope of putative targets in the maize genome not only for targeted mutagenesis but also for base or prime editing using a nickase version of the Cas9-NG backbone.

Efficient base editing in maize

C to T base editing with the nCas9-PBE [START_REF] Zong | Precise base editing in rice, wheat and maize with a Cas9-cytidine deaminase fusion[END_REF] in maize protoplasts gave rise to contrasting results for three target sites in ZmICEa (Zm00001e018755) and ZmZOU/O11 (Zm00001e008118), two transcription factors of the bHLH family [START_REF] Grimault | ZmZHOUPI, an endosperm-specific basic helix-loop-helix transcription factor involved in maize seed development[END_REF]Feng and Song, 2018). In ZmICEa, target 1 and target 2 were edited with a high efficiency comparable to targeted mutagenesis. The edits were almost exclusively of the C to T type and limited to a window from positions -7 to -14 counting from the nicking site, which is in agreement with the -9 to -15 window reported previously [START_REF] Zong | Precise base editing in rice, wheat and maize with a Cas9-cytidine deaminase fusion[END_REF]. Furthermore, the relative frequencies of edits observed during transient expression in protoplasts had predictive value for the edits actually found in stable transformants. Stable transformation also demonstrated that rare events in protoplasts may occasionally be found in transgenic maize plants, such as a C to G mutation creating a stop codon in ZmICEa.

Unexpectedly, base editing using the same base editor and identical criteria for sgRNA design was 25 times less efficient for ZmZOU/O11. There is no obvious explanation for this difference, but the situation is reminiscent of targeted mutagenesis of ZmZOU/O11 with an active Cas9, which has so far proven impossible to achieve in our hands, although Chinese colleagues obtained mutant alleles (Feng et al., 2018). One may hypothesize differences in the accessibility of ZmICEa and ZmZOU/O11 for the CRISPR/Cas9 tools, for example related to different degrees of chromatin condensation. It has been shown that chromatin decondensation by Trichostatin A (TSA) can increase the efficiency of CRISPR/Cas9-mediated indel formation in lettuce and tobacco protoplasts [START_REF] Choi | TSA Promotes CRISPR/Cas9 Editing Efficiency and Expression of Cell Division-Related Genes from Plant Protoplasts[END_REF].

The results also highlighted some current limitations of base editing, which remains limited to C and A base editors that act in a narrow window. T and G base editors are needed to complete the tool kit, while variations in the length of the linker between the nCas9 and the base editor domain can give access to other editing windows [START_REF] Tan | Engineering of high-precision base editors for site-specific single nucleotide replacement[END_REF]. Optimised prime editing fusing nCas9 to a reverse transcriptase rather than a base editor is another promising alternative to overcome present limitations [START_REF] Lin | High-efficiency prime editing with optimized, paired pegRNAs in plants[END_REF].

ZmICEa is necessary for stomatal development and plant growth

AtICE1, the founding member of the ICE family, is a bHLH transcription factor involved in three different pathways: cold-tolerance [START_REF] Chinnusamy | ICE1: a regulator of cold-induced transcriptome and freezing tolerance in Arabidopsis[END_REF], stomatal development [START_REF] Kanaoka | SCREAM/ICE1 and SCREAM2 specify three cell-state transitional steps leading to arabidopsis stomatal differentiation[END_REF] and seed development [START_REF] Xing | ZHOUPI controls embryonic cuticle formation via a signalling pathway involving the subtilisin protease ABNORMAL LEAF-SHAPE1 and the receptor kinases GASSHO1 and GASSHO2[END_REF][START_REF] Denay | Endosperm breakdown in Arabidopsis requires heterodimers of the basic helix-loop-helix proteins ZHOUPI and INDUCER OF CBP EXPRESSION 1[END_REF]. In leaves, AtICE1 and AtCRM2 form heterodimers with AtSPEECHLESS, AtMUTE and AtFAMA, three bHLH transcription factors, to regulate stomatal development [START_REF] Kanaoka | SCREAM/ICE1 and SCREAM2 specify three cell-state transitional steps leading to arabidopsis stomatal differentiation[END_REF]. This regulation is conserved in grasses such as Brachypodium [START_REF] Raissig | Grasses use an alternatively wired bHLH transcription factor network to establish stomatal identity[END_REF] and rice [START_REF] Wu | Multiple transcriptional factors control stomata development in rice[END_REF], although the wiring is somewhat modified [START_REF] Nunes | Form, development and function of grass stomata[END_REF]. These data, together with the stomatal phenotype reported in ZmZOU/O11 ectopic expression lines [START_REF] Grimault | ZmZHOUPI, an endosperm-specific basic helix-loop-helix transcription factor involved in maize seed development[END_REF], and the fact that ZmiceaS283/ and Zmicea::Mu mutants showed reduced growth and chlorosis, led us to test whether ZmICEa (Zm00001e018755) plays a role in stomatal development. We found that in Zmicea::Mu mutants, even when the stomata looked relatively normal, the aperture of the pore was not fully formed, a phenotype which is likely to restrict gas exchange potentially leading to the chlorotic leaf phenotype. We also found abnormally shaped stomata similar to those observed in the Osfama-1 mutant [START_REF] Liu | Orthologs of Arabidopsis thaliana stomatal bHLH genes and regulation of stomatal development in grasses[END_REF]. Our data suggest that, contrary to AtICE1 which, redundantly with AtSCRM2, is necessary throughout stomatal development, ZmICEa could be specifically and nonredundantly be required during the last steps of stomatal differentiation. It would be interesting to test the physical interactions of ZmFAMA with ZmICEa in order to see whether this apparently specific late role reflects a specific protein binding affinity.

The absence of a strong stomatal phenotype in the ZmiceaS283L mutant, where base editing prevents the predicted phosphorylation of the serine residue, may be explained either by the fact that this phosphorylation is not indispensable for ZmICEa to fulfill its role in stomatal development, or by a stabilization of ZmICEa in the absence of phosphorylation, leading to a gain-of-function rather than loss-of-function phenotype similarly to what has been reported for the semi-dominant Atice1-1/AtScrm-D allele [START_REF] Chinnusamy | ICE1: a regulator of cold-induced transcriptome and freezing tolerance in Arabidopsis[END_REF].

MATERIALS AND METHODS

Plant material and growth conditions

The maize (Zea mays) inbred line A188 and derived transgenic or edited plants were grown in 15 m 2 growth chambers that fulfil the French S2 safety standards for the culture of transgenic plants. The photoperiod consisted of 16 h light and 8 h darkness in a 24 h diurnal cycle. Temperature was set to 24°C/17°C (day/night) during the first 3 months after sowing and then to 28°C/28°C for the remaining month of the life cycle. The relative humidity was controlled at 55% (day) and 65% (night). Seeds were germinated in 0.2 L of Favorit MP Godets substrate (Eriterre, Saint-André-de-Corcy) and transferred after 2 weeks to 8 L of Favorit Argile TM + 20% perlite substrate (Eriterre, Saint-André-de-Corcy) supplemented with 50 ml of Osmocote Exact Hi.End 5-6M (15-9-12+2MgO+TE) fertilizer (Scotts, Écully). All plants were propagated by hand pollination.

Protoplast extraction and transformation

Maize protoplast extraction and transformation were performed with a protocol adapted from [START_REF] Wolter | Characterization of paired Cas9 nickases induced mutations in maize mesophyll protoplasts[END_REF] with line A188. Briefly, 12-15 days old seedlings were grown in soil with a 16 h photoperiod and the youngest fully expanded leaves of 4 healthy plants were transferred into a 94 mm Petri dish with 15 ml of enzyme mix (0.6 mannitol, 10mM MES pH 5.7, 1.5% w/v Cellulase R-10, 0.75% w/v Macerozyme R-10, 0.1% w/v Pectolyase Y-23, 10mM CaCl2, 0.1% v/v BSA) and cut in 1 mm stripes parallel to the midrib. The stripes were arranged in a monolayer and vacuum infiltrated at -500 mbar for 30 min in the dark at room temperature followed by incubation at 26°C with shaking (20 rpm) for 4 h.

The protoplasts were filtered through a 70 µm cell strainer, collected by centrifugation at 100 g and resuspended in 2 ml W5 buffer (154 mM NaCl, 125 mM CaCl2, 5 mM KCl, 2 mM MES pH 5.7). The protoplasts were layered on a sucrose cushion (Banks and Evans, 1976) and centrifuged for 10 min at 200 g to eliminate cell debris. The protoplasts were washed in four times their volume of W5, centrifuged for 5 min at 100 g, resuspended in W5 and put on ice for 30 min. In the meantime, the protoplasts were counted, usually yielding 3-4 x 10 6 cells.

The protoplasts were centrifuged at 100 g for 5 min and resuspended in MMG buffer (0.4 M mannitol, 15 mM MgCl2, 4 mM MES pH5.7) to a 2,5 x 10 6 cells ml -1 density.

Each transformation was performed in 2 ml Eppendorf tubes adding the three following solutions in that order: 500.000 cells (200µl), 1,62 x 10 23 copies of plasmid DNA and 250 µl PEG solution (40% w/v PEG 4000, 0.2 M mannitol, 0.1 M CaCl2) and mixing gently but thoroughly. After 15 min of incubation in the dark at room temperature, 800 µl of W5 was added and the tubes were centrifuged for 3 min at 100 g. The pellet was resuspended in 2 ml W5 and the protoplasts were transferred in 24 wells cell culture plates and incubated for 48 h at 26°C in the dark.

The protoplast transformation efficiency was calculated by dividing the number of cells expressing GFP (parallel transformation with GFP expressing control plasmid L1036) by the total number of viable cells using an Axio Imager M2 fluorescence microscope (Zeiss).

Protoplasts were pelleted for 3 min at 100 g and the pellets stored at -80°C.

DNA extraction and amplification

DNA extractions were performed with a Biosprint 96 robot (Qiagen) and a DNeasy 96 plant kit (Qiagen). The gene-specific parts of the primers (Supplemental Fig. S2) and melting temperatures used to amplify the target regions around the CRISPR/Cas9 binding site with Phusion™ High-Fidelity DNA Polymerase (Thermo Scientific) are indicated in Supplemental Table S1.

Library construction and sequencing

Protoplast PCR products spanning the CRISPR/Cas9 target site and carrying tails with homology to NGS adapters (Supplemental Fig. S1) were gel purified, cleaned with the NucleoSpin Gel and PCR Clean-up kit (Macherey Nagel) and quantified with the Qubit dsDNA high-sensitivity assay (Thermo-Fischer). Libraries were constructed with Index5/Index7 adapters, quality controlled with a High Sensitivity D1000 ScreenTape Assay on an Agilent Tapestation and sequenced in multiplex (12 libraries) with a NextSeq 500/550 Mid Output v2 kit (300 cycles) on an Illumina NextSeq500 platform in pair end mode.

NGS analysis

Software of the Illumina NextSeq500 platform was used to assign raw sequence reads to libraries based on the indexes and to trim the NGS adapters. For subsequent analysis, a 7 step bioinformatics pipeline mixing existing programs and custom-made scripts was built (Fig. 2, https://gitbio.ens-lyon.fr/rdp/crispr_proto_maize). In the first step the pair end reads were assembled with PEAR software (version 0.9.10). The assembled reads were quality checked and trimmed with fastQC (version 0.11.7) and fastq-mcf (version 1.04.676). To avoid problems in downstream sequence alignments, sequences containing one or several N after this step (on average 0.02% of the output) were eliminated from further analysis despite their overall acceptable quality. For the third step of the pipeline a specifically developed python program was used to trim the 5 nt tags at both extremities of the sequence and to add their sequence to the sequence name. This program then grouped together identical sequences, counted their occurrence and adjusted this count if not only the sequences but also the tags were identical, i. For each target site are presented on the top the logo of the fragment amplified for NGS and on the bottom a table indicating the number and type of mutations for every position of the 20 nt target sequence (red) and the 10 nt upstream and downstream. In the Supplemental Table S2. Metrics of NGS analysis Supplemental Table S3. Mutations obtained in sweet14a/14b and sweet15a stable transformants.

Mutagenesis events at sgRNA1 target in SWEET14a

Mutagenesis events at sgRNA2 target in SWEET14a

Mutagenesis events at sgRNA1 target in SWEET14b

Mutagenesis events at sgRNA2 target in SWEET14b

Mutagenesis events at sgRNA1 target in SWEET15a

Type of mutation During the course of the experiments we observed that:

-the histochemical signal produced by the fusion of the promoter of an EAS marker gene (ZmSCL49) to the GUS reporter gene, is an efficient way of tracking the EAS over time;

-in the kernel, the GUS signal (ZmSCL49 promoter) is not only present the EAS but also in other tissues where PCD has been previously reported;

-the ultrastructure of EAS cells closest to the embryo is in some ways characteristic of PCD.

-cell wall material of crushed EAS cells accumulates at the embryo/endosperm interface over time in presence but not in absence of an embryo;

From these observations, we can conclude that:

-the EAS has a dynamic behavior that follows embryo progression from 9 to 20 DAP -PCD is part of the developmental program of EAS cells -the EAS has to be in perpetual renewal to fulfill its role

In order to take advantage of these methods, further experiments could include:

-crossing the pZmSCL49::GUS plants with mutants affecting the EAS to test whether the mutations affects the EAS establishment and/or identity;

-the cloning of a "suicide" gene under the promoter of ZmSCL49 in an attempt to suppress the EAS and check for any developmental defects in maize kernels;

-the combination of calcofluor and TUNEL (PCD marker) staining to assess the synchronization of PCD events and the beginning of cell crushing;

-performing TEM imaging on seeds without embryos and document the aspect of the embryo/endosperm interface.

The development of a genetic tool allowing the tracking of the EAS combined with cytological analysis of the dynamics of the EAS will provide a better understanding of the mechanisms underlying EAS establishment and maintenance.

Conclusions to the study of ZmSWEET14a and ZmSWEET14b

Two putative sucrose transporters, ZmSWEET14a and ZmSWEET14b preferentially expressed at the embryo/endosperm interface, were identified and their functional characterization was initiated by investigating the metabolic profiles of double homozygous mutant kernels.

