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Synthèse en français

Au vu de l'augmentation de la population mondiale et de l'impact croissant du réchauffement climatique, des progrès majeurs en amélioration des plantes sont nécessaires pour assurer la sécurité alimentaire des générations futures tout en réduisant l'empreinte environnementale de la production alimentaire. On prévoit ainsi que la production agricole mondiale actuelle devrait augmenter de 60 à 110 % d'ici 2050 pour répondre à la demande croissante de la population mondiale [START_REF] Alexandratos | World Agriculture Towards 2030/2050: The 2012 Revision[END_REF], (Tilman et al. 2011).

Cet objectif ne peut pas être atteint si les rendements ne sont pas augmentés, ou la superficie des terres cultivées aggrandie (Ray et al. 2013), (Tilman et al. 2011). Un défrichement supplémentaire et une utilisation plus intensive des terres ne feraient qu'ajouter à l'impact déjà important de l'agriculture moderne sur l'environnement, conduisant inéluctablement à une augmentation des émissions de gaz à effet de serre, une fragmentation des habitats et une réduction de la biodiversité [START_REF] Dirzo | Global State of Biodiversity and Loss[END_REF]. Cela aggraverait le changement climatique, dont on prévoit déjà les effets négatifs importants sur la productivité future des cultures [START_REF] Lobell | The Influence of Climate Change on Global Crop Productivity[END_REF], [START_REF] Zhao | Temperature Increase Reduces Global Yields of Major Crops in Four Independent Estimates[END_REF]. L'augmentation globale de la productivité n'est pas le seul objectif ; le développement de variétés de cultures plus résistantes aux facteurs de stress biotiques et abiotiques et de variétés nécessitant moins d'intrants agricoles est également indispensable pour favoriser une agriculture plus durable. Il est donc de la plus haute importance d'accélérer les programmes de sélection variétale, pour les rendre plus efficaces, plus rapides et atteindre ainsi les objectifs présentés ci-dessus.

Le principe de base de la sélection variétale consiste à croiser des génotypes parentaux présentant des caractéristiques d'intérêt pour produire une descendance au sein de laquelle le sélectionneur recherche des plantes combinant ces caractéristiques. Si des innovations récentes, telles que la « sélection rapide » (speed breeding), l'édition du génome et la possibilité de produire des haploïdes doublés, ont augmenté l'efficacité des programmes de sélection (H. Li et al. 2018), [START_REF] Lenaerts | Review: Improving Global Food Security through Accelerated Plant Breeding[END_REF], des goulets d'étranglement subsistent. Ainsi, les espèces cultivées présentent généralement une base génétique étroite, qui s'est progressivement appauvrie au cours de la domestication, puis de la sélection moderne. Or, il ne peut y avoir de progrès génétique sans diversité. Par ailleurs, un nombre élevé de cycles de sélection est généralement nécessaire pour produire des variétés commerciales (H. Li et al. 2018).

Pour l'essentiel, les programmes de sélection reposent sur la variation générée par le brassage génétique qui se produit pendant la méiose, une division cellulaire spécialisée qui conduit à la formation des gamètes haploïdes nécessaires à la reproduction sexuée. Au cours de la méiose, des échanges réciproques de grands fragments d'ADN ont lieu entre les chromosomes maternels et paternels via les crossovers (COs), produisant de nouvelles combinaisons génétiques qui sont transmises par les gamètes. S'ils sont donc un moyen d'augmenter la diversité disponible pour le sélectioneur, celle-ci reste néanmoins limitée par le faible nombre et la distribution irrégulière des COs, qui sont tous les deux étroitement régulés. Ainsi, observe-t-on rarement plus de 2 COs par chromosome chez la plupart des plantes et des eucaryotes en général (Mercier et al. 2015). De même, chez les plantes à grand génomes, les COs se forment préférentiellement dans les régions les plus distales, laissant de long fragments centraux quasiment dépourvus de tout CO.

Les progrès de la recherche fondamentale sur la recombinaison méiotique ont permis d'identifier deux approches complémentaires pour augmenter la fréquence des COs, et lever ainsi (au moins en partie) la première des deux contraintes évoquée ci-dessus : surexprimer des protéines promotrices des CO ou, au contraire, éliminer des protéines inhibitrices de CO.

Si la première approche (surexpression des promoteurs de CO) n'a jamais été évaluée chez une autre plante qu'Arabidopsis thaliana, la seconde est relativement bien établie. Différentes protéines ayant un effet anti-CO ont ainsi été ciblées avec succès chez plusieurs plantes cultivées, conduisant à une augmentation très significative de la fréquence de COs chez ces dernières. On aurait tort de conclure, au vu de ces validations, que les connaissances acquises chez les organismes modèles, comme Arabidopsis, peuvent être généralisées in extenso et sans réserve à l'ensemble des espèces. Les plantes cultivées ont ainsi tendance à avoir des génomes plus grands et plus complexes que la plante modèle, ce qui doit être pris en compte lorsqu'on tente de manipuler les propriétés méiotiques. En outre, de nombreuses espèces d'importance économique sont des allopolyploïdes, qui combinent plusieurs (sous-) génomes hérités de leurs parents diploïdes (e.g. le génome du colza combine ceux du chou et de la navette). La fertilité de ces espèces recquiert des niveaux supplémentaires de régulation pour assurer la stabilité méiotique. Ces réserves appelent nécessairement à des travaux de « biologie translationnelle » visant à évaluer la portabilité des résultats entre espèces.