During our investigations we made the following observations:

-ZmSWEET14a and ZmSWEET14b are both preferentially expressed in the EAS; -ZmSWEET14a and ZmSWEET14b fall into the clade III of the SWEET transporter family.

All clade III SWEETs characterized so far transport sucrose;

-mutations in both ZmSWEET14a and ZmSWEET14b generated with CRISPR/Cas9 technology are heritable and disrupt conserved protein domains;

-zmsweet14a/zmsweet14b double homozygous mutants do not have a macroscopic kernel of plant phenotype;

-kernel sugar homeostasis is disturbed in zmsweet14a/zmsweet14b double homozygous mutants;

-the EAS from wild-type plants has a distinct metabolic landscape compared to the starchy endosperm.

These observations lead to the following conclusions:

-ZmSWEET14 and ZmSWEET14b are sucrose transporters involved in sucrose partitioning within the maize kernel;

-the absence of a strong macroscopic phenotype most likely results from functional redundancy, likely with ZmSWEET15a;

-given its transcriptomic and metabolic landscapes, the EAS plays a distinct role from the starchy endosperm during seed development;

-CRISPR/Cas9 technology is now well established in maize and can be used routinely for targeted mutagenesis.

In the aim to go further in the characterization of ZmSWEET14a and ZmSWEET14b, it would be interesting to:

-confirm the predicted targeting of ZmSWEET14a and ZmSWEET14b to the plasma membrane by fusing them to a fluorescent reporter and perform confocal microscopy on transiently transformed N. benthamiana leaves;

-perform efflux and influx assays in heterologous systems to confirm the substrate specificity and bidirectionality of transport of ZmSWEET14a and ZmSWEET14b;

-check the spatial distribution of sucrose on physical maps of mutant kernels thanks to a collaboration with the Rolletschek lab in Gatersleben (Germany).

-test how sucrose transport is affected in mutant kernels by 13 C isotope feeding -perform qRT-PCR experiments of zmsweet14a/zmsweet14b kernels to check if the expression of other clade III SWEETs is increased in the absence of ZmSWEET14a and ZmSWEET14b.

-generate single cell transcriptomes among the several cell layers of the EAS in order to determine the precise location of ZmSWEET14a and ZmSWEET14b preferential expression

The combination of biochemical analyses, transport assays, cytological characterization and spatial imagery will increase our knowledge on sugar transport, in general, and the function of SWEET transporters, in particular, during maize seed development.

Conclusions to the study of ZmUMAMIT2a and ZmUMAMIT2b

We identified two putative amino acid transporters, ZmUMAMIT2a and ZmUMAMIT2b, preferentially expressed in the EAS and investigated their putative function through biochemical analysis in double homozygous mutant kernels and transport assays in a heterologous system.

During our investigations we made the following observations:

-ZmUMAMIT2a and ZmUMAMIT2b are preferentially expressed in the EAS; The further functional characterization of zmumamit2a/zmumamit2b with metabolic analysis, cytological analysis, and isotope tracing would generate additional evidence on the role of these transporters and validate their implication in amino acid partitioning within the maize seed.

Conclusions to the study of new genome editing tools in maize protoplasts

A workflow allowing us to quickly test the efficiency of emerging genome and base editing techniques in maize was set-up. This workflow relied on maize protoplasts transformation, NGS sequencing and bioinformatic data processing.

With this set-up we observed that:

-protoplast transformation coupled to NGS sequencing gives a deep insight in CRISPR/Cas9 mutational landscape;

-sgRNA efficiency in maize protoplasts mirrors efficiency in stable transformation;

-the tested variations in sgRNA scaffolds do not have an effect on sgRNA efficiency;

-base editing can be achieved in maize;

-Cas9 variants (Cas9-NG, xCas9) are able to generate mutations in maize.

From these observations we can conclude that:

-this workflow is reliable, can predict the efficiency of new constructs and could be used routinely;

-base editing can be implemented in maize when more finely tuned mutations are required instead of knock-out mutations -Cas9 variants offering more flexibility in sgRNA design are a good alternative to the classical SpCas9.

Future improvements of the workflow and future tests of upcoming alternatives to existing CRISPR/Cas9 tools could include:

-adding a constitutive GFP cassette to the vectors used to have an internal calibration of protoplast transformation efficiency;

-comparing several versions of prime editing for their efficiency in maize -testing the efficiency of PAM-less editing tools in maize Although no routine use for every single transformation construct is envisaged, the protoplast tool allows to save time and money when assessing new CRISPR/Cas9 tools or solutions for recalcitrant genes.

Concluding remarks

This project was a valuable experience that allowed me to gain hands-on experience on genome editing techniques that are progressively transforming the way we tackle some biological questions not only in plants but in many biological models. Learning sgRNA design, maize genetic transformation, and CRISPR-Cas9-mediated mutation analysis is a great addition to my monocotyledonous transformation expertise that was initiated by previous work experiences on Brachypodium distachyon and barley (Hordeum vulgare) at INRAE Versailles.

I particularly appreciated the freedom that was offered to me regarding the selection of candidate genes in § 2.3.1 (Table 3). My choices were validated following discussions with Peter Rogowsky and Thomas Widiez as well as with the members of my thesis committee. This was an excellent form of training for my decision-making skills.

Although the absence of strong macroscopic phenotype for umamit and sweet mutants was disappointing at first, the preliminary results showing disturbed seed metabolic profiles is

encouraging and potentially open the door to projects aiming to control seed nutrient composition without affecting yield. Moreover, all the CRSIPR-Cas9-mediated genetic diversity created during this project could be useful for the scientific community in the future.

Finally, the time spent working on the CRISPR-Cas9 system and its variants has raised my interest on its use in modern agriculture, and how such crops should be regulated. There is already a significant number of CRISPR-related patents for plant breeding, and considering the tremendous potential of this technology, this number can only increase in the coming years.

My next project is to work at the interface between the scientific community and the regulatory agencies, offering my expertise in biotechnology to help bringing new ideas to concrete applications.

Introduction

Maize has a dual role, being a major crop species and a model species in genetics. Genome edited waxy maize characterized by modified starch composed entirely of amylopectin was one of the first crops edited using CRISPR-Cas9 technology that obtained clearance to be cultivated and sold without GM-type oversight by the US Department of Agriculture [START_REF] Waltz | CRISPR-edited crops free to enter market, skip regulation[END_REF]. This example illustrates the intense interest in the potential of CRISPR-Cas9 technology for both applied and fundamental research. The starch industry has appreciated waxy maize for decades, because the absence of amylose makes starch easier to process. Although the waxy trait is not novel, CRISPR-Cas9 technology allowed the direct creation of waxy deletions in elite lines over one or two generations, avoiding time consuming backcrosses and genetic drag experienced with conventional introgression [START_REF] Cigan | Waxy corn[END_REF].

In fundamental research, understanding the contribution of genes to phenotypic traits in maize has been a challenge for many decades. By comparing a standard (wild-type) to a mutant, the contribution of a genetic sequence to a biological process can be assessed. Although a large number of natural maize mutants exist, increasing their diversity through mutagenesis has been a long term goal [START_REF] Candela | The art and design of genetic screens: maize[END_REF]. For example, the original waxy mutation discovered in 1909 [START_REF] Collins | A new type of Indian corn from China[END_REF] has been joined over time by hundreds of additional alleles reflecting emerging mutagenesis tools. In the sixties, mutagenesis induced by the chemical agent ethyl methanesulfonate (EMS) was popular and allowed the generation of an allelic series at the Waxy locus with different levels of residual amylose [START_REF] Briggs | Genetic Recombination with Ethyl-methanesulphonateinduced Waxy Mutants in-Maize[END_REF]. A few years later irradiation mutagenesis, which preferentially creates deletions rather than point mutations helped to generate true loss-of-function mutants that are more informative for functional genetics [START_REF] Amano | Comparison of ethyl methanesulfonate-and radiation-induced waxy mutants in maize[END_REF]). With the advent of molecular biology, transposon mutagenesis was developed, since transposon insertions could be easily localized in the genome. The cloning of the Waxy gene by transposon tagging was a prime example for the success of this strategy [START_REF] Shure | Molecular identification and isolation of the Waxy locus in maize[END_REF]. Lately, over the past few years CRISPR-Cas9 technology has emerged as an appreciated alternative to sequenced indexed mutant collections [START_REF] Settles | Sequence-indexed mutations in maize using the UniformMu transposon-tagging population[END_REF][START_REF] Vollbrecht | Genome-wide distribution of transposed Dissociation elements in maize[END_REF], mainly because these collections do not saturate the maize genome, and because CRISPR-Cas9 technology can be targeted.

In contrast to random mutagenesis tools, which require the molecular screening of large mutagenized populations to find a mutation in a given gene, targeted mutagenesis of a gene gives ready access to a specific mutant and its phenotype, but has been a major challenge. It has been made possible by the development of techniques inducing double strand breaks (DSB) of genomic DNA at a predetermined site (Puchta and Fauser 2014). DSB are then repaired by one of several cellular repair mechanisms that can be non-conservative and can therefore lead to mutations at the desired location. The most frequent repair process in plants is Non Homologous End Joining (NHEJ), during which a DNA ligase joins the damaged strands, and which can be classified as either classical NHEJ or alternative NHEJ, also known as Microhomology Mediated End Joining (MMEJ) [START_REF] Lieber | The mechanism of double-strand DNA break repair by the nonhomologous DNA end-joining pathway[END_REF]. Classical NHEJ primarily induces the insertion or deletion of a low number of nucleotides, whereas MMEJ generally leads to larger deletions [START_REF] Mcvey | MMEJ repair of double-strand breaks (director's cut): deleted sequences and alternative endings[END_REF]Puchta and Fauser 2014). DSB can also be repaired by homologous recombination (HR), which can also be classified into two classes: conservative and non-conservative. Non-conservative HR, called single strand annealing, occurs if a repeated sequence of more than 30 nucleotides is present upstream and downstream of the DSB [START_REF] Mcvey | MMEJ repair of double-strand breaks (director's cut): deleted sequences and alternative endings[END_REF]. The presence of these repeated sequences renders single strand annealing very efficient for mutagenesis, as it repairs up to 1/3 of the DSB and can generate large deletions [START_REF] Siebert | Efficient repair of genomic double-strand breaks by homologous recombination between directly repeated sequences in the plant genome[END_REF]Steinert et al. 2016).

Conservative HR is of particular interest because it can be used for the replacement or the insertion of a sequence of interest, present on an extra chromosome, at the desired genomic locus. However, although the presence of DSB increases the efficiency of conservative HR, this remains two orders of magnitude lower than that of NHEJ (Steinert et al. 2016).

Inducing a DSB at a predetermined site in the genome requires both the recognition of the target sequence and the cleavage of the DNA, hitherto achieved using endonucleases. Several technologies have been developed to direct endonucleases to sequences of interest, either by engineering the DNA binding domains of naturally occurring meganucleases [START_REF] Choulika | The yeast I-Sce I meganuclease induces site-directed chromosomal recombination in mammalian cells[END_REF] or by linking modular DNA-binding domains such as zinc finger [START_REF] Bibikova | Enhancing gene targeting with designed zinc finger nucleases[END_REF][START_REF] Porteus | Gene targeting using zinc finger nucleases[END_REF][START_REF] Shukla | Precise genome modification in the crop species Zea mays using zinc-finger nucleases[END_REF] or Transcription Activator-Like Effector (TALE) domains [START_REF] Christian | Targeting DNA double-strand breaks with TAL effector nucleases[END_REF] to endonuclease domains such as FokI. All three technologies have been successfully implemented in maize [START_REF] Bibikova | Enhancing gene targeting with designed zinc finger nucleases[END_REF][START_REF] Porteus | Gene targeting using zinc finger nucleases[END_REF][START_REF] Shukla | Precise genome modification in the crop species Zea mays using zinc-finger nucleases[END_REF][START_REF] Gao | Heritable targeted mutagenesis in maize using a designed endonuclease[END_REF][START_REF] Liang | Targeted Mutagenesis in Zea mays Using TALENs and the CRISPR/Cas System[END_REF][START_REF] Char | Heritable site-specific mutagenesis using TALENs in maize[END_REF]. In 2013, the adaptation of the bacterial immune system CRISPR-Cas9 of Streptococcus pyogenes offered a novel type of technology in which the recognition of the DNA was not due to a protein domain but to a short guide RNA (sgRNA) that forms an active complex with the Cas9 protein (Jinek et al. 2012;[START_REF] Cong | Multiplex Genome Engineering Using CRISPR/Cas Systems[END_REF][START_REF] Nekrasov | Targeted mutagenesis in the model plant Nicotiana benthamiana using Cas9 RNA-guided endonuclease[END_REF]Shan et al. 2013). The sgRNA is composed of 20 nucleotides which are homologous to the genomic region targeted, followed by a short hairpin RNA (shRNA), also referring to scaffold RNA. Within the genome the 20 targeted nucleotides should be followed by a protospacer adjacent motif (PAM) composed of the nucleotides NGG. DSB induced by Cas9 are generally located three base pairs upstream of the PAM site. The ease of design and low cost explain the rapid success of this user friendly and efficient technology in a wide range of organisms including plants.

In the last five years, CRISPR-Cas9 technology has been successfully adapted to maize. For the introduction of the CRISPR-Cas9 machinery, direct DNA transfer to protoplasts [START_REF] Liang | Targeted Mutagenesis in Zea mays Using TALENs and the CRISPR/Cas System[END_REF]Xing et al. 2014), particle bombardment of immature embryos (Xing et al. 2014;[START_REF] Svitashev | Targeted Mutagenesis, Precise Gene Editing, and Site-Specific Gene Insertion in Maize Using Cas9 and Guide RNA[END_REF]Feng et al. 2016;Zhu et al. 2016) and Agrobacterium-mediated transformation of immature embryos (Xing et al. 2014;[START_REF] Svitashev | Targeted Mutagenesis, Precise Gene Editing, and Site-Specific Gene Insertion in Maize Using Cas9 and Guide RNA[END_REF]Feng et al. 2016;Zhu et al. 2016;[START_REF] Char | An Agrobacterium-delivered CRISPR/Cas9 system for high-frequency targeted mutagenesis in maize[END_REF]) have been used. Protoplast experiments serve mainly for the evaluation of the efficiency of different sgRNA designs, since there is presently no protocol for the regeneration of maize plants from protoplasts. Biolistics avoid the use of Agrobacterium, which is regulated in certain countries since it is a plant pathogen. Agrobacterium-based stable transformation and subsequent elimination of the CRISPR-Cas9 casette by backcross nonetheless remains the most widely used method. The transfer is almost exclusively based on DNA molecules encoding Cas9 and the sgRNA but the bombardment of Cas9 expressing plants with sgRNA (Xing et al. 2014;[START_REF] Svitashev | Targeted Mutagenesis, Precise Gene Editing, and Site-Specific Gene Insertion in Maize Using Cas9 and Guide RNA[END_REF]Feng et al. 2016;Zhu et al. 2016) and of wild-type plants with pre-assembled Cas9-sgRNA ribonucleoproteins (RNP), have also been reported [START_REF] Svitashev | Genome editing in maize directed by CRISPR-Cas9 ribonucleoprotein complexes[END_REF]. Multiplexing with more than one guide RNA in a single construct is of particular interest in maize due to the lengthy and not very efficient transformation protocol. Two techniques have been developed: one based on a multi-guide RNA activated by a single promoter and processed by tRNA motif-mediated self-cleavage into several sgRNAs, and another based on tandem repeats of different U3 and U6 promoters each controlling one guide RNA [START_REF] Qi | High-efficiency CRISPR/Cas9 multiplex gene editing using the glycine tRNA-processing system-based strategy in maize[END_REF][START_REF] Char | An Agrobacterium-delivered CRISPR/Cas9 system for high-frequency targeted mutagenesis in maize[END_REF]. As expected, the mutations resulting from targeted mutagenesis were mainly deletions or insertions of a few nucleotides probably due to classical NHEJ. Larger deletions of more than 10 bases, potentially resulting from an MMEJ repair, have also been reported but are less frequent (Xing et al. 2014;[START_REF] Svitashev | Targeted Mutagenesis, Precise Gene Editing, and Site-Specific Gene Insertion in Maize Using Cas9 and Guide RNA[END_REF]Feng et al. 2016;Zhu et al. 2016). Furthermore, true genome editing, i.e. the predetermined modification of an allele based on a repair matrix carrying the desired mutation by HR (Xing et al. 2014;[START_REF] Svitashev | Targeted Mutagenesis, Precise Gene Editing, and Site-Specific Gene Insertion in Maize Using Cas9 and Guide RNA[END_REF]Feng et al. 2016;Zhu et al. 2016) and the replacement of a promoter has also been achieved in maize [START_REF] Svitashev | Targeted Mutagenesis, Precise Gene Editing, and Site-Specific Gene Insertion in Maize Using Cas9 and Guide RNA[END_REF][START_REF] Shi | ARGOS8 variants generated by CRISPR-Cas9 improve maize grain yield under field drought stress conditions[END_REF]).

Here we describe the CRISPR-Cas9-based mutagenesis of 20 maize genes selected for their putative implication in maize kernel development. The mutagenesis efficiency, the type of mutations obtained, the simultaneous knockout of tightly genetically linked genes and the rate of transmission to the next generation will be addressed.

Results

Multi-sgRNA plasmids for single and multiple gene editing

In order to carry out single or multiple gene mutagenesis using CRISPR-Cas9 technology in maize, two types of vectors were used. The first type was designed in-house and will be named RDP vectors hereafter (Fig. 1). The final construct typically contains two guide RNAs and is built by combining derivatives of the initial plasmids L1609 and L1611 (Fig. 1) by restriction and ligation. L1609 is a binary vector containing a T-DNA suitable for Agrobacterium-mediated maize transformation, which encompasses a plant selection marker conferring resistance to the Basta® herbicide and a Cas9 coding sequence driven by the maize ubiquitin promoter, which is active in most plant tissues [START_REF] Christensen | Ubiquitin promoter-based vectors for high-level expression of selectable and/or screenable marker genes in monocotyledonous plants[END_REF]. The specific 20-nt sequence that will hybridize with the target site in the genome and thus guide the Cas9 complex to the gene(s) of interest, is inserted between the Oryza sativa U3 (OsU3) promoter and the shRNA (Fig. 1). The other initial plasmid L1611 allows the cloning of a second 20-nt targeting sequence between the TaU6 (Triticum aestivum U6) promoter and a shRNA. The sub-cloning of this TaU6::sgRNA cassette into the modified L1609 plasmid leads to the generation of the final RDP vector with two sgRNAs (Fig. 1). The second type of CRISPR-Cas9 vector used was derived from the Gateway® compatible plasmid pGW-CAS9 developed by Iowa State University [START_REF] Char | An Agrobacterium-delivered CRISPR/Cas9 system for high-frequency targeted mutagenesis in maize[END_REF] and will be referred to as Iowa vectors hereafter. Two to four sgRNA cassettes flanked by attL sites were entirely synthetized prior to recombination into pGW-CAS9.

Both the RDP and Iowa vectors used in this study contain multi guide RNAs, allowing the targeting of several genes with a single construct. We also designed multi-target 20 nt sequences, targeting up to 10 loci in the genome with one sgRNA, allowing for example to target paralogous genes (Online Resource 1). In our functional genetics approaches, we targeted the coding sequence to increase the likelihood of generating loss-of-function mutations. Four main strategies for sgRNA design were employed to achieve different types of gene knock-out(s) (KO) (Fig. 2 andTable 2): (1) targeting two unique, non-related genes with a single guide RNA each, (2) targeting a unique gene with two guide RNAs, (3) targeting paralogs with a single or multiple guide RNAs and (4) targeting a unique gene with four guide RNAs.

Different types of mutations are created using multi guide RNAs strategies

A total of 20 genes were targeted with different RDP or Iowa vectors (Table 1). After stable transformation of maize immature embryos, DNA was extracted from young leaves of transgenic T0 plants to assess the type and frequency of the mutations generated. Based on PCR amplification of the target site, and subsequent Sanger sequencing, at least one mutant allele was obtained for 18 of the 20 genes. All edited alleles are summarized in Table 1.

For genes targeted by a single guide RNA (strategies 1 and 3 in Fig. 2), a total of 56 mutations were generated in 13 genes (top section of Table 1). With the exception of one guide RNA targeting GRMZM2G352274, all other guide RNAs gave rise to new alleles, ranging from one to 12 different alleles (in the case of GRMZM2G089517). In this context it should be noted that the number of alleles does not reflect mutation efficiency, since transformation rates varied over time and not all transformation events were carried to the plantlet stage, and also because identical mutations could be generated independently in different plants. The mutations generated were predominantly (82%, 46/56) small indels, defined as short (<10 bp) insertions or deletions or mixtures of both (Table 1). As expected the vast majority of these indels occurred 3 bp upstream of the PAM sequence, the position where the Cas9 nuclease cleaves double stranded DNA [START_REF] Zuo | Cas9-catalyzed DNA Cleavage Generates Staggered Ends: Evidence from Molecular Dynamics Simulations[END_REF]. Less frequently (14%, 8/56), larger deletions (>10 bp) were observed, the largest one observed reaching 136 bp (Table 1). Interestingly, the majority of these larger deletions concerned a single gene, GRMZM2G089517, in which 6 of the 8 larger deletions were found. In addition, two substantial insertions (10 bp and 11 bp) of unrelated DNA occurred in this gene, both accompanied by the deletion of a few nucleotides, as well as three classical indels (Table 1). This atypical example suggests that a specific gene context may influence the type of mutations generated, possibly by favouring a particular repair mechanism. However, in the case of GRMZM2G089517 it was not possible to implicate a specific mechanism with certainty, since the start and end points were not shared between the large deletions and since a search for repeated nucleotides did not detect obvious microhomologies in proximity to the cutting site. Lastly, two other types of mutations were observed only once. The first, which again concerns the atypical GRMZM2G089517 gene, consists of a substitution of two nucleotides on either side of the PAM site, for which it is difficult to provide a mechanistic explanation (Table 1). The second atypical mutation was found in GRMZM2G046086, in which 35 bp next to the putative cutting site were substituted by an insertion of 62 bp (Fig. 3 andTable 1). This insertion comprises an adenine nucleotide plus 61 nucleotides corresponding to a stretch of intergenic DNA region found 602 bp downstream of the putative cutting site (Fig. 3). Interestingly, this 61 bp intergenic sequence is still present at the original location in the two alleles of the T0 plant, indicating that it was duplicated to create this atypical mutation.

We next analysed the 6 genes that had been targeted by two guide RNAs concomitantly (strategy 2 in Fig. 2). The rationale behind this strategy was to increase the probability of success with a single construct, since a mutation at either target site would be sufficient for loss-of-function. In the ideal case the two guide RNAs, spaced between 40 bp and 100 bp apart, would induce deletions of a predictable size that could be easily detected by simple PCR in agarose gels and avoid the Sanger sequencing step to detect and follow the mutant allele. A total of 27 mutations were generated in 4 of the 6 genes, whereas neither deletions between the two cleavage sites nor other mutations were obtained for GRMZM2G040095 and GRMZM2G035701. There were no obvious reasons for the two failures, since the sgRNA design followed the same rules as for the 4 successful constructs. More intriguingly, the two sgRNA for GRMZM2G035701 (failure) were actually present on the same construct and in the same plants as the two sgRNA for GRMZM2G149940 (success). The large majority of the mutations identified (78%, 21/27) did not involve a deletion between the two guide RNA targets, but were caused by indels or larger deletions at one (74%, 20/27) or both target sites (4%, 1/27) (Table 1). Clear preferences for one of the two target sites were noted in all four cases and likely reflect differences in mutation efficiency or target site accessibility. Only 22% (6/27) of mutations harboured deletions of the region located between the two target sites (Table 1). In only one case (GRMZM2G049141) the 100 bp deletion corresponded exactly to the zone between the two putative cleavage sites. Regarding the other five deletions, small indels at one or both target sites either caused deletions that were slightly smaller (GRMZM2G039538 and GRMZM2G363552) or slightly larger (GRMZM2G049141) than the expected size (Table 1). In summary, it was possible to generate deletions in regions between two guide RNAs. However, the exact size of the deletion was variable and deletions between two target sites were less frequent than indels generated by the action of an individual guide RNA.

Lastly, a vector with four guide RNAs was designed to target a unique gene (strategy 4 in Fig. 2). Three guide RNAs gave rise to mutations in GRMZM2G471240, which were all of the indel type (Table 1). No deletions between the four target sites were observed.

Mutation efficiency

In total 28 guide RNAs were expressed in plants, 20 using RDP vectors, and 8 using Iowa vectors. Three guides targeted two genes in conserved regions. Among them, 22 resulted in at least one mutation and 6 did not induce any sequence change in the analysed plants (Table 2). For RDP vectors, 17 guide RNAs induced at least one mutation and three did not generate a mutation. For Iowa vectors, the proportion of unsuccessful guides was higher (3/8) but this result should be interpreted with caution because considerably fewer transformation events were obtained when using Iowa vectors in our conditions. This was certainly due to the nonoptimal combination of our Agrobacterium strain LBA4404 (pSB1) and the binary vector, and more precisely an incompatibility between the origins of replication of pSB1 and pGW-Cas9 [START_REF] Char | An Agrobacterium-delivered CRISPR/Cas9 system for high-frequency targeted mutagenesis in maize[END_REF].

Bi-allelic mutations, meaning that alleles on both the maternal and paternal chromosomes carried mutations, were detected in 19% (16/83) of the mutated plants, and more precisely in 18% (13/74) of the mutants obtained with RDP vectors and in 33% (3/9) of the mutants generated with Iowa vectors (Table 2).

Mutation efficiency was calculated as the number of transformation events harbouring at least one mutation as a proportion of all transformation events obtained for a given guide RNA (Table 2). Although this number may be somewhat influenced by differences in the accessibility of certain targets, for example due to chromatin differences between centromeric and telomeric chromosome regions, or by competition between guide RNAs in the plants that produced more than one guide, it was clear that mutation efficiency was very variable despite similar rules for guide RNA design (Table 2). Concerning the promoter used to drive guide RNA expression in the RDP vectors, mutations were obtained using both the OsU3 and the TaU6 promoter. Averaging the percentages for each promoter, a higher overall mutation efficiency was observed with the TaU6 promoter (65%) as compared to the OsU3 promoter (39%) (Table 2). Using the same approach, a slightly higher efficiency was noted when the 20-nt target and the NGG were chosen on the coding (+) strand (58%) compared to the noncoding (-) strand (48%) (Table 2). Finally, the mutation efficiency was not strongly correlated to the overall GC content of the 20 nt targeted sequence (r=0.31, Table 2).

Although the sample number (3 cases) in which 1 guide RNA was used to target two paralogous genes precluded a quantitative analysis, the mutation efficiency seemed to be in the same range for both target genes with 63%/88% for the first (GRMZM2G039538/GRMZM2G363552), 25%/25% for the second (GRMZM2G039538/GRMZM2G363552) and 75%/50% for the third guide RNA GRMZM2G140302/GRMZM2G046086) (Table 2). Our results on the first two case suggests that the difference in mutagenesis efficiency between two guide RNAs targeting the same gene was more important than the difference between the mutagenesis efficiency for a single guide RNA targeted the two paralogs.

Transmission of edited genes to the next generation

Mutations must be present in germinal cells in order to be passed on to the next generation. We therefore tested whether mutations detected in leaf material of T0 plants fulfill this criterion. During the detection by PCR amplification and Sanger sequencing of leaf material of T0 transformation events, two categories of chromatograms indicative of editing were observed (Online Resource 2): (1) the first and most common category (85%) was characterised by a switch from a homogenous chromatogram to two overlapping sequences with similar peak height (Online Resource 2a), indicating two alleles present in approximately the same proportion in the extracted DNA; (2) the second, less frequent category (15%) presented a main signal and a very weak overlapping signal in the chromatograms (Online Resource 2b), suggesting that the proportion of mutated DNA is very low compared to wild-type DNA. Without any exception, all mutations of the first category were systematically detected in the next generation. Transmission from the T0 to the T1 generation generally followed Mendelian segregation rules, suggesting that the edited alleles had been fixed and been present in all leaf cells and that the mutations had probably occurred early in the maize transformation process, likely during the callus formation step. It should be noted that all alleles presented in Table 1, including the alleles with multiple edits, were of this type. With regard to the second category, we never observed any transmission of the mutations to the next generation suggesting that the mutations were present only in few leaf cells and that the mutations had probably occurred during leaf development. These data indicate that, although chimeras may exist in maize, fully edited T0 plants are predominant and that the distinction between chimeric and fully edited T0 plants can be made on the basis of the Sanger chromatograms.