La question centrale de mon travail de thèse a été d'étudier si on peut manipuler les fréquences de COs chez une espèce cultivée polyploïde sans affecter négativement la fertilité et la stabilité de leur génome. La première composante de mon projet consistait à cibler la protéine anti-CO FIGL1 chez le colza (Brassica napus) pour tester si l'inactivation de cette protéine y a les mêmes effets que ceux observés chez les plantes diploïdes où elle a été ciblée jusqu'à présent. La nature polyploïde du colza donne également la possibilité d'explorer le dosage de FIGL1 sur le comportement méiotique. Le deuxième objectif consistait à vérifier si les fréquences de CO pouvaient être augmentées en surexprimant un gène codant la protéine HEI10 chez les crucifères cultivées. HEI10 est en effet la seule protéine pour laquelle on a observé qu'une augmentation du dosage entraînait une augmentation du nombre de CO. Fait intéressant, contrairement à la plupart des autres gènes méiotiques, de nombreuses plantes présentent plusieurs gènes codant HEI10, même si elles ne sont plus actuellement des polyploïdes (Gonzalo et al. 2019). Ce constat, établi dès le début de ma thèse, m'a conduit à explorer l'évolution des gènes codant HEI10 chez les Brassiceae.

Mes travaux sur FIGL1 ont d'abord porté sur l'évolution du nombre de copie des gènes codant cette protéine chez les angiospermes, approche faisant écho à ce que j'avais préalablement fait sur HEI10. Cette analyse a révélé que, comme la plupart des autres gènes méiotiques, les gènes codant FIGL1 tendent à revenir sous forme de singleton après un évènement de polyploïdie. Ce processus prend probablement plusieurs millions d'années car les polyploïdes actuels (e.g. blé, tabac, caféier,..) possèdent tous un nombre de copies correspondant à la somme des copies de leurs progéniteurs. C'est notamment le cas du colza qui présente deux gènes codant FIGL1. Ces deux gènes sont très apparentés, ainsi qu'à leur orthologue chez A. thaliana, et transcrits à peu prés au même niveau (chez le colza). Pour analyser les conséquences fonctionnelles de l'invalidation de ces gènes, deux variétés de colza ont été transformées avec un construit contenant des ARN guides et la nucléase cas9 à l'IGEPP de Rennes. J'ai recherché et identifié un ensemble de mutations conduisant à des décalages de la phase de lecture et donc à des protéines tronquées. J'ai montré que l'absence complète de tout allèle FIGL1 fonctionnel altère gravement la fonction méiotique et entraîne une stérilité totale des mutants KO : la très grande majorité des méiocytes mâles montrent en effet un fort niveau de fragmentation des chromosomes attestant de problèmes importants de réparation des cassures double-brins de l'ADN qui permettent d'initier la recombinaison méiotique. J'ai également observé qu'un allèle FIGL1 fonctionnel unique était suffisant pour maintenir des niveaux de fertilité semblables à ceux du type sauvage. De façon inattendue, j'ai observé l'apparition de problèmes développementaux dans la descendance de plantes double-hétérozygotes (Figure 1) : feuilles à bords enroulés (Figure 1A), ou en cone, perte de la dominance apicale conduisant à des plantes buissonantes (Figure 1B), et nanisme (Figure 1C).

Figure 1: quelques uns des défauts de développement observés dans la descendance de plantes présentant des allèles figl1 mutés.

Ces défauts n'étaient pas corrélés au génoype des plantes aux locus FIGL1 mais ressemblaient à ceux décrits chez des plantes aneuploïdes de colza (ref). J'ai donc entrepris de tester si certaines des plantes dans ces descendances présentaient des karyotypes anormaux. J'ai pour cela combiné des approches de cytométrie en flux, de pyroséquençage et de génotypage SNPs. Ces approches ont permis d'identifier une plante haploïde dans une des descendances mais surtout de détecter un très grand nombre de remaniements structuraux, allant de la perte ou du gain d'un chromosome entier à celle de petits segments d'ADN. Ces remaniements provenaient des deux parents de la populations analysées et concernaient la quasi-totalité des 19 chromosomes du colza. Il est donc très probable qu'ils soient dûs à l'inactivation partielle ou totale (dans les gamètes) des gènes codant FIGL1. Des approches sont en cours pour mesurer l'effet de l'inactivation de FIGL1 sur la recombinaison somatique.

Cette première partie de mes travaux a permis de montrer que FIGL1 est indispensable pour assurer la stabilité génomique du colza. Les défauts méiotiques observés confirment ceux observés chez le riz et indique que l'inactivation complète de FIGL1 n'est pas une voie envisageable pour augmenter la fréquence de COs chez des espèces à génome complexe.

Ils vont bien dans le sens de la nécessité de valider les découvertes faites chez Arabidopsis chez les espèces cultivées.

En raison de contraintes de temps dues aux restrictions COVID-19 en 2020 et aux développements inattendus du projet FIGL1, je n'ai pas pu mener le projet HEI10 aussi loin que je ne l'aurais souhaité. J'ai néanmoins obtenu une série de résultats qui, s'ils doivent encore être vérifiés et validés, sont particulièrement prometteurs. Comme précisé ci-dessus, j'ai tout d'abord montré que de nombreuses angiospermes tendent à conserver des copies multiples codant HEI10 suite aux événements de polyploïdie qui ont jalonné leur histoire. Ce résultat, publié dans l'article d'A. Gonzalo (Gonzalo et al., 2019), est très différent de l'évolution des gènes codant les autres protéines de la même voie de formation des crossing-overs qui eux, sont souvent codés par des gènes uniques. Les Brassicas illustrent parfaitement cette tendance ; selon l'espèce et le génotype, de 2 à 3 gènes codent HEI10 chez les espèces diploïdes alors que 5 gènes HEI10 sont présents chez le colza. En réalité, il m'est très vite apparu que, dans une espèce donnée (à l'exception peut-être du colza), le nombre de copie HEI10 pouvait être variable d'un génotype à l'autre. Pour tester la généralité de cette observation, j'ai entrepris de mesurer le degré de conservation de ces différentes copies par des approches bio-informatiques. Mes premières analyses ont montré que si une des copies est présente (et complète) chez toutes les variétés de navette analysées (n=199), ce n'est pas le cas des deux autres copies qui sont absentes de la moitié de ces variétés, et ce indépendamment l'une de l'autre (Figure 2). Figure 2: Degré de conservation des différentes copies codant HEI10 dans une collection de 199 accessions de Brassica rapa. Bleu : copie complète ; jaune : copie partielle ; gris : situation ambigüe.