Limitation of off-target effects

During targeted mutagenesis of a gene of interest, the presence of additional mutations elsewhere in the genome should ideally be minimised. To reduce unintended off-target effects at sites with no homology to the target site, primary transformants were backcrossed to the parent line A188 and only Cas9-free mutant T1 plants, in which the T-DNA had been segregated away based on a negative PCR assay for the BAR gene (Online Resource 3), were used for subsequent molecular analyses. Furthermore, the use of at least two independent mutations (transformation events) and of several plants per mutation will allow to establish a clear link between the mutated gene and observed phenotypes.

To minimize off target effects at sites with substantial homology to the target, a rigorous design of the 20 nt recognition sequence was put in place (see Material and Methods). Since the objective of obtaining knockouts left a lot of freedom to the exact position of the targets in the coding sequence, targets with high similarities to sites elsewhere in the genome (less than 3 mismatches) were excluded from the design whenever possible. In fact, early works on the specificity of CRISPR-Cas9 had established that cleavage at target sites with more than 2 mismatches to the sgRNA were generally extremely rare (<0.01%), although exceptions existed (Mali et al. 2013;[START_REF] Pattanayak | High-throughput profiling of off-target DNA cleavage reveals RNA-programmed Cas9 nuclease specificity[END_REF]. While the design of the present study did not consider bulges [START_REF] Lin | CRISPR/Cas9 systems have off-target activity with insertions or deletions between target DNA and guide RNA sequences[END_REF], targets with similarity to other sites followed by NAG rather than NGG PAM sites were also excluded. In the case of strategy 3 (Fig. 2) targeting two or more paralogous genes with a single sgRNA, these rules were not applied to the paralog(s) but maintained for the rest of the genome. As a quality control of the selected 20 nt recognition sequences used in this study, a customized BLAST search was performed (see Material and Methods section). For each of the 28 targets the most likely off target was selected based on the BLAST score and the position of the mismatches relative to the 7 to 12 bp seed sequence close to the PAM (Online Resource 4). Three of the putative off-target sites with 3 mismatches were chosen for experimental analysis of off-target mutations by specific PCR amplification followed by Sanger sequencing on T0 plants. No editing was detected at any of the three sites.

Creation of multiple mutants

One of the advantages of the CRISPR-Cas9 technology is that it allows the creation of multiple mutants in a single step, thereby avoiding time consuming crosses and/or backcrosses. With regard to unlinked genes located on different chromosomes, three double mutants were produced in the T0 generation using a construct with two guide RNAs, one for each gene (strategy 1 in Fig. 2). They concerned members of the same gene family in the case of GRMZM2G157313/GRMZM2G014499 (two double mutants in four transformation events, Table 2) and GRMZM2G059165/GRMZM2G120085 (1/3) and true paralogs in the case of GRMZM2G039538/GRMZM2G363552 (5/8). More importantly, multiple mutants were also obtained in genes that were tightly linked on the same chromosome, and for which the production of a double knockout mutant would have been difficult to achieve. Double mutants were identified for GRMZM2G089517/GRMZM2G352274 (separated by 75 kb on chromosome 5 (1 mutant found out of 14 transformation evens) and GRMZM2G145466/GRMZM2G573952 (located within 53 kb on chromosome 7 (1 out of 2). Finally, we successfully managed to knock out three small (<600 bp) paralogous genes that are situated in the same region of chromosome 1. These genetically strongly linked genes are ZmEsr1, ZmEsr2 and ZmEsr3 (GRMZM2G046086, GRMZM2G315601, GRMZM2G140302) [START_REF] Opsahl-Ferstad | ZmEsr, a novel endosperm-specific gene expressed in a restricted region around the maize embryo[END_REF]. Since ZmEsr2 and ZmEsr1 are separated by only 29 kb, and ZmEsr1 and ZmEsr3 by only 13 kb, the production of a triple knockout mutant underlines the power of CRISPR-Cas9 technology. Using the CRISPR-Cas9 strategy 3 illustrated in Fig. 2, a plant with a frame-shift mutation in each of the three ZmEsr genes was obtained. By a simple self-pollination, we have been able to generate T1 plants homozygous for the three mutated ZmEsr genes that are now available for functional analysis. However, no large deletions between the cleavage sites in the linked genes were found, despite specific PCR reactions designed to detect them.

Discussion

The present study examined CRISPR-Cas9-mediated targeted mutagenesis in maize aimed at routine use for functional genetics studies. Analysing mutations in 20 genes in genome edited maize plants, it was conducted at a larger scale than previous studies in maize, which either simply demonstrated the feasibility for a single gene or addressed a maximum of 5 genes [START_REF] Liang | Targeted Mutagenesis in Zea mays Using TALENs and the CRISPR/Cas System[END_REF]Xing et al. 2014). It also focused on regenerated plants rather than protoplasts or calli, systematically analysed offspring and is the first study to use the inbred line A188. The results indicate that CRISPR-Cas9 is a robust technology for gene knockout in maize, and can be used to generate various types of mutations with a high frequency of success. Furthermore it allows the production of double and triple mutants in tightly linked genes.

Three types of mutations were observed in the 93 mutant maize plants analysed: indels, larger deletions and local chromosome rearrangements. The occurrence of larger chromosome rearrangements, such as those reported recently for mouse embryonic stem cells [START_REF] Kosicki | Repair of double-strand breaks induced by CRISPR-Cas9 leads to large deletions and complex rearrangements[END_REF], cannot be excluded but would not be detected with our method. Indeed the detection method, based on PCR amplification and subsequent Sanger sequencing, can only detect mutations in which the two primer binding sites on either side of the putative cleavage site are conserved in head to head orientation and remain at a distance allowing standard PCR amplification. Small indels as produced in the case of classical NHEJ repair [START_REF] Ma | CRISPR/Cas9 Platforms for Genome Editing in Plants: Developments and Applications[END_REF][START_REF] Bortesi | Patterns of CRISPR/Cas9 activity in plants, animals and microbes[END_REF] were, as expected, the most frequent outcome (80%, 74/93) and were documented for each of the 18 genes that were successfully mutagenized. They were generally located at, or close to, the putative cleavage site 3 bp upstream of the PAM. Larger deletions (>10 bp) ranging from 11 bp to 136 bp were considerably less frequent (11%, 10/93) and concerned only 4/18 genes. Thought to be generated by the MMEJ repair mechanism, short (2 bp to 4 bp) microhomologies were indeed present on both sides of the putative cleavage site in the wild-type sequence of GRMZM2G120085 (GC), GRMZM2G149940 (CCG) and GRMZM2G049141 (GACT) and the large deletions tended to correspond more or less precisely to recombination products between these direct repeats. In contrast, for GRMZM2G089517 larger deletions were more frequent than indels, the start and end points of the deletions were not conserved between events, and two other atypical mutations were obtained: a combination of a 7 bp deletion with an 11 bp insertion, and two point mutations flanking the PAM. The mechanism generating these atypical mutations remains unclear, although it is known that strand resection and random DNA synthesis can lead to unpredictable outcomes during MMEJ repair [START_REF] Wang | Microhomology-mediated end joining: new players join the team[END_REF][START_REF] Sinha | Microhomology-mediated end joining induces hypermutagenesis at breakpoint junctions[END_REF]).

An unexpected allele was also detected for GRMZM2G046086 alongside 5 other classical indels. This allele consists of a 35 bp deletion accompanied by the insertion of a 61 bp DNA fragment copied from the intergenic region downstream of the gene (Fig. 3).

Importantly, defined deletions (6%, 6/93) of predetermined size and position were successfully provoked by the simultaneous action of two guide RNAs on target sites separated by between 44 bp and 102 bp in a given gene. The precision of these deletion events was not perfect, since only one deletion was precisely of the expected size, whereas the other five contained indels of 1 bp or 2 bp at least at one end of the deletion. In addition, this approach worked only for 3/7 targeted genes and in the three successful cases indels at only one of the target sites were more frequent than the deletion. Since variations in target accessibility over such short distances in coding regions are unlikely, this suggests that very similar efficiency of the two guide RNAs is crucial for the successful generation of defined deletions. Differences between guide RNA efficiency may also partially explain why larger deletions involving target sites distant between 13 kb and 75 kb in genetically linked paralogs were not detected, despite the fact that CRISPR-Cas9-mediated deletions of up to 120 kb have been documented in plants [START_REF] Gantner | Peripheral infrastructure vectors and an extended set of plant parts for the Modular Cloning system[END_REF].

The overall mutation efficiency (averaging the percentages for each guide RNA) of 53% was in the global range (2% to 100%) of previous reports on targeted mutagenesis in maize, as was the 19% rate of biallelic mutations obtained [START_REF] Liang | Targeted Mutagenesis in Zea mays Using TALENs and the CRISPR/Cas System[END_REF]Xing et al. 2014;Lee et al. 2018). Since higher rates have been achieved in maize with the same basic elements (maize ubiquitin promoter, codon optimized Cas9, cereal U3 or U6 promoters), the specific choices made during vector design, such as the choice of different versions of the ZmUbi promoter, the choice of the terminator, the position of promoter-Cas9 and Cas9-terminator junctions, as well as the presence of an NLS domain, of tags for immuno-detection or of introns in the Cas9 coding sequence, are possible parameters for optimisation. However, this suboptimal rate of biallelic mutations also has advantages in the context of functional genetics studies of genes involved in maize kernel development, since mutations could be lethal for the embryo and/or seedling in the homozygous state [START_REF] Neuffer | Defective kernel mutants of maize. I. Genetic and lethality studies[END_REF]Doll et al. 2017). It is therefore preferable to generate heterozygous plants and to assess the (lethal) phenotype after self-pollination in segregating ears.

More importantly, the mutation efficiency was very variable at different levels. Firstly, two of the 20 genes could not be mutated at all, despite the use of two guide RNAs per gene and the generation of 8 and two transformation events, respectively. Secondly, among the 18 genes successfully mutated, not all transformation events caused mutations. For example, in the case of GRMZM2G352274 only one of the 16 transformation events yielded a mutation. Thirdly, in transformation events carrying novel mutations, not all guide RNAs present in the same plant induced mutations. The reasons for failure are likely linked either to the intrinsic quality of the sgRNA design or to the accessibility of the target sequence. Although the design of all sgRNAs followed the same rationale, the online and in house tools used only ensure a relatively high minimum quality standard, but they do not exclude quality differences between the possible designs. The GC content of the binding site [START_REF] Ren | Enhanced specificity and efficiency of the CRISPR/Cas9 system with optimized sgRNA parameters in Drosophila[END_REF][START_REF] Labuhn | Refined sgRNA efficacy prediction improves large-and smallscale CRISPR-Cas9 applications[END_REF], the secondary structure of the sgRNA, and its capacity not only to guide but also to activate the nuclease activity of Cas9 are known to be important parameters [START_REF] Liu | Sequence features associated with the cleavage efficiency of CRISPR/Cas9 system[END_REF]. In this context it is noteworthy that the GC content of both target sites in GRMZM2G035701 (failure) was relatively low (45%), whereas the GC content of the two sites in GRMZM2G149940 (targeted with success by the same construct in the same plants) was considerably higher (60% and 65%). The criteria for target site accessibility are less clear. Although Cas9 cleavage activity is not thought to be strongly affected by DNA CpG methylation [START_REF] Hsu | DNA targeting specificity of RNA-guided Cas9 nucleases[END_REF], it is generally accepted that the chromatin status of the target region influences the efficiency of CRISPR-Cas9 approaches, that DNase I hypersensitivity (DHS) is a good indicator for Cas9 binding [START_REF] Wu | Genome-wide binding of the CRISPR endonuclease Cas9 in mammalian cells[END_REF] and that heterochromatin may be less accessible [START_REF] Jensen | Chromatin accessibility and guide sequence secondary structure affect CRISPR-Cas9 gene editing efficiency[END_REF]). On the other hand, the accessibility of genes located in globally heterochromatic, centromeric regions of maize chromosomes to Cas9-mediated targeted mutagenesis has been demonstrated in protoplasts (Feng et al. 2016). In our study, the two recalcitrant genes GRMZM2G035701 and GRMZM2G040095 are located in gene-rich regions on the long arm of chromosome 8 and close to the end of chromosome 2, respectively. These regions do not present any obvious features explaining failure.

Differences in mutation efficiency between transformation events are expected, since the genomic environment is known to influence the expression level of transgenes, in the present case of the Cas9 and sgRNA genes. However, very low success rates, such as the single edit for GRMZM2G352274 in 16 transformation events, are difficult to explain by insufficient expression, in particular since the second guide RNA present in the same plants caused mutations in 14/16 events. In this as in other cases, the competition of guide RNAs of unequal quality, or differences in target gene accessibility, are more likely explanations for differences in successful mutagenesis than positional effects on transgene expression. Our study suggests that other parameters with a minor impact on mutation efficiency were the choice of the type III promoter with a preference for the TaU6 over the OsU3 promoter, and the choice of the DNA strand with mutagenesis improved by binding of the sgRNA to the template rather than non-template strand. This last observation is likely caused by a quicker release of the Cas9 from the template strand due to displacement by RNA polymerase II and faster repair of the DSB by the cellular machinery [START_REF] Clarke | Enhanced Bacterial Immunity and Mammalian Genome Editing via RNA-Polymerase-Mediated Dislodging of Cas9 from Double-Strand DNA Breaks[END_REF]. Overall, these results can be translated into 5 recommendations for gene-knockout in maize: 1) The use of at least two guide RNAs per gene. 2) The generation of at least 5 transformation events. 3) The retargeting of recalcitrant genes with constructs targeting a single gene. 4) The use of maize or wheat U6 promoters. 5) The preferential use of target sequences on the coding strand.

Chimerism is an important issue in CRISPR-Cas9-mediated mutagenesis, since in stably transformed plants constitutively expressing Cas9 and sgRNA genes, genome editing can occur at any time and in any number of cells during the life cycle of the plant, raising the question of whether the mutations detected in the leaves or other organs of primary transformants will be present in germinal cells and thus transmitted to the offspring. Our results indicate that chimerism does occur, but that in the majority of events detected in leaf material are fully edited and that sequencing chromatograms with overlapping sequencing peaks of equal height are predictive for transmission to the next generation. This is in agreement with earlier reports in maize [START_REF] Liang | Targeted Mutagenesis in Zea mays Using TALENs and the CRISPR/Cas System[END_REF]Xing et al. 2014) and seems to indicate that the majority of editing events occur very early on during the transformation of immature maize embryos, likely at the callus stage.

The ease of multiplexing is frequently cited as one of the major advantages of CRISPR-Cas9 technology over the use of other site-directed nucleases such as meganucleases, zinc finger nucleases or TALENs, and CRISPR-Cas9 constructs harbouring as many as 14 guide RNAs have been used successfully in Arabidopsis [START_REF] Peterson | Genome-Wide Assessment of Efficiency and Specificity in CRISPR/Cas9 Mediated Multiple Site Targeting in Arabidopsis[END_REF]. Three double mutants in gene family members residing on different chromosomes, two double mutants in paralogues separated by 53 kb or 75 kb, and a triple mutant in paralogues separated by 13 kb or 29 kb were generated in our study. These examples underline the power of CRISPR-Cas9 technology since the production of double or triple knockout mutants in tightly linked genes would have been nearly impossible to achieve by crossing of single mutants, and would have required the analysis of thousands of recombinants. Multiplexing is of particular interest in maize, which is an ancient tetraploid known to contain numerous functionally redundant paralogues, hampering functional analysis. As a result the production of multiple mutants by CRISPR-Cas9 will almost certainly become a prime tool for functional genomics studies in this species.

flanked by unique EcoRV and I-CeuI sites. Annealed oligonucleotides with SapI compatible overhangs and corresponding to 20 nt targeted sequences containing at their 5' end an A in the case of the U3 promoter or a G in the case of the U6 promoter were cloned in L1609 and L1611 respectively. The U6 driven target cassette present in L1611 was subsequently excised with EcoRV and I-CeuI and cloned into the L1609 derivative downstream of the U3 driven target cassette. The resulting plasmid was transferred to Agrobacterium tumefaciens strain LBA4404 (pSB1) and used for maize transformation. Alternatively, Gateway compatible assemblies of two to four cassettes consisting each of a long or short maize U6 promoter, followed by a 20 nt target site starting with a G and a shRNA [START_REF] Char | An Agrobacterium-delivered CRISPR/Cas9 system for high-frequency targeted mutagenesis in maize[END_REF] were entirely synthesized (GENEWIZ, New Jersey) and recombined into plasmid pGW-Cas9 [START_REF] Char | An Agrobacterium-delivered CRISPR/Cas9 system for high-frequency targeted mutagenesis in maize[END_REF]) containing between T-DNA borders a maize codon optimized Cas9 driven by maize ubiquitin promoter and a Basta® resistance cassette conferring glufosinate-ammonium herbicide resistance.

20-nt target sequence choice

For the design of sgRNAs targeting specifically a single gene in the maize genome, the online tools CRISPR-P (http://crispr.hzau.edu.cn/CRISPR/) [START_REF] Lei | CRISPR-P: A Web Tool for Synthetic Single-Guide RNA Design of CRISPR-System in Plants[END_REF] and CRISPOR (http://crispor.tefor.net/) [START_REF] Haeussler | Evaluation of off-target and on-target scoring algorithms and integration into the guide RNA selection tool CRISPOR[END_REF] were interrogated and targets at convenient positions with high scores in both tools were chosen. Since these tools are not readily suited to target several members of a gene family with a single sgRNA, we wrote custom Perl scripts to design sgRNAs directed against up to 10 genes each. All candidate CRISPR-Cas9 targets were identified in the B73 maize reference genome sequence v3.26 [START_REF] Schnable | The B73 maize genome: complexity, diversity, and dynamics[END_REF]) using the following criteria: 23-mers ending with NGG, not containing more than 4 Ts in a row, and with no variant of the last 12 nt ending in NAG existing in the genome. Using Jellyfish v2.2.0 [START_REF] Marçais | A fast, lock-free approach for efficient parallel counting of occurrences of k-mers[END_REF], we counted the number of occurrences in the genome of the last 15 nt of each candidate (excluding NGG), and kept only those occurring at most 10 times. The resulting database (Online Resource 1 and https://flower.ens-lyon.fr/maize/crispr/) contained 15,715,633 23-nt sequences, targeting 19,024,477 loci. We queried it to identify targets in the genes we wanted to edit. In both cases the design was only retained, if the sequence of the reference genome of genotype B73 v3.26 [START_REF] Schnable | The B73 maize genome: complexity, diversity, and dynamics[END_REF]) available in the design tools did not show any polymorphism in the 20-nt target sequence and the PAM with the sequence of genotype A188 used for transformation.

Identification of off-target loci

To identify potential off-target loci in the maize genome, the 23 nt sequence of each sgRNA was used as query in a WU-Blast search of the B73 maize reference genome sequence v3.26 with the very relaxed parameters "W=1 M=4 N=-5 Q=8 R=7 gapX=100 E=1e7 V=50 B=1e6 filter=none kap pingpong". Alignments were subsequently filtered with ad-hoc scripts to keep those covering the whole sgRNA length, with at most three mismatches in the last 15 nt, if the NGG had a perfect match; in case the NGG was not conserved, we kept only alignments with a perfect match on the last 15 nt. Alignments were sorted by decreasing match quality, favoring those with the longest match on the 3' region of the sgRNA, and manually examined (Online Resource 4 and https://flower.ens-lyon.fr/maize/crispr/). For experimental validation, off target-specific PCR primers were designed (Online Resource 3) and used for PCR amplification and Sanger sequencing.

Maize transformation and screen for Cas9-free edited plants

Immature embryos of maize inbred line A188 were transformed with A. tumefaciens strain LBA4404 harboring pSB1 and the construct of interest according to a standard protocol (Ishida et al. 1996(Ishida et al. , 2007)). T-DNA integrity was checked as described elsewhere [START_REF] Gilles | Loss of pollen-specific phospholipase NOT LIKE DAD triggers gynogenesis in maize[END_REF]. 
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 1 Figure 1. Maize and teosinte plants and cobs. Drawings representing the general shape of teosinte (A) and maize (B) plants and cobs of teosinte (C) and maize (D).
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 2 Figure 2. CRISPR-Cas9 system components and mode of action. The Cas9 protein forms a complex with the sgRNA which guides the endonuclease to 20 nt DNA targets adjacent to an appropriate PAM (NGG). Cas9 is made of two lobes, called the REC (recognition) lobe and the NUC (nuclease) lobe. DNA is recognized by the REC lobe, and the NUC lobe comprises the HNH and RuvC nuclease domains as well as the PAM interacting domain (PI). The nuclease domains each cleave one DNA strand to generate DNA double strand breaks. Adapted from Ishino et al., 2018.
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 3 Figure 3. Four mechanisms of DNA repair following DSBs. In the NHEJ pathway, DSBs are followed by re-ligation without active degradation of the double-strand ends leading to minor changes in nucleotide sequence. In the MMEJ pathway, double-strand ends are resected allowing annealing of complementary nucleotides followed by re-ligation at sites of microhomology. In the non-conservative SSA pathway, 3' overhangs are generated by resection of the 5' end after DSBs. Immediate annealing of both strands is supported by homologies within the single-stranded 3' overhangs leading to the deletion of sequences flanked by the homology sites. In the HDR pathway, a donor DNA flanked by the same sequences as the target site in the genome serves as a matrix during replicative DNA repair leading to a clean cassette insertion. Adapted fromPuchta and Fauser, 2014. 
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 4 Figure 4. Cytosine base editing. (A) Schematic drawing of a cytosine base editor (CBE) acting on DNA. The target cytosine is indicated (dotted circle). (B) Flow scheme of C-to-T editing by CBEs. The cytosine deaminase converts a target C to U. The generated aberrant U•G mismatch is maintained thanks to the action of UGI. The nCas9 makes a nick in the guanidine (G)containing unedited DNA strand. The nick triggers the removal of G by the cellular mismatch repair pathway and the use of uracil as a template for repair ultimately leading to the desired T•A base pair formation. From Molla et al., 2021.

Figure 5 .Figure 6 .

 56 Figure 5. Prime editing. (A) pegRNA consists of CRISPR RNA (crRNA), trans-activating crRNA (tracrRNA), a reverse transcriptase (RT) template and a primer binding site (PBS). crRNA guides the prime editor (PE) to the target site, tracrRNA renders nCas9 H840A nickase active, the RT template encodes the desired edit and the PBS primes the reverse transcription. (B) A prime editing complex consists of a PE protein containing an RNA-guided DNA-nicking domain, such as Cas9 nickase, fused to an RT domain and complexed with a pegRNA. The PE-pegRNA complex enables a variety of precise DNA edits at a wide range of positions. spCas9, Streptococcus pyogenes Cas9. (C) The PE-pegRNA complex binds the target DNA and nicks the PAM-containing strand. The resulting 3ʹ end hybridizes to the PBS, then primes reverse transcription of new DNA containing the desired edit using the RT template of the pegRNA. (D) The mechanism that leads to the permanent incorporation of the desired edit into targeted region of the double-stranded DNA. Reverse transcription produces a branched intermediate consisting of two competing single-stranded DNA flaps. The 5ʹ flap containing the non-edited sequence is preferentially cleaved and the 3ʹ flap containing the desired edit is ligated and forms heteroduplex DNA. DNA repair mechanisms enable the permanent installation of the edit into double-stranded DNA. Adapted from[START_REF] Molla | Precise plant genome editing using base editors and prime editors[END_REF][START_REF] Anzalone | Search-andreplace genome editing without double-strand breaks or donor DNA[END_REF] 

Figure 7 .

 7 Figure 7. Life cycle of land plants.

Figure 8 .

 8 Figure 8. Stages in maize kernel, embryo and endosperm development. (A) Maize kernel development from fertilization to maturity. Yellow and green arrows indicate endosperm and embryo developmental stages respectively. (B) Detailed maize embryogenesis (adapted from Vernoud et. al 2005). (C) Early endosperm development. Endosperm and embryo nuclei are shown in yellow and green respectively (adapted from Sabelli and Larkins 2009). (D) Maize kernel at 12 DAP. BETL, Basal Endosperm Transfer Layer; DAP, Days After Pollination; EAS, Endosperm Adjacent to Scutellum; ESR, Embryo Surrounding Region; PCD, Programmed Cell Death; RAM, Root Apical Meristem; SAM, Shoot Apical Meristem.

Figure 9 .

 9 Figure 9. The maize EAS is restricted in time and space. In situ hybridization of two probes detecting EAS marker genes (SWEET15a, a putative sugar transporter and Scl_eas1 a putative protease) on kernel sections at different developmental stages. A probe detecting GFP was used as a negative control. For each image, the name of the probe is indicated at the top, and the stage on the left. Arrows indicate main in situ hybridization signals. DAP, Days After Pollination; emb, embryo; end, endosperm; nu, nucellus; ped, pedicel; per, pericarp. Bars = 200 µm for 9 DAP kernels and 500 µm for the other stages. FromDoll et al., 2020. 

Figure 10 .Figure 11 .

 1011 Figure 10. The EAS is a dynamic interface. (A) PCD in the EAS revealed by TUNEL labeling of 15 DAP kernels. Fluorescein labeling of TUNEL-positive nuclei is shown in green (white arrows) and propidium iodide counterstaining in purple. (B) Calcofluor staining of cell walls of 13 DAP maize kernel section. White arrows indicate the accumulation of cell wall at the embryoendosperm interface. (C) Scheme summarizing the EAS dynamic. Three different time points (t0, t1 and t2) are represented. Embryo scutellum invades (represented by black arrows) the surrounding SE cells, which enter into cell death (yellow stars). The endosperm cell layers in contact with the embryo scutellum are regularly eliminated, resulting in an accumulation of crushed cell walls. Additional endosperm cells are thus recruited as EAS, as the embryo grows.Three cells are labeled by a cross pattern to illustrate this dynamic. Emb, embryo scutellum; End, endosperm. Bars = 100 µm in (A) and 200 µm in (B). FromDoll et al., 2020 

Figure 12 .

 12 Figure 12. Characterization of cell wall accumulation in the EAS. The cell walls of wild-type and emb8522 maize kernel sections at 11, 14 and 17 DAP in the Rscm2 genetic background were stained with calcofluor. The kernels were obtained by self-pollination of mother plants

Figure 13 .

 13 Figure 13. Ultrastructure of the EAS. (A) Light microscopy image of the embryo/endosperm interface in a 19 DAP maize kernel. (B) Transmission electron microscopy image taken in an area resembling the black square in (A) from the same sample. (C) Light microscopy image of embryo/endosperm interface in a 17 DAP kernel. (D) Composed transmission electron microscopy image of an area corresponding to the black rectangle in (C). The black and red stars are position cues. Black arrows point at protein bodies. cw, cell wall; eas, endosperm adjacent to scutellum; em, embryo; en, endosperm; n, nucleus; p, pericarp; s, starch granules; se, starchy endosperm; v, vacuole like structures. Scale bars are 100 µm in (A) and (C) and 10 µm in (B) and (D).

Figure 14 .

 14 Figure 14. Expression pattern of the ZmSCL49 promoter in immature maize embryos. Histochemical analysis of GUS reporter activity in hemizygous plants carrying the pZmSCL49::GUS construct representing the expression of ZmSCL49 (Zm00001d014983) in transgenic and WT maize embryos displayed scutellum side up at 9 DAP (A), 11 DAP (B), 13 DAP (C), 15 DAP (D), 17 DAP (E) and 20 DAP (F). The white arrowhead indicates GUS reporter activity in the degenerating suspensor. Scale bars, 500 µm.