L'approche que j'ai suivi pour obtenir ce résultat ne me semblant pas satisfaisante (en particulier parce qu'elle n'était pas automatisable, qu'elle nécessitait une analyse visuelle des alignements et qu'elle manquait de témoins), j'ai entrepris de la reprendre et de l'améliorer. J'ai au préalable construit un génome de référence contenant la séquence complète de 163 gènes impliqués en méiose en utilisant tous les génomes séquencés à ma disposition. Ce travail long et fastidieux a été mené à son terme mais je n'ai malheuresement pas eu le temps de l'utiliser pour comparer le taux et le pattern de conservation des gènes codant HEI10 par rapport aux autres gènes méiotiques.

En parallèle de cette approche in silico, j'ai entrepris de tester si toutes les copies codant HEI10 étaient équivalentes d'un point de vue fonctionnel. J'ai pour cela identifié des allèles mutants défectifs pour chaque copie, combiné ces mutations au sein d'un même individu de B. rapa triple hétérozygote et produit par autofécondation de cette plante une population au sein de laquelle on peut trouver toutes les combinaisons d'allèles mutés et sauvage à chaque locus. J'ai d'abord montré que les plantes ne présentant plus aucun allèle fonctionnel (triple homozygote mutant) présentaient une forte réduction du nombre de crossing-overs, comparables à celle observée chez un mutant nul pour une autre protéine de la même voie. Les allèles mutés à chaque locus sont donc non-fonctionnels. J'ai ensuite montré qu'un mutant nul pour la copie que j'ai trouvée la plus conservé par bio-informatique présentait un réduction sensible du nombre de COs (contrairement aux mutants nuls pour les autres copies) et q'un seul allèle fonctionnel de cette copie était suffisant pour assurer un comportement méiotique proche de celui d'une navette sauvage chez des plantes déficientes pour les deux autres copies. Ces dernières, en revanche, ne sont pas capables de compenser (aussi bien) la perte des autres copies codant HEI10. Ces résultats, à confimer, suggèrent qu'une des copies codant HEI10 est en train de prendre le pas sur les autres, qui deviennent non essentielles. On pourrait donc observer ce qui se passe lorsqu'une bascule s'opère entre la rétention (par sélection) de plusieurs copies et la perte aléatoire de certaines d'entre elles dès que les pressions de sélections conservatives se relâchent. J'ai par ailleurs produit toute une série de ressources (lignées de colza cumulant des pertes et des duplications de certaines copies codant HEI10, lignées de cameline surexprimant HEI10, construits contenant des ARNs guides ciblant toutes les copies de HEI10 chez le colza, …) qui devraient s'avérer très utiles dans un avenir proche. Enfin, j'ai souhaité brosser l'aperçu le plus objectif possible de l'état de la recherche sur la méiose pour l'amélioration des plantes. Si l'affirmation selon laquelle la recombinaison méiotique est importante pour l'amélioration des plantes semble évidente, j'ai voulu analyser dans quelle mesure ce sentiment était partagé par les chercheurs travaillant dans une entreprise privée ou dans la recherche publique. Pour mieux comprendre les points de convergence, ou au contraire d'opposition, entre recherche publique et privée, j'ai élaboré une enquête permettant de faire un état des lieux de la perception qu'ont ces chercheurs du rôle de la méiose et de l'intérêt de la manipuler dans un but d'amélioration variétale. J'ai reçu et analysé 70 réponses à cette enquête qui a révélé que, bien qu'il semble y avoir un consensus général entre les deux secteurs concernant l'importance de la modification de la méiose pour améliorer les programmes de sélection végétale, il y avait aussi quelques divergences dans la priorisation de certaines stratégies et/ou des résultats attendus. Dans l'ensemble, les participants du secteur privé semblaient donner la priorité à la réduction de la taille des introgressions ou à la promotion de ces mêmes introgressions interspécifiques, alors que le secteur public semblait plus intéressé par la modification du paysage de recombinaison pour introduire des COs dans les régions qui en sont dépourvues. Un certain consensus semble se dégager au profit d'une recombinaison ciblée (par opposition à une augmentation globale des fréquences de CO) et d'une modification transitoire du nombre de COs. Les deux secteurs reconnaissaient aussi la nécessité de la recherche translationnelle en amont des approches visant à exploiter concrètement les mécanismes impliqués dans des programmes d'innovations variétale. Une excellente justification (a posteriori) de mes autres travaux de thèse ! En résumé, mes travaux de thèse ont permis de montrer que les connaissances acquises sur certains mécanismes fondamentaux (chez Arabidopsis thaliana) ne sont pas forcément directement transposables en termes d'innovations (méthodologiques ou technologiques) pour accélerer les programmes d'innovations variétales. La complexité du génome des espèces cultivées (nombre de chromosomes, duplications, niveau de ploidie, séquences répétées) introduit des contraintes supplémentaires qu'il n'est pas toujours possible d'anticiper. Mes travaux ont ainsi montré que FIGL1 est indispensable pour assurer la stabilité génomique du colza et que des approches visant à inactiver cette protéine ne représentent pas une stratégie utilisable pour élever les fréquences de CO. Bien que des recherches plus approfondies sur les effets de la surexpression de HEI10 soient nécessaires avant de pouvoir évaluer l'utilité de cette approche, mes travaux montrent qu'il convient probablement de bien choisir quelle copie sur-exprimer car elles ne sont vraisemblablement pas toutes équivalentes. Ce résultat original est intéressant d'un point de vue évolutif. Enfin, pour en revenir aux objectifs de manipuler les mécanismes de la méiose et de la recombinaison génétique en amélioration des plantes, les résultats de l'enquête que j'ai menée montrent clairement l'intérêt partagé des chercheurs et des sélectionneurs pour cette question et ouvre des pistes de réflexion pour y arriver.