Figure 15 .

 15 Figure 15. Expression pattern of the ZmSCL49 promoter in the maize caryopsis. Histochemical analysis of GUS reporter activity in hemizygous plants carrying the pZmSCL49::GUS construct representing the expression of ZmSCL49 (Zm00001d014983) in longitudinally hand sectioned transgenic and WT maize kernels at 9 DAP (A), 11 DAP (B), 13 DAP (C), 15 DAP (D), 17 DAP (E) and 20 DAP (F). White and black arrowheads indicate GUS staining in the EAS and pedicel, respectively. Dotted lines outline the embryonic cavity. em, embryo; en, endosperm; p, pericarp; n, nucellus. Scale bars, 500 µm.

Figure 16 .

 16 Figure 16. Expression pattern of the ZmSCL49 promoter in the maize caryopsis. Histochemical analysis of GUS reporter activity in hemizygous plants carrying the pZmSCL49::GUS construct representing the expression of ZmSCL49 (Zm00001d014983) in transversally hand sectioned transgenic and WT maize kernels at 9 DAP (A), 11 DAP (B), 13 DAP (C), 15 DAP (D), 17 DAP (E) and 20 DAP (F). White arrowheads indicate GUS staining in the EAS. en, endosperm; p, pericarp. Scale bars, 500 µm.

•

  a predominant expression in seed as compared to other parts of the plant • an established function in seed development of family members in other species • a function related to nutrient transport (amino acid transport, sugar transport) or signaling/regulation (protease, transcription factor) and one unknown function.

  developed by the Dooner lab (www.acdsinsertions.org) and UFMu (Uniform Mutator) correspond to plants with a uniform W22 genetic background carrying Mutator transposable element insertions detected by Illumina sequencing. Both Ac/Ds/GFP-DS and UFMu lines were ordered through the Maize Genetics Cooperation Stock Center (maizecoop.cropsci.uiuc.edu). Lastly, the line carrying a Mutator insertion in the 5'UTR of ZmSCL49 was developed by the University of Oregon in a B73/A632 genetic background and detected by Illumina sequencing. Seeds were ordered through the University of Oregon (teosinte.uoregon.edu/mu-illumina/). 4 Number of mutant alleles for which seeds are available. 5 Most advanced generation the plant material has been brought to so far. For the CRISPR/Cas9 transformants, T0 generation corresponds to the plants regenerated in-vitro and acclimated in the growth chambers. These plants were subsequently crossed with wild-type (A188) plants to segregate away the Cas9 transgene and self-pollinated in order to get homozygous mutants. The transposon insertion lines typically contain hundreds of undesired transposon insertions and have to be backcrossed in the A188 genetic background. For example, F1 corresponds to the seeds obtained from the first crossing between the plants coming from the stock center and A188. 2.3.2 Research article n°1: ZmUMAMIT2a and ZmUMAMIT2b are amino acid exporters required for amino acid homeostasis between the endosperm and the embryo in maize Transcriptomic analysis of the endosperm adjacent to scutellum (EAS) revealed the preferential expression of six ZmUMAMIT genes in this genetically and cytologically distinct endosperm domain in close contact with the embryo: ZmUMAMIT1a (Zm00001d040593),

Figure 1 .

 1 Figure 1. Phylogenetic tree of maize and Arabidopsis members of the UMAMIT family PhyML tree of maize and Arabidopsis protein sequences aligned with MUSCLE and trimmed with G-BLOCKS. The colored boxes indicate the six UMAMIT classes described by Ladwig et al., 2012. Functionally characterized Arabidopsis UMAMITs are underlined in red and maize UMAMITs preferentially expressed in the EAS are underlined in green.

Figure 2 .

 2 Figure 2. Characterization of CRISPR/Cas9-mediated knockout mutants of ZmUMAMIT2a and ZmUMAMIT2b (A) Schematic representation of ZmUMAMIT2a and ZmUMAMIT2b. The thin black lines indicate non-coding sequences, the light blue boxes UTRs and the dark blue boxes coding sequences. The green and red arrowheads indicate the target sites of sgRNA1 and sgRNA2, respectively, which are located in fully homologous regions of ZmUMAMIT2a and ZmUMAMIT2b. Black horizontal arrows mark the positions of the primers used for PCR amplification of the targeted areas to allow mutation detection by Sanger-sequencing. (B) Molecular structure of CRISPR/Cas9-induced mutations used for functional analysis. For each gene, the wild-type sequence is shown with the two target sites (underlined) and their PAM sequence (blue). Below the wild-type sequences, mutated sequences of the alleles zmumamit2a-1 and zmumamit2b-1 are shown, with red dashes indicating deleted bases. (C) Scheme comparing wild-type proteins with mutated versions obtained with CRISPR/Cas9. For each gene, the wild-type protein is represented as a black box with its Nodulin MtN21 family conserved domain (NCBI Conserved Domains) colored in indigo. Below each wild-type protein, the predicted mutated protein is represented. Grey rectangles correspond to protein sequences translated out of frame. The hatched rectangle indicates missing amino acids

Figure 3 .

 3 Figure 3. Free amino acid levels in wild-type and zmumamit2a-1/zmumamit2b-1 mutant kernels Amino acid content in wild-type and mutant embryos (A), EAS (B), endosperms (C) at 20 DAP. Mean ± SD, asterisks indicate statistical significance between wild-type and mutant (twotailed Student's t test, *, P<0.05; **, P<0.01; ***, P<0.001).

Figure 4 .

 4 Figure 4. Transport properties of ZmUMAMIT2a and ZmUMAMIT2b in heterologous expression system Efflux of 14 C radiolabeled mix of amino acids (A), [ 14 C]-glutamate (B), and [ 14 C]-proline (C) from Xenopus laevis oocytes injected with cRNA of ZmUMAMIT2a, ZmUMAMIT2b and water as control. Radioactivity measurements were performed at 0 min and 60 min after marked amino acid injection. The oocytes measured at 0 min were set at 100% and the signals at 60 min were referred to the signals at 0 min and are given as relative counts. n ≥ 9, asterisks indicate statistical significance between control and individual transporters (one-way ANOVA followed by Dunnett's test **, P<0.01; ***, P<0.001).

(

  ZmUMAMIT1b, ZmUMAMIT11, ZmUMAMIT14, ZmUMAMIT26 and ZmUMAMIT41) were absent from the tree of Zhao et al. (2021). A check on Uniprot indicates that the predicted proteins have between 8 to 10 transmembrane domains classing them as bona fide UMAMITs. Inversely, one gene from Zhao et al. (2021) (named MoZea_22) was not detected in our analysis and two gene models from Zhao et al. (2021) (MoZea_34 and MoZea_35) were fused in a single gene model (ZmUMAMIT24) in our analysis. Therefore, if we add MoZea_22

  Zm00001d010655_P001 overlapping with an intron in other family members. During the manual removal of the putative intron, a mistake led us to a non-conservative change of a neutral alanine by a charged glutamine at position 267 of the protein. Therefore, all comments in this paragraph should be considered with this information in mind. Experiments with the wild-type ZmUMAMIT2a sequence are currently underway.

  the mMessage Machine SP6 Kit (Life Technologies, Carlsbad, CA) and cRNA concentration was adjusted to 100 ng/µl before injecting oocytes with ~50 nl of cRNA solution. After injection, oocytes were incubated in Barth's solution (88 mM NaCl, 1 mM KCl, 0.8 mM MgSO4, 0.4 mM CaCl2, 0.3 mM Ca(NO3)2, 2.4 mM NaHCO3, 10mM HEPES (pH 7.4)) supplemented with 50 µg/ml gentamycin at 16°C for 4 days to allow protein synthesis. At the beginning of the experiment, ³10 oocytes were injected for each time point with 50 nl of a solution of 22 mixed radiolabelled amino acids or individual (proline and glutamate) radiolabelled amino acids.Control oocytes were injected with water. After marked amino acids injection, oocytes were put in ice-cold Barth's solution for 10 minutes to allow closure of the injection spot and diffusion of the substrate. Oocytes were then washed and transferred in Barth's solution at 21°C for 60 min for amino acid efflux. In order to stop amino acid efflux, oocytes were washed twice and lysed individually in 100% SDS (wt/vol) and residual amounts of marked amino acids were calculated by liquid scintillation counting. Oocytes representing the 0 min were lysed right after the wash following incubation in ice-cold Barth's. At least 9 oocytes were measured by time point as well as negative controls with the same oocyte batch to account for differences between batches.SUPPLEMENTAL MATERIALSupplementalFigure S1. ZmUMAMIT and AtUMAMIT sequences Protein sequences of the 45 ZmUMAMIT and 47 AtUMAMIT members used for the phylogenetic tree of Fig. 1.

91and

  Supplemental Figure S2. Expression profiles of several ZmUMAMITs in maize kernel compartments at 13 DAP Schematic representation of 13 DAP maize kernel showing expression levels for several ZmUMAMITs at the eFP browser (Maize eFP Browser (bar.utoronto.ca). (A), (D) Default settings maximizing expression differences between compartments. (B) Application of the same scale to ZmUMAMIT2a and ZmUMAMIT2b in order to show the differences in expression levels between the two genes. (C) Description of the five compartments and sub-domains described. EAS, endosperm adjacent to scutellum; Emb, embryo; End, endosperm; Per, pericarp; SA, scutellar aleurone. ZmUMAMIT2b used in Xenopus laevis heterologous expression system (A) ORF of gene model T001 of ZmUMAMIT2a with the modification (suppression of a suspected intron) described in material and methods. (B) Deduced amino acid sequence of (A). (C) ORF of gene model T002 of ZmUMAMIT2b. (D) Deduced amino acid sequence of (C).

  . Expression profiles of ZmUMAMIT2a and ZmUMAMIT2b. Atlas showing ZmUMAMIT2a and ZmUMAMIT2b transcript levels in different maize organs at several developmental stages. Data retrieved from the Maize eFP Browser (bar.utoronto.ca).

  targeting ZmUMAMIT2a and 2b crispr_nd_14_F GCAGATGACGTGGCCAATCTTC Cloning of sgRNA2 targeting ZmUMAMIT2a and 2b crispr_nd_13_R AACTGATCTCGCTCCAGTTCGG Cloning of sgRNA1 targeting ZmUMAMIT2a and 2b crispr_nd_14_R AACGAAGATTGGCCACGTCATC Cloning of sgRNA2 targeting ZmUMAMIT2a and 2b article n°2: ZmSWEET14a and ZmSWEET14b are sugar transporters involved in sugar homeostasis in maize kernels

Figure 1 .

 1 Figure 1. Phylogeny of SWEET transporters in Zea mays (Zm), Oryza sativa (Os) and Arabidopsis thaliana (At) Maize, rice and Arabidopsis SWEETs protein sequences were aligned with MUSCLE, trimmed with G-BLOCKS and a phylogenetic tree built with PhyML. The family members were colorcoded indicating the species: Zm, blue; Os, green; At, magenta. Functionally characterized SWEETs from maize, rice and Arabidopsis are underlined in red and maize SWEETs with preferential expression in the EAS are underlined in green.

Figure 3 .

 3 Figure 3. Sugar levels of wild type and zmsweet14a/zmsweet14b mutant kernels Glucose, fructose, sucrose and starch levels in wild-type and mutant embryos (A), EAS (B) and endosperms (C) at 20 DAP. Protein levels were measured in embryos, EAS and endosperms of wild-type and mutant kernels (D). (E) Principal component analysis (PCA) scatterplot, each dot represents a sample and each color represents the type of sample. (F) PCA correlation circle. Mean ± SD, asterisks indicate statistical significance between wild-type and mutant (twotailed Student's t test, *, P<0.05; **, P<0.01; ***, P<0.001).

Figure 1 .

 1 Figure 1. Protoplast isolation and transformation. (A) Germination at 4 leaf stage. The two youngest leaves used for protoplast isolation are indicated by black arrows. (B) Longitudinally sliced leaf pieces during enzymatic digestion. (C, D) Protoplast preparations before (C) and after (D) purification on a sucrose gradient. (E, F) Protoplasts 48 h after transformation with a GFP control plasmid in visible light (E) and UV light (F). Red arrows indicate non-transformed protoplasts.

Figure 2 .

 2 Figure 2. NGS analysis pipeline. (A) Schematic presentation of the 7 steps constituting the bioinformatics pipeline built to analyse CRISPR/Cas9-mediated mutations. (B) Example of mutation logo. The logo shows from the bottom to the top the reference sequence (sgRNA binding site in red), the consensus of all sequences (differences to the reference sequence in blue and offset) and the most frequent mutation (D indicating a deletion and the intensity of the letter being proportional to its frequency). The following lines represent other mutations with decreasing frequency.

Figure 3 .

 3 Figure 3. CRISPR/Cas9-induced mutations landscape in ZmSWEET genes (A, B) Graphs indicating the deletion (A) and insertion (B) frequency of mutations for selected deletions (A) and insertions (B) at all positions of the target sequences of Zm00001e011125 (ZmSWEET14a), Zm00001e021494 (ZmSWEET14b) and Zm00001e022582 (ZmSWEET15a). Cas9 cleavage site is indicated by a black arrow. C) Frequencies of large deletions observed between the two target sites of Zm00001e011125 (ZmSWEET14a) and Zm00001e021494 (ZmSWEET14b). Positions are relative to the Cas9 cleavage sites of each target. Values into brackets indicate the length of the deletions.

Figure 4 .

 4 Figure 4. Evaluation of sgRNA scaffolds (A) Secondary structures of the sgRNAs composed of the 20 nt target sequence of Zm00001e008508 and the three different scaffolds indicated. (B, C) Graphs indicating the deletion (B) and insertion (C) frequency of mutations for selected deletions (B) and insertions (C) at all positions of the 20 nt target sequence (red) of Zm00001e008508. The Cas9 cleavage site is indicated by an arrow. Shan1 and Shan2, as well as Miao1 and Miao2, are biological replicates.

Figure 5 .

 5 Figure 5. Efficiency of Cas9 variants (A, B) Graphs indicating the frequency of mutations for selected deletions (A) and insertions at all positions of the 20 nt targets (B) in ZmGASSHOa (NGC PAM) and ZmGASSHOb (NGG PAM) generated by xCas9 and Cas9-NG. The Cas9 cleavage site is indicated by an arrow.

Figure 6 .

 6 Figure 6. Base editing Cumulative graph indicating the number and type of mutations for every position of the 20 nt target sequence (red) and the 10 nt upstream and downstream for target 1 (A) and target 2 (B) of Zm00001e018755 and for Zm00001e008118 (C). The PAM site is in green. Positions of selected bases refer to the nCas9 nick site (arrow).

  e. the sequence corresponded to the same amplification and represented the same initial editing event. At the end of this step the contained file contained one sequence in fasta format for each group of sequence and their counts. The next step consisted in the pairwise alignment of the representatives of the different group of reads with the reference sequence with the Needleman & Wunsch algorithm (Needle from EMBOSS, version 6.6.0.0). After the alignment, another python program computed the different mutations and their frequencies. These quantitative data of this file were used in the last step of the pipeline to create a logo. Supplemental Figure S2. Evaluation of CRISPR/Cas9 efficiency for ZmSWEET genes (A, B) Graphs indicating the deletion (A) and insertion (B) counts of mutations for selected deletions (A) and insertions (B) at all positions of the target sequences of Zm00001e011125 (ZmSWEET14a), Zm00001e021494 (ZmSWEET14b) and Zm00001e022582 (ZmSWEET15a).

  B) Graphs indicating the mutation counts for selected deletions (A) and insertions at all positions of the 20 nt targets (B) in ZmGASSHOa (NGC PAM) and ZmGASSHOb (NGG PAM) generated by xCas9 and Cas9-NG. The Cas9 cleavage site is indicated by an arrow.

  with tail, Phusion 35 cycles, hybridation 60°C 20sec, elongation 20sec. A second less intense lower band. PCR, optimization in process. with tail, Phusion 35 cycles, hybridation 60°C 20sec, elongation 20sec. A second less intense lower band. PCR, optimization in process. with tail, Phusion 35 cycles, hybridation 60°C 20sec, elongation 20sec. A second less intense lower band. PCR, optimization in process. Single PCR primers with tail, Phusion 35 cycles, hybridation 65°C 30sec, elongation 15sec

-

  ZmUMAMIT2a and ZmUMAMIT2b belong to class 3 of the UMAMITs family together with previously characterized UMAMITs in Arabidopsis; -ZmUMAMIT2a and ZmUMAMIT2b can be efficiently mutated using CRISPR/Cas9 and the heritable mutations disrupt conserved domains at the protein level; -zmumamit2a/zmumamit2b double homozygous mutants do not have a macroscopic kernel of plant phenotype; -amino acid distribution is disturbed in zmumamit2a/zmumamit2b kernels; -expression of ZmUMAMIT2a and ZmUMAMIT2b in Xenopus laevis oocytes shows their ability to mediate amino acid efflux. These observations lead to the following conclusions: -ZmUMAMIT2a and ZmUMAMIT2b are amino acid transporters with different substrate preferences working along a concentration gradient; -The absence of a strong macroscopic phenotype most likely results from functional redundancy, possibly with ZmUMAMIT1a; -ZmUMAMIT2a and ZmUMAMIT2b most likely mediate amino acid efflux from the endosperm to the embryo in maize kernels These promising results in the characterization of ZmUMAMIT2a and ZmUMAMIT2b are suggesting that it would be interesting to go further by: -performing additional individual amino acid efflux and influx experiments in heterologous systems, especially for the amino acids most severely disturbed in mutant kernels; -checking the subcellular localization of ZmUMAMIT2a and ZmUMAMIT2b by fusing them to a fluorescent reporter; -determining the N/C ratio in mutant kernels; -performing 15 N tracing in zmumamit2a/zmumamit2b plants in order to assess if N dynamics are affected.

  Genome editing was evaluated on leaves of T0 plants, individually for each targeted gene by specific PCR amplification of the targeted region (see Online Resource 3 for primer sequences) followed by Sanger sequencing. Segregation of T-DNA in T1 plants was evaluated by PCR amplification on the Bar gene, checking the presence and quality of genomic DNA by PCR amplification of the GRMZM2G136559 control gene (see Online Resource 3 for primer sequences).
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 123 Figures

  a: Sequence of the coding strand of the targeted genes around the recognition site (underlined) and the PAM (in blue) b: Position of the mutation relative to the putative cleavage site (3 bp upstream of the PAM) c: Number of independent transformation events with the same mutation

a

  Refers to strategies described in Fig.2b Mutation efficiency is defined as percentage of transformation events leading to at least one mutation within the targeted gene(s) c Chromosome carrying the targeted gene d DNA strand targeted by sgRNA, relative to gene orientation. "-" refers to the non-coding strand and "+" to the coding strandElectronic Supplementary MaterialOnline Resource 1 List of all CRISPR-Cas9 targets identified in maize B73 genome (v3.26), presented as 23-mers ending with NGG Online Resource 2 Detection of genome editing in T0 plants Online Resource 3 List of the primers used in this study Online Resource 4 List of the most probable off-target for each sgRNA Online Resource 5 Emission spectrum of the light used for maize culture in growth chambers

  

  

  

  

  

  

  

  

  

  

Table 1 . Primers used in this study Name Construct 5' fragment (in pDONR P4-P1R) Middle fragment (in pDONR221) 3' fragment (in pDONR P2R-P3) Destination vector

 1 

	Primer	Sequence 5' 3'	Description
	name		
	p017285_	GGGGACAACTTTGTATAGAAAAGTTGCTCAC	Amplification of Zm00001d017285 promoter
	attB4	AGGAGCTCAAATTGTGTGATGCT	with Gateway adapters
	p017285_	GGGGACTGCTTTTTTGTACAAACTTGCCCTA	Amplification of Zm00001d017285 promoter
	attB1r	CGGGTTAACCTCACTAAGCTAG	with Gateway adapters
	p014983_	GGGGACAACTTTGTATAGAAAAGTTGCTGCT	Amplification of Zm00001d014983 promoter
	attB4	AGGAGTGTCTGGATGTATCAACT	with Gateway adapters
	p014983_	GGGGACTGCTTTTTTGTACAAACTTGCCGTG	Amplification of Zm00001d014983 promoter
	attB1r	GGGAGAGAGAGTGGGTTCGTG	with Gateway adapters
	GUSF2	CTACACCACGCCGAACACCT	Primer used to detect GUS encoding gene
	GUSR2	TGCTGAGTTTCCCCGTTGAC	Primer used to detect GUS encoding gene
	GUSF4	GCGACGCTCACACCGATAC	Used in sequencing Zm00001d017285
			promoter
	M13R	CAGGAAACAGCTATGACC	Used in sequencing Zm00001d017285
			promoter
	4983seqF1 TGTCTCGAACATAGAGCTAAGACA	Used in sequencing Zm00001d014983
			promoter
	4983seqF2 GTCTTGGGCCATTTAGATTTGA	Used in sequencing Zm00001d014983
			promoter
	4983seqF3 ATCATGTCATGCTTGCAGCTA	Used in sequencing Zm00001d014983
			promoter

Table 3 . List of candidate genes with selection criteria for the functional characterization of the EAS.

 3 

	Putative function	Candidate genes	High expression in EAS	High fold change EAS vs End	Dominantly expressed in seeds	Seed phenotype for family members in other species	Mutant obtained	Chromosome

Gene name 1 Gene ID V4 2 Type of mutation 3 Number of mutants 4 Molecular validation Primers for mutation detection Most advanced material 5 Phenotype

  

						UMAMIT1a_GS_F1		
	ZmUMAMIT1a	Zm00001d040593	Transposon Ac/Ds/GFP-DS (tdsgR40G12) in exon 1/5	1	PCR on transposon border	GGCTCTCTCTCTGTAGCTGGTC JSR05 Mix TBp44 AAATCGGTTATACGATAACGG +	F1	No obvious macroscopic phenotype observed
						CGTCCCGCAAGTTAAATATGA		
					PCR + Sanger	MtN21-2a-F2		
	ZmUMAMIT2a	Zm00001d010655	CRISPR in exon 1 and 2/5	3	sequencing around CRISPR	GCTGTGAGCGTGTTGTGTGA MtN21-2a-R1	T4	No obvious macroscopic phenotype observed
					targets	ACGCGCGCGATGGATGAAAGA		
					PCR + Sanger	MtN21-2b-F1		
	ZmUMAMIT2b	Zm00001d038554	CRISPR in exon 1 and 2/5	2	sequencing around CRISPR	ACAGGTCACCTGAGCTCTGA MtN21-2b-R1	T4	No obvious macroscopic phenotype observed
					targets	CACACACGTACGATCAGACA		
	ZmSWEET14a	Zm00001d007365 CRISPR in exon 4/6	3	PCR + Sanger sequencing around CRISPR targets	GenoCSPRSwt14a_F1 TATTAGTTTCCTCGCGCTCTCC GenoCSPRSwt14a_R4 TTACGGTAGAGCGCGTACATG	T4	No obvious macroscopic phenotype observed. Disturbed sugar homeostasis in double mutant sweet14a/sweet14b
	ZmSWEET14b	Zm00001d049252 CRISPR in exon 4/6	4	PCR + Sanger sequencing around CRISPR targets	GenoCSPRSwt14b_F1 TCTCCCTCTTTCTCTCTAGCTCA GenoCSPRSwt14b_R3 TCAAGTTATCTCGCGGCTCTTT	T4	No obvious macroscopic phenotype observed. Disturbed sugar homeostasis in double mutant sweet14a/sweet14b
	ZmSWEET14b	Zm00001d049252	Transposon Mu (UFMu-10581; mu1086394) in exon 5/6	1	PCR on transposon border	SWT14b_GS_F2 CCGGATCTACAAGAACAAGTCG Mu9242 GAGAAGCCAACGCCAWCGCCTCY ATTTCGTC	F3	Some kernels of the plants originating from the stock center seemed to be delayed in their growth. After one backcross with A188, this delay was not observed anymore.
					PCR + Sanger	GenoCRSPswt15a_F2		No obvious macroscopic phenotype
	ZmSWEET15a	Zm00001d050577	CRISPR in exon 3 and 4/4	1	sequencing around CRISPR	CGGCCTTTTACCTCTTACTTGTT GenoCRSPswt15a_R2	T4	observed. Kernel sugar content analysis planned on double mutant
					targets	ACTGCTCCGGTAGTATCACCA		sweet15a/sweet15b
					PCR + Sanger	GenoCRSPswt15b_F2		No obvious macroscopic phenotype
	ZmSWEET15b	Zm00001d016590	CRISPR in exon 3 and 4/4	1	sequencing around CRISPR	GGTTACGTTGCACATGCTTTTA GenoCRSPswt15b_R3	T4	observed. Kernel sugar content analysis planned on double mutant
					targets	GATCCACCGTCACCGCTATC		sweet15a/sweet15b
	ZmSWEET15b	Zm00001d016590	Transposon Ac/Ds/GFP-DS (tdsgR180C02) in exon 1/4	1	PCR on transposon border	SWT15b_GS_F1 AAATCGGTTATACGATAACGG GGCTTGAGCTCTCTCTTCCTCT TBp44 (used in reverse)	F2	No obvious macroscopic phenotype observed
	Zea mays Serine Carboxypeptidase like 49 (ZmSCL49 )	Zm00001d014983 CRISPR in exon 1/9	3	PCR + Sanger targets sequencing around CRISPR	GenoCRSP_SCP49_F2 CCGTTACAATGTTGGAATCTCA AAACCACCAAATAAACCTGACG GenoCRSP_SCP49_R1 :	T3	No obvious macroscopic phenotype observed
	Zea mays Serine Carboxypeptidase like 49 (ZmSCL49 )	Zm00001d014983	Transposon Mu (Illumina-721164.6) inserted 9 bp upstream start codon	1	PCR on transposon border	EoMuMix (EOmu1 GCCTCCATTTCGTCGAATCCC + EOmu2 GCCTCTATTTCGTCGAATCCG) SCL49_GS_F1 GGAACTGACACCAGTCACACTGA	F3	Some kernels were collapsed at maturity in material received from the stock center, but A188 backcrossing revealed that there was no genetic link between phenotype and mutation
	Zea mays Vacuolar Processing Enzyme (ZmVPE )	Zm00001d002824	Transposon Ac/Ds/GFP-DS (tdsgR89B08) in exon 9/9	1	PCR on transposon border	VPE-GS-F1 CGTCCCGCAAGTTAAATATGA GATGCTTGAGGCTGTTAGAACC JSR05 (used in reverse)	F1	No obvious macroscopic phenotype observed
					PCR + Sanger	Gen_g2CPR_NAC36-F1		
	ZmNAC36	Zm00001d003052 CRISPR in exon 2/3	1	sequencing around CRISPR	AGCTGCTAATGGACACGTATAC Gen_g2CPR_NAC36-R1	T2	No obvious macroscopic phenotype observed
					targets	AAGATGGTCAGCAACAACAACA		
					PCR + Sanger	Gen_g2CPR_NAC65-F1		
	ZmNAC65	Zm00001d025861 CRISPR in exon 2/2	2	sequencing around CRISPR	TCCAAGTTTCAATGACCGATCG Gen_g2CPR_NAC65-R1	T2	No obvious macroscopic phenotype observed
					targets	GCAACAAGTGACCGAAGACC		
	ZmNAC65	Zm00001d025861	Transposon Ac/Ds/GFP-DS (tdsgR125E05). In exon 1/2	1	PCR on transposon border	NAC65_GS_F1 AAATCGGTTATACGATAACGG AGCTCATTGCATAGTTTCAGTG TBp44 (used in reverse)	F1	No obvious macroscopic phenotype observed

  table the PAM site is in green and positions of selected bases refer to the nCas9 nick site. The values of the table are coloured by a heat map with red for highest values and green for lowest values.

  In order to gain more knowledge on the dynamics of the EAS, a series of histochemical and cytological experiments have been performed. They aimed at investigating the containment of the EAS in space and time and that PCD is involved in the developmental program of the EAS.