Summary

In light of a growing world population and the increasing impact of global warming, major gains in crop improvement are required to ensure food security for future generations whilst reducing the environmental footprint of food production. It is projected that current global crop production will have to increase by 60-110% by 2050 to meet the increasing demands of the world population [START_REF] Alexandratos | World Agriculture Towards 2030/2050: The 2012 Revision[END_REF], (Tilman et al. 2011). However, the current rate at which worldwide yields are increasing is not high enough to meet these requirements without expanding the amount of land under cultivation (Ray et al. 2013), (Tilman et al. 2011). Additional land clearing and more intensive land use would only add to the already substantial impact of modern agriculture on the environment in the form of increased greenhouse gas emissions, habitat fragmentation and the reduction of biodiversity [START_REF] Dirzo | Global State of Biodiversity and Loss[END_REF]. This would further contribute to climate change, which is already predicted to have strong negative effects on future crop productivity [START_REF] Lobell | The Influence of Climate Change on Global Crop Productivity[END_REF], [START_REF] Zhao | Temperature Increase Reduces Global Yields of Major Crops in Four Independent Estimates[END_REF]. Apart from an increase in general productivity, other areas of focus for more sustainable agriculture are the development of crop varieties more resilient to biotic and abiotic stressors and varieties requiring less agricultural inputs. Therefore, increasing the current rate of crop improvement through more efficient breeding programmes to achieve these goals is of utmost importance.

The basic principle of plant breeding involves the crossing of parental genotypes with desirable traits to produce a progeny in which these traits are combined. While recent innovations, such as speed breeding, genome editing and the possibility of producing doubled haploids have increased the efficiency of plant breeding programmes (H. Li et al. 2018), [START_REF] Lenaerts | Review: Improving Global Food Security through Accelerated Plant Breeding[END_REF], bottlenecks such as the narrow genetic bases of some crop types as well as a high number of breeding cycles required to produce commercial varieties remain(H. Li et al. 2018). For the most part, breeding programmes still rely on the variation generated by the genetic reshuffling that occurs during meiosis, a specialized cell division that produces haploid gametes and is necessary for sexual reproduction. During meiosis, crossovers (COs), the reciprocal exchanges of large DNA fragments between chromosomes, are formed between homologous non-sister chromatids from maternal and paternal chromosomes. COs can thus give rise to novel genetic combinations in the gametes.

A factor currently limiting the genetic variation that can be captured by current plant breeding programs is that CO frequencies and their distribution across the genome are tightly regulated in wild-type meiosis, with only around 2-3 CO occurring per chromosome in plants and most other eukaryotic genomes (Mercier et al. 2015). Therefore, increasing CO frequencies represents one avenue to overcome current limitations and improve the efficiency of breeding programmes. Two approaches through which CO rates could be increased is by over-expressing CO promoting proteins or by knocking-out CO-inhibitors. So far, the former strategy has only been explored through over-expressing the CO-promoter HEI10 in Arabidopsis. On the other hand, the strategy of knocking out anti-crossover proteins is relatively well established, with different anti-CO proteins having been successfully targeted to elevate CO frequencies in a number of plants (reviewed in [START_REF] Fayos | Manipulation of Meiotic Recombination to Hasten Crop Improvement[END_REF]). However, not all strategies successfully employed in Arabidopsis had comparable effects when applied to other species. Translational research of meiosis remains challenging, as crops tend to have larger and more complex genomes than model plants, which needs to be taken into account when attempting to manipulate meiotic properties to avoid unfavorable outcomes. Furthermore, many economically important crops are polyploids, which require additional levels of regulation to ensure meiotic stability. The risk is that by increasing the formation of COs in these species, some of them end up between homoeologous chromosomes (inherited from the parent species of the allopolyploid) and result in unbalanced gametes, aneuploidy, genome instability and reduced fertility.

The question of whether CO frequencies can be manipulated in a polyploid crop without adversely affecting fertility and genome stability is what my thesis aims to address. One component of the project involved targeting the anti-CO protein FIGL1 via CRISPR-cas9 in Brassica napus to explore if the effects of FIGL1 mutants on CO frequencies were similar to what was observed in Arabidopsis. The polyploid nature of Brassica napus also allowed for the exploration of FIGL1 dosage on meiotic behavior. The second objective involved testing if CO frequencies could be elevated by overexpressing the CO-promoter HEI10 in Brassicaceae crops. As previously mentioned, HEI10 was the only protein in which a dosage increase was observed to lead to a CO increase, the effects of which have only been explored in Arabidopsis, which only has one copy of this gene (Ziolkowski et al. 2017a). The HEI10 component of my project involved targeting the gene in Brassica rapa, where it has three copies, to evaluate the consequences of HEI10 duplicate loss and determine which copy was the most functional and therefore most suitable target for overexpression. In parallel, a computational analysis was launched to detect structural and copy number variation between the different HEI10 copies in Brassica napus and its diploid progenitors Brassica rapa and Brassica oleracea, to compare the level of conservation between the duplicates. To gain insights into the effect of increasing HEI10 dosage on CO frequency, I initially set out to produce B. napus plants with extra HEI10 copies (using gamma-irradiated lines that were kindly provided to us by Ian Bancroft and Lenka Havlickova from the University of York) and generate an over-expressor line in Camelina sativa, an ancient oilseed crop that reappeared in the European agricultural landscape about three decades ago. Lastly, we wanted to gain a better overview of the state of meiosis research for plant breeding as a whole. While the statement that meiotic recombination is important for plant breeding seems to be straightforward, we wanted to explore to what extent this sentiment was echoed by meiosis researchers themselves, both in industry and public research. To gain a better understanding of public and private research interests we developed a survey to help identify areas of particular relevance, as well as discrepancies in priorities between public and private institutions.

The results of the FIGL1 project revealed that the absence of any functional FIGL1 alleles severely impairs meiotic function resulting in sterility, and that one functional FIGL1 allele was sufficient to maintain wild-type like fertility levels. Surprisingly, it appeared that despite remaining fertile, meiotic function seems to have been impaired in FIGL1 knock-down mutants, leading to genomic instability, as genomic rearrangements were detected in both FIGL1 mutant lines used in the project, which were generated through independent transformation events. Due to time constraints caused by a combination of unexpected developments in the FIGL1 project and setbacks due to COVID-19 restrictions in 2020, only preliminary results were generated for the HEI10 projects. These partial findings were achieved despite significant complications in the generation of the appropriate plant material and customized bioinformatics references. Finally, we received 70 responses to our survey, which revealed that while there appeared to be a general consensus between both sectors regarding the importance of modifying meiosis to improve plant breeding programmes, there were some discrepancies in the prioritization of certain modification strategies over others, as well the desired outcomes of employing such strategies. Overall, private sector participants appeared to prioritize being able to reduce introgression sizes and promoting alien introgression, while the public sector was more fixated on changing the recombination landscape to introduce CO into cold regions. Both sectors appeared to be more interested in targeted recombination than increases in global CO rates, and a large proportion of participants favored transient modification strategies over fixed mutations. There was also a general acknowledgement of the fact that major strides in translational research were required before most of the aforementioned meiotic modification strategies could be applied to crops in breeding programmes, which is one of the issues my thesis aims to address (at least in part).

In summary, I was able to demonstrate that translating concepts explored in fundamental meiosis research into crops remains challenging due to the additional complexity of crop genomes, and that approaches such as targeting FIGL1 do not represent a feasible strategy to elevate global CO frequencies. While further research into the effects of overexpressing HEI10 are required before the utility of the approach can be evaluated, the fact that our survey results revealed a preference for modification of CO landscapes and targeted recombination over the generation of hyper rec mutants in both sectors indicates that while this may represent one avenue to improving breeding programmes, it is not the only strategy worth pursuing.

Why study Meiotic Recombination in Crops?

Foreword

As the main focus of my thesis is translational research of meiotic modification approaches in crops and the elucidation of their potential for crop improvement, I will focus less on the fundamental mechanisms governing this highly complex process, instead opting to provide a more general overview. There are numerous extensive reviews on meiosis in plants that provide a more detailed summary of the mechanistic aspects, such as: (Mercier et al. 2015), (Lambing, Franklin, and Wang 2017), (Wang et al 2021) and (Kuo et al. 2021).

A. The basic principles of meiosis and meiotic recombination

Introduction to meiosis

Meiosis is a specialized cell division that produces haploid spores that will give rise to the gametes required for sexual reproduction. Contrary to mitosis, meiosis involves a single round of DNA replication followed by two successive rounds of nuclear division during which chromosomes segregate. The first division (meiosis I) separates homologous chromosomes, each composed of two sister chromatids, while the chromatids are pulled apart to opposite poles during the second division. This results in four haploid spores carrying one chromatid of each chromosome (Figure 1). Defects in meiotic cell cycle progression or chromosome segregation can lead to diploid spores containing pairs of homologous chromosomes or sister chromatids (d [START_REF] Erfurth | Mutations in AtPS1 (Arabidopsis Thaliana Parallel Spindle 1) Lead to the Production of Diploid Pollen Grains[END_REF], [START_REF] De Storme | The Arabidopsis Mutant Jason Produces Unreduced First Division Restitution Male Gametes through a Parallel/fused Spindle Mechanism in Meiosis II[END_REF], [START_REF] Cromer | OSD1 Promotes Meiotic Progression via APC/C Inhibition and Forms a Regulatory Network with TDM and CYCA1;2/TAM[END_REF].

Another specificity of meiosis (compared to mitosis) is the formation of crossovers (COs) between homologous non-sister chromatids from maternal and paternal chromosomes.

COs are reciprocal exchanges of large DNA fragments between chromosomes that result from the repair of double stranded breaks using a homologous non-sister chromatid as the repair template. Combined with sister-chromatid cohesion, COs ensure correct segregation of homologous chromosomes during meiosis I (G. H. [START_REF] Jones | Meiotic Crossing-over: Obligation and Interference[END_REF]. COs also generate novel allelic combinations and thereby contribute to expand genetic diversity. Another opportunity for reshuffling genetic material occurs through the random assortment of homologous chromosomes.

The stages of meiosis are preceded by DNA replication during the S phase and can be divided into four main phases: prophase, metaphase, telophase and anaphase. Prophase I, the longest and most complex stage, can itself be broken down into 5 stages, leptotene, zygotene, pachytene diplotene and diakinesis (Figure 1, B-F).

Chromosomes begin condensing at leptotene, and sister chromatids begin organizing along structures known as axial elements (AE) from which arrays of chromatin loops emanate [START_REF] Borde | Programmed Induction of DNA Double Strand Breaks during Meiosis: Setting up Communication between DNA and the Chromosome Structure[END_REF]. This is the stage when meiotic recombination is initiated (see below) contributing to homolog recognition and pairing (i.e. the spatial coalignment of whole homologous chromosomes; [START_REF] Zickler | The Leptotene-Zygotene Transition of Meiosis[END_REF].

At zygotene, chromosome condensation continues and synapsis is initiated through the formation of the synaptonemal complex (SC), a tripartite structure holding homologous chromosomes together along their lengths (Zickler and Kleckner 1999), [START_REF] Lake | The Molecular Control of Meiotic Chromosomal Behavior: Events in Early Meiotic Prophase in Drosophila Oocytes[END_REF]. The SC is composed of the two axial elements connected to each other by numerous transverse filaments (TF), which run perpendicular to the aligned homologous axes (that are called lateral elements in the context of the SC). The TF of the SC have been shown to be important for CO formation and frequency in various species, including Arabidopsis [START_REF] Capilla-Pérez | The Synaptonemal Complex Imposes Crossover Interference and Heterochiasmy in[END_REF], [START_REF] France | ZYP1 Is Required for Obligate Cross-over Formation and Cross-over Interference in[END_REF].

At the pachytene stage, synapsis is completed all along the chromosomes and homologs are present in configurations known as bivalents. A minority of these recombination intermediates mature into COs (see the section CO Classes for more details).

At diplotene the homologous chromosomes begin to separate as the SC undergoes desynapsis but remain joined at the CO sites through structures known as chiasmata. At diakinesis, desynapsis is complete and the bivalents are now visible as two entities held together by the chiasmata. Towards the end of diakinesis, meiotic spindle microtubules start to form, and the chromosomes move towards the equatorial plane, marking the end of prophase I.

During metaphase I the bivalents are aligned on the equatorial plane, and the spindle microtubules attach to the kinetochores at the sister centromeres. Through a series of complex mechanical interactions and multiple checkpoints, the correct orientation and cohesion between chromatids is ensured [START_REF] Watanabe | Modifying Sister Chromatid Cohesion for Meiosis[END_REF].

At anaphase I, chiasmata are resolved when the cohesion between sister chromatid arms is released, allowing the homologs to separate and move away from each other towards opposite poles. At this stage, sister-chromatin cohesion is retained at the centromere. The migration to opposite poles is completed by telophase I, resulting in two chromosome sets known as a dyad.

The second round of meiotic division encompasses prophase II, metaphase II, anaphase II and telophase II and resembles mitosis as it involves the separation of the sister chromatids, after cohesion is released at the centromeres. This results in four pools of chromosomes that form a tetrad. 

Initiation and Regulation of Meiotic Recombination

From a plant breeding perspective, the most relevant aspects in the meiotic process are the formation and maturation of COs as well as the mechanisms in which their frequency and distribution are regulated, as these are the avenues through which novel genetic combinations can be generated.

Meiotic recombination begins with the formation of a lot of double stranded breaks (DSB) along the chromosomes that are catalyzed by a protein complex consisting of SPO11 and its accessories (Keeney, Giroux, and Kleckner 1997), (Stacey et al. 2006), [START_REF] Vrielynck | A DNA Topoisomerase VI-like Complex Initiates Meiotic Recombination[END_REF]. Around 150 -200 in DSBs are produced in Arabidopsis thaliana (Ferdous et al. 2012) (Figure 2), and this number can be even higher in crops with larger genomes: ~500 DSBs per male meiosis in maize (Serrentino and Borde 2012) and an average of 2,133 DSBs per male meiosis in hexaploid wheat (Gardiner et al. 2019). DSB sites are then processed to produce 3' single-stranded DNA overhangs (de Massy 2013) to which the recombinases DMC1 and RAD51 are recruited via BRCA2 (Martinez et al. 2016), (Seeliger et al. 2012), (Dray et al. 2006).

DMC1 and RAD51 mediate the strand invasion process (Bishop et al. 1992),(A. Shinohara, Ogawa, and[START_REF] Shinohara | Rad51 Protein Involved in Repair and Recombination in S. Cerevisiae Is a RecA-like Protein[END_REF] in which the 3' overhang end will seek out a homologous template for repair (Da Ines, Degroote, Goubely, et al. 2013),(Y. Wang and Copenhaver 2018). This produces a joint DNA molecule, known as the displacement loop (D-loop) [START_REF] Whitby | Making Crossovers during Meiosis[END_REF], which occurs preferentially between non-sister chromatids. This bias towards interhomolog recombination (IR), as opposed to an inter-sister repair [START_REF] Hong | The Logic and Mechanism of Homologous Recombination Partner Choice[END_REF], is mediated by DMC1, and some of the meiosis-specific proteins forming the chromosomal axis (e.g. ASY1).

A small fraction of these early intermediates can then mature into one of the two types of COs (see Figure 2 for an overview of different recombination intermediate fates).

CO Classes

Class I Crossovers

The class I CO pathway is the main CO pathway in plant meiosis. It is responsible for around 85-90% of total COs in Arabidopsis and rice (Mercier et al. 2015), [START_REF] Lambing | Tackling Plant Meiosis: From Model Research to Crop Improvement[END_REF] and is mediated by a group of proteins known as the ZMM proteins: MSH4 (J. D. Higgins et al. 2004b), MSH5 (J. D. Higgins, Vignard, et al. 2008a), MER3 (Mercier et al. 2005a), ZIP4 (Lhuissier et al. 2007), SHOC1/ZIP2, PTD (Macaisne, Vignard, and Mercier 2011a) and HEI10 (Chelysheva et al. 2012b), along with the non-ZMM proteins MLH1 (Lhuissier et al. 2007) and MLH3 (Jackson et al. 2006), (Osman et al. 2011). Knocking out any of these genes leads to a substantial reduction of total COs (Jackson et al. 2006), (Lambing, Franklin, and Wang 2017). For instance, in Arabidopsis, a 12-fold decrease in the number of chiasmata at metaphase I was observed in hei10 mutants (Chelysheva et al. 2012a), and in rice, hei10 meiocytes featured a significant reduction in chiasmata formation and abnormal chromosomal segregation (K. Wang et al. 2012). Mechanistically, class I CO arise from the resolution of a complex recombination intermediate that connects the four DNA strands of the two homologues (i.e. a double Holliday junction; dHJ). Class I COs can be cytologically detected through immunolocalization of proteins such as HEI10 and MLH1, as these localize at CO sites from late pachytene to diakinesis (Chelysheva et al. 2012a),(K. Wang et al. 2012).

Class I COs appear to be interference sensitive, which means that they are distributed further apart along the chromosome than expected by chance (L. K. [START_REF] Anderson | Combined Fluorescent and Electron Microscopic Imaging Unveils the Specific Properties of Two Classes of Meiotic Crossovers[END_REF].

Recent results indicate that one of the TF proteins, ZYP1, limits COs and mediates CO interference in Arabidopsis [START_REF] Capilla-Pérez | The Synaptonemal Complex Imposes Crossover Interference and Heterochiasmy in[END_REF], [START_REF] France | ZYP1 Is Required for Obligate Cross-over Formation and Cross-over Interference in[END_REF].

Class II Crossovers

Not all COs originate from the ZMM pathway; residual COs are indeed observed in class I CO-deficient mutants (around 8-10% of total COs) (Mercier et al. 2015). These secondary COs, known as Class II COs, are mediated by the endonuclease MUS81 [START_REF] Berchowitz | The Role of AtMUS81 in Interference-Insensitive Crossovers in A. Thaliana[END_REF]),(J. D. Higgins, Buckling, et al. 2008a). They are currently considered to be a backup to ensure the repair of any left-over recombination intermediates. Unlike class I COs, class II COs are interference insensitive, and can occur within close proximity of each other (Mercier et al. 2015). However, interference between class I and II COs has been observed (L. K. [START_REF] Anderson | Combined Fluorescent and Electron Microscopic Imaging Unveils the Specific Properties of Two Classes of Meiotic Crossovers[END_REF]. Lastly, even in an msh4/mus81 double mutant background in Arabidopsis, residual COs were observed with average of 0.8 chiasmata per meiocyte, suggesting that there may be a MUS81-independent CO pathway [START_REF] Kurzbauer | FANCD2 Promotes Meiotic Crossover Formation[END_REF]. 

B. Tackling meiotic limitations to improve the efficiency of plant breeding

Meiotic limitations

Meiosis is a highly controlled process involving a myriad of regulatory mechanisms.

Although COs are vital for the generation of genetic variation in plant breeding programmes, a major limitation preventing breeders from exploiting this process to its full potential is the fact that CO frequency and distribution in plants are highly regulated.

As previously mentioned, while the recombination pathway begins with the initiation of many early intermediates, only a small proportion of these end up as actual CO. For example, despite the presence of around 150-200 early recombination intermediates, only about 10 class I and 1.5 class II COs are formed per meiosis in Arabidopsis thaliana (Mercier et al. 2015). The same is true in maize [START_REF] Sidhu | Recombination Patterns in Maize Reveal Limits to Crossover Homeostasis[END_REF] and wheat (Gardiner et al. 2019). In fact, the vast majority of early recombination intermediates are thought to be resolved as a Non-Crossovers (NCOs): non-reciprocal exchanges of small patches of DNA that are copied (converted) from one chromosome to the other with no exchange of flanking chromosome regions. Some DSB are also repaired using sister chromatids as a repair template (Figure 2).

Thus, if only one CO per chromosome is required to ensure correct segregation of the homologous chromosomes during meiotic cell division (G. H. [START_REF] Jones | Meiotic Crossing-over: Obligation and Interference[END_REF], there are rarely more than 2-3 COs per chromosome during meiosis in most eukaryotes, including plants (Mercier et al. 2015). Some of the mechanisms regulating CO frequencies have been primarily characterized in Arabidopsis, before translational research into modifying meiotic properties in crops intensified over the recent years. In the following section, I will provide an overview of the different factors regulating meiotic behavior and CO formation, and what kind of progress has been made to overcome these limitations in crops.

Factors limiting CO frequencies globally

The limitation of the amount of COs during wild-type meiosis results from at least two different mechanisms: the fact that several ZMM proteins are rate-limiting for class I CO formation and the presence of proteins with anti-CO activities that reduce the number of class II COs.

Some CO promoters are rate-limiting

Several studies have demonstrated that certain proteins from the ZMM pathway impose constraints on the number of class I CO. Ziolkowski et al. (2017) first demonstrated that natural variation in HEI10 was responsible for quantitative variation in CO frequency between Arabidopsis accessions. The authors also showed that the addition of an extra HEI10 copy in Arabidopsis led to a doubling of the total number of class I COs, with the highest increases observed in euchromatic chromosome arms, and a lower but significant increase in the pericentromeric regions (Figure 3) (Ziolkowski et al. 2017b), (Serra et al. 2018). HEI10 overexpressors (OEs) featured reduced CO interference, with the distances between COs being substantially shorter than the distances detected in the wild-type (Serra et al. 2018). Furthermore, no adverse effects on fertility were reported in HEI10 OEs. Very recently, Morgan et al. (2021) proposed that CO positions could be determined by the coarsening dynamics of HEI10 where large HEI10 foci would grow at the expense of smaller ones. It is therefore conceivable that increasing the amount of HEI10 protein could allow more HEI10 foci to grow, thereby promoting the formation of more COs. Gonzalo et al. (2019) also observed that CO formation fluctuates in a dosage-sensitive manner when COs are formed between homoeologous chromosomes in Brassica napus.

Although normal levels of homologous crossovers proved to be robust against a reduction in MSH4 gene copy number, this result may nevertheless indicate that a sufficiently high cellular concentration of MSH4 is required to stabilize early recombination intermediates; if this concentration is too low, the weakest or most transient intermediates may abort before they mature into crossovers.

Anti-CO Proteins limiting class II COs

A set of proteins implicated in the negative regulation of CO formation have been identified in plants, and most of them are involved in the regulation of class II CO formation. These proteins can be grouped into three main pathways: the Fanconi pathway (Crismani et al. 2012), the Fidgetin pathway (Girard et al. 2015a) and the BTR pathway (Séguéla-Arnaud et al. 2015a).

The Fanconi pathway

AtFANCM was one of the first anti-CO proteins identified (Crismani et al., 2012).

Knocking-out FANCM was found to double the number of COs in hybrid rice and hybrid pea (Figure 4), and triple CO recombination in a pure Arabidopsis line (Mieulet et al. 2018a). It was also found to increase type II COs in the crops Brassica rapa and tetraploid Brassica napus, by 3-fold and 1.3-fold respectively (it should be noted that the lower rate in B. napus may be due to residual activity of one of the mutated copies) (Aurélien Blary et al. 2018).

Mechanistically, FANCM is a DNA helicase that is thought to promote NCO formaton, and limit COs, by unwinding inter-homolog D-loops. FANCM has two co-factors, MHF1 and MHF2, that show a similar, yet less pronounced effect on CO number (Girard et al. 2014).

Interestingly, in some species, CO formation in fancm mutants appeared to be sensitive to higher levels of polymorphism. For instance, almost no effect on recombination was observed in fancm Col/Ler hybrids while CO levels were elevated in rice and pea hybrids (Mieulet et al. 2018b), (Ziolkowski et al. 2015). Furthermore, no CO increase was observed when targeting FANCM in lettuce; instead fancm mutants featured bivalent shortages, a substantial reduction in fertility and an alteration of class I CO patterning (X. Li et al. 2021).

Furthermore, transient silencing of FANCM in hybrid wheat did not appear to affect COs at all (Raz et al. 2020a), once again demonstrating how variable the outcomes of targeting this protein can be in different plants.

The BTR pathway

Of the anti-class II CO proteins, RECQ4 has the strongest effect on COs. Like FANCM, RECQ4 is a DNA helicase. This protein acts in the highly conserved BTR (also known as RTR) complex along with TOP3α and RMI1 (also known as BLAP75), which promotes the formation of NCOs by dissolving dHJs or unwinding D-loops. RECQ4 has been successfully targeted to increase CO frequencies by around 3-fold in rice, peas and tomato (Figure 4) (Mieulet et al. 2018a), and up to 1.5-fold in a Solanum lycopersiucm x S. pimpinellifolium interspecific tomato hybrid (Maagd et al. 2020). Unlike FANCM, there appears to be less sensitivity to regions of polymorphism in recq4 mutants, although the interspecific tomato hybrid did feature a slightly lower rate of CO elevation compared to the intraspecific hybrid (Maagd et al. 2020). Low COs were also observed in regions known to be highly polymorphic between the parental genomes of rice hybrids and in Arabidopsis hybrids (Mieulet et al. 2018a).

Unlike RECQ4, the other proteins of the BTR complex have dual roles, either limiting CO or promoting recombination intermediates resolution. In Arabidopsis, rmi1 and top3α mutants were deficient in DNA damage repair and featured meiotic defects resulting in sterility [START_REF] Hartung | Topoisomerase 3alpha and RMI1 Suppress Somatic Crossovers and Are Essential for Resolution of Meiotic Recombination Intermediates in Arabidopsis Thaliana[END_REF], (Chelysheva et al. 2008),(Séguéla-Arnaud et al. 2017). Interestingly, the two functions of TOP3α and RMI1 can be uncoupled by specific mutations (Séguéla-Arnaud et al. 2017). Furthermore, meiosis or somatic DNA repair were not affected in the rmi1 mutant in tomato, while top3α mutants were embryo lethal (Whitbread et al. 2021), illustrating a difference in function compared to Arabidopsis.

The FIGL1 pathway

The last pathway involves FIGL1, an AAA-ATPase protein that is thought to prevent the formation of aberrant early recombination intermediates in meiotic and somatic cells by antagonizing strand invasion caused by RAD51/DMC1 activity [START_REF] Kumar | Antagonism between BRCA2 and FIGL1 Regulates Homologous Recombination[END_REF]. FIGL1 is also the anti-CO protein for which the most contradictory results were obtained between initial findings in Arabidopsis and subsequent results in other species. While a 72% increase in CO frequencies was observed in the Arabidopsis thaliana figl1 mutant, knocking out this gene resulted in sterility in all other plants that it was targeted in so far, including rice, peas and tomato (P. Zhang et al. 2017), (Mieulet et al. 2018a). In rice, where the figl1 mutant was characterized cytologically, meiotic defects in form of chromosome fragmentation and entanglements were observed (P. Zhang et al. 2017), which are similar to the phenotypes described in null mutants of genes essential for DSB repair, such as RAD51, XRCC3 (Bleuyard and White 2004), (Pradillo et al. 2014) and Blap75/RMI (Chelysheva et al. 2008). Interestingly, the Osfignl1 knock-out appeared to only affect male fertility, but not female fertility, as Osfignl1 plants produced hybrid seeds when wild-type pollen was used to fertilize mutant flowers. This phenomenon has not been observed in other plant species. It should be noted that so far, FIGL1 has only been targeted in diploid crops, which only had one copy of the gene to begin with. Whether the same effect on fertility can be observed in polyploid crops, which can have multiple copies, allowing the exploration of a knock-down approach, remains to be seen. So far, one FIGL1 cofactor has been identified. Known as FLIP/MEICA, this factor also shows anti-CO function in plants (Fernandes et al. 2018). Like Osfignl1, meica mutants show significant chromosome fragmentation in rice [START_REF] Hu | Meiotic Chromosome Association 1 Interacts with TOP3α and Regulates Meiotic Recombination in Rice[END_REF].

Anti-CO factors outside of the class II CO pathway

More recent studies in Arabidopsis identified other anti-CO factors repressing class I COs. One such candidate recently identified in a forward genetic screen was the PROTEIN PHOSPHATASE X1 (PPX1) gene, which interacts with class I CO mediators HEI10, PTD, MSH5 and MLH1. ppx1 mutants featured an elevated CO frequency in euchromatic regions and reduced CO-interference with no difference in fertility compared to the wild type [START_REF] Nageswaran | HIGH CROSSOVER RATE1 Encodes PROTEIN PHOSPHATASE X1 and Restricts Meiotic Crossovers in Arabidopsis[END_REF].

Another factor that led to an increase in class I CO frequencies when targeted was the transverse filament protein of the synaptonemal complex ZYP1. In Arabidopsis, zyp1 null mutants featured increased recombination rates and a total absence of CO-interference amongst class I COs [START_REF] Capilla-Pérez | The Synaptonemal Complex Imposes Crossover Interference and Heterochiasmy in[END_REF], [START_REF] France | ZYP1 Is Required for Obligate Cross-over Formation and Cross-over Interference in[END_REF]. However, despite elevated CO frequencies, there was no enforcement of the obligate CO per bivalent, resulting in slightly a higher proportion of univalents as well as meiotic disruption in form of entanglements and erroneous homolog alignment. Nonetheless, only a slight reduction in fertility was observed in the zyp1 null mutant. It should be noted that while increased COs were observed in the equivalent zep1 null mutant in rice, the knock-out also featured substantial reductions in fertility (M. [START_REF] Wang | The Central Element Protein ZEP1 of the Synaptonemal Complex Regulates the Number of Crossovers during Meiosis in Rice[END_REF]. In barley, ZYP1 knock-down mutants featured recombination defects and a dramatic reduction in COs [START_REF] Barakate | The Synaptonemal Complex Protein ZYP1 Is Required for Imposition of Meiotic Crossovers in Barley[END_REF]. Again, this goes to show that it is worth checking whether the results obtained in Arabidopsis are directly transferable to other crops.

Another anti-CO protein is the RAD51 paralog XRCC2. In Arabidopsis, the xrcc2 mutant featured an increase