	3 Conclusions and perspectives		
	Frequency 3.1 Conclusions to the cytological approach and tracking of the
	1 bp insertion at position -1 position -2 1 bp insertion at	N.A N.A EAS over time	50 % (8/16) N.A	100% (1/1) N.A	20% (2/10) 10% (1/10)	N.A N.A
	X bp insertion at position -8		N.A	N.A	N.A	10% (1/10)	N.A
	1bp insertion at position -3	N.A	12,5% (2/16)	N.A	N.A	N.A
	1 bp deletion at position -1	N.A	18,75% (3/16)	N.A	N.A	N.A
	1 bp deletion at position +1	N.A	N.A	N.A	10% (1/10)	N.A
	5 bp deletion at position -2 to +3	N.A	N.A	N.A	20% (2/10)	N.A
	2 bp deletion at position -4 to -3	N.A	6,25% (1/16)	N.A	N.A	N.A
	2 bp deletion at position -2 to -1	N.A	6,25% (1/16)	N.A	N.A	N.A
	3 bp deletion at position -3 to -1	N.A	6,25% (1/16)	N.A	10% (1/10)	N.A
	23 bp deletion		N.A	N.A	N.A	N.A	100% (1/1)
	90 bp deletion (not between the 2 targets)	N.A	N.A	N.A	20% (2/10)	N.A

Table 1

 1 CRISPR-Cas9 alleles generated in 20 maize genes.

Table 1 (

 1 continued)

Table 2

 2 Guide RNAs used and relationship with plant transformation events.
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Data availability statement

The two plasmids generated during the current study are available at GeneBank under the accession number MH662439 for L1609 and MH662440 for L1611.

ZmUMAMIT2a and ZmUMAMIT2b are amino acid exporters required for amino acid homeostasis between the endosperm and the embryo in maize

Yannick Fierlej 1,2 , Nicolas M. Doll 1 , Émilie Montes 1 , Ghislaine Gendrot 1 , Sylvie Citerne 4 , Grégory Mouille 4 , Antoine Gaillard 2 , Ulrich Z. Hammes 3 , Thomas Widiez 1 and Peter M. Several UMAMITs (Usually Multiple Acids Move In and out Transporters) transporters are specifically expressed in the endosperm adjacent to scutellum (EAS), suggesting a role of these transporters in amino acid transfer from the endosperm to the growing embryo via the apoplasm. Here, we investigated the possible implication of two paralogs ZmUMAMIT2a (Zm00001d010655) and ZmUMAMIT2b (Zm00001d038554) in this mechanism. We generated a comprehensive phylogeny of maize UMAMITs and determined that ZmUMAMIT2a and ZmUMAMIT2b belong to clade III, together with AtUMAMIT11, AtUMAMIT14 and AtUMAMIT18 that are all bidirectional amino acid transporters. A double zmumamit2a/zmumamit2b mutant line was created with CRISPR/Cas9 technology but did not exhibit any macroscopic kernel phenotype. However, amino acid content was disturbed in the embryo, the EAS and the endosperm. The compartment that was most affected was the embryo, with changes observed for 9 amino acids. Expression of ZmUMAMIT2a and ZmUMAMIT2b in the heterologous Xenopus laevis system showed that both transporters can mediate the efflux of amino acids across the plasma membrane with different affinities. These results suggest that ZmUMAMIT2a and ZmUMAMIT2b could contribute to amino acid delivery from the endosperm towards the growing embryo in developing maize seeds.

KEYWORDS

amino acid, transport, EAS, embryo, endosperm, UMAMIT, Zea mays

Statistical Analyses

Two tailed Student's t-test and one-way ANOVA followed by Dunnett's test were performed using GraphPad Prism version 6.01 for Windows (GraphPad Software, San Diego, California USA, www.graphpad.com).

ZmSWEET14a and ZmSWEET14b are sugar transporters involved in sugar homeostasis in maize kernels

Yannick Fierlej 1,2 , Émilie Montes 1 , Ghislaine Gendrot 1 , Cédric Cassan 3 , Yves Gibon 3 , Antoine (Zm00001d049252) to this process. We confirmed that ZmSWEET14a and ZmSWEET14b belong to clade III and are orthologs to OsSWEET14, which has been demonstrated to be a sucrose transporter. We successfully generated two zmsweet14a/zmsweet14b double knockout mutant lines with a targeted mutagenesis approach using CRISPR/Cas9. These mutant lines did not show any apparent macroscopic phenotype as compared to wild-type plants in our growing conditions. However, soluble sugars and starch content analysis of embryos, endosperms and EAS revealed a metabolic phenotype that was contrasted for the two tested lines. One line exhibited disturbed levels of sugars in all three type of tissues as well as decreased levels of protein in the EAS, whereas the other line only showed decreased levels of sucrose in the EAS. Our findings suggest that ZmSWEET14a and ZmSWEET14b are involved in sugar partitioning within the maize kernel and could contribute to sugar efflux towards the embryo.

KEYWORDS

sugar, transport, SWEET, EAS, embryo, endosperm, Zea mays

Generation of zmsweet14a and zmsweet14b mutants using targeted mutagenesis

To investigate the role of ZmSWEET14a and ZmSWEET14b in sugar export towards the developing maize embryo, we generated zmsweet14a and zmsweet14b mutants via CRISPR/Cas9-mediated genome editing. Two single guide RNAs (sgRNAs) were designed in fully identical sequence stretches of ZmSWEET14a and ZmSWEET14b in exon 4 (sgRNA1 green triangle and sgRNA2 red triangle in Fig. 2A, sequences in Fig. 2B and Supplemental Table S1) and cloned in the same binary vector. Designing two sgRNAs increases the probability of successful mutation and has the potential to generate deletions between the two target sites which can be detected on agarose gels. The distance between the two predicted cleavage sites (3 bp upstream of the respective Protospacer Adjacent Motifs (PAM)) was 86 bp for both ZmSWEET14a and ZmSWEET14b. The initial sequence of sgRNA1 did not fully meet the requirements for its expression under the OsU3 promoter as it started with a Cytosine and not an Adenine. Given the difficulty to design efficient sgRNAs that match perfectly two genes, we nevertheless proceeded with the cloning of sgRNA1 including an Adenine as its first 5' base that did not match the genomic DNA sequence of neither ZmSWEET14a and ZmSWEET14b.

After maize transformation, 9 T0 plants carrying the construct were recovered. The genespecific primer pairs GenoCSPRswt14a-F1/GenoCSPRswt14a-R4 amplifying ZmSWEET14a and GenoCSPRswt14b-F1/GenoCSPRswt14b-R3 amplifying ZmSWEET14b (Fig. 2A and Supplemental Table S1) were used to check for putative sequence changes at the CRISPR/Cas9 target regions by Sanger sequencing. All 9 T0 plants tested carried mutations at the sgRNA2 site in both ZmSWEET14a and ZmSWEET14b which corresponded mainly to short indels.

Efficiency of sgRNA1 was much lower with only one line carrying a mutation at this target site in ZmSWEET14b only.

For further characterization, two lines zmsweet14ab-1 and zmsweet14ab-2 with mutations in both paralogs were chosen in order to avoid functional redundancy. For ZmSWEET14a, both lines shared the zmsweet14a-1 allele carrying an insertion of a T at the sgRNA2 target site. For ZmSWEET14b, the double mutant zmsweet14ab-1 had a deletion of two C (allele zmsweet14b-1 in Fig. 2) and the second double mutant zmsweet14ab-2 a deletion of a single C (allele zmsweet14b-2 in Fig. 2). All the alleles present in these two lines are frameshift mutations that disrupt the second conserved MtN3_slv family protein domain and create premature stop codons after 73 (zmsweet14a-1), 151 (zmsweet14b-1) or 14 (zmsweet14b-2) unrelated amino 105 acids (Fig. 2C). After self-pollination of the two double mutant lines zmsweet14a-1/zmsweet14b-1 and zmsweet14a-1/zmsweet14b-2, no macroscopic developmental defects were observed in either the endosperms or the embryos of the developing kernels. Out of the three projects of articles presented in this thesis, this one is the most advanced and will be submitted for peer reviewing shortly.

Maize protoplasts provide rapid predictions for efficient genome and base editing
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Rogowsky 

RESULTS

Coupling of protoplast transformation with NGS provides deep insight in the CRISPR/Cas9 mutation landscape

To reliably evaluate genome editing by CRISPR/Cas9 in maize protoplasts, a robust experimental system yielding protoplasts with a good viability at high density was established.

Comparative tests of several parameters incited us to use as starting material young leaves of soil born germinations, which were easier to obtain in large quantity and without the risk of contamination than in vitro germinations or BMS cells (Fig. 1). Other important choices to increase the overall yield and/or viability were the tenderness of the leaves (the two youngest leaves at the 4 to 5 leaf stage), the addition of pectolyase to the enzyme mix containing also cellulase and macerozyme, the vacuum infiltration of the enzyme mix, a purification step on a sucrose cushion, the use of PEG rather than electroporation for DNA uptake and simple deep freezing rather than grinding of protoplasts prior to DNA extraction (see Materials and Methods for details). The transformation rate was calculated by transforming a protoplast aliquot with a plasmid expressing a GFP reporter gene under the control of the constitutive

CsVMV promoter (Fig. 1).

Libraries for NGS sequencing were constructed by specific PCR amplification of the CRISPR/Cas9 target site with a proof-reading enzyme. In addition to the maize-specific part, the primers contained a 5 nt tag with a random sequence and part of the Illumina adapter (Supp. Fig. S1). The tag was destined to distinguish sequences originating from independent amplifications of the target site (different tags) or representing the same PCR product (identical tag). This tag is not to be confused with the index added during the second amplification with the full Illumina adapter, which allowed multiplexing of libraries in a single flow cell.

To analyse the type and frequency of CRISPR/Cas9-mediated mutations, a 7-step bioinformatics pipeline combining existing programs and custom-made scripts was developed (Fig. 2) and made available (https://gitbio.ens-lyon.fr/rdp/crispr_proto_maize). The pair end mode was chosen to enhance sequence quality and allow the processing of slightly larger PCR products compared to single read mode. After classical pairing with PEAR, quality control with FASTQ and trimming of remaining adapter sequences with Fastq-mcf, the tags at the 5' and 3' end of the sequences were removed with a Python script and added to the sequence name.

shaped stomata, 5.5-fold fewer normally shaped stomata and 1.3-fold more meristemoids than wildtype. 

KEY MESSAGE

The analysis of 93 mutant alleles in 18 genes demonstrated that CRISPR-Cas9 is a robust tool for targeted mutagenesis in maize, permitting efficient generation of single and multiple knockouts.

ABSTRACT

CRISPR-Cas9 technology is a simple and efficient tool for targeted mutagenesis of the genome. It has been implemented in many plant species, including crops such as maize. Here we report single and multiple gene mutagenesis via stably transformed maize plants. Two different CRISPR-Cas9 vectors were used allowing the expression of multiple guide RNAs and different strategies to knock out either independent or paralogous genes. A total of 12 plasmids, representing 28 different single guide RNAs (sgRNAs), were generated in order to target 20 genes. For 18 of these genes, at least one mutant allele was obtained, while two genes were recalcitrant to sequence editing. 19% (16/83) of mutant plants showed biallelic mutations. Small insertions or deletions of less than 10 nucleotides were most frequently observed, regardless of whether the gene was targeted by one or more sgRNAs. Deletions of defined regions located between the target sites of two guide RNAs were also reported although the exact deletion size was variable. Double and triple mutants were created in a single step, which is especially valuable for functional analysis of genes with strong genetic linkage. Off target effects were theoretically limited due to rigorous sgRNA design and random experimental checks at three potential off target sites did not reveal any editing. Sanger chromatograms allowed to unambiguously class the primary transformants; the majority (85%)

were fully edited plants transmitting systematically all detected mutations to the next generation, generally following Mendelian segregation. 
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Material and Methods

Plant Material and Growth Conditions

The maize (Zea mays) inbred line A188 [START_REF] Gerdes | Pedigree Diversity within the Lancaster Surecrop Heterotic Group of Maize[END_REF] and derived transgenic or edited plants were grown in growth chambers that fulfill the French S2 safety standards for the culture of transgenic plants. In the 15 m 2 growth chambers the plants were illuminated by a mixture of 10 LED spots of 500 W (Neptune LED, Ste Anne sur Gervonde) set at 60% intensity and 8 high-pressure sodium lamps of 400 W, resulting in the spectrum presented in Online Resource 5 and a photosynthetic photon flux density (PPF) of about 300-400 μmol.s-1 at plant height. The photoperiod consisted of 16 h light and 8 h darkness in a 24 h diurnal cycle. Temperature was set to 24°C/17°C (day/night) during the first 84 days after sowing (DAS) and then to 26°C/28°C for the remaining 30 days of the life cycle. The relative humidity was controlled at 55% (day) and 65% (night). Seeds were germinated in 0.2 L of Favorit MP Godets substrate (Eriterre, Saint-André-de-Corcy) and were transferred at between 12 and 20 DAS to 8 L of Favorit Argile TM + 20% perlite substrate (Eriterre, Saint-André-de-Corcy) supplemented with 50 ml of Osmocote Exact Hi.End 5-6M (15-9-12+2MgO+TE) fertilizer (Scotts, Écully). All plants were propagated by hand pollination.

Vector cloning

The integrative plasmid L1609 (Fig. 1) is based on the backbone of pSB11 (Ishida et al., 1996), from which a SapI site was removed. It contains between the T-DNA borders a rice codon optimized Cas9 [START_REF] Miao | Targeted mutagenesis in rice using CRISPR-Cas system[END_REF] driven by a synthetic maize ubiquitin promoter lacking several restriction sites, a rice U3 promoter separated from a sgRNA scaffold (Shan et al., 2013) by two adjacent but otherwise unique SapI sites, unique EcoRV and I-CeuI sites and a Basta® resistance cassette. The small plasmid L1611 (Fig. 1) contains a wheat U6 promoter followed by two adjacent SapI sites and a shRNA (Shan et al., 2013), the entire cassette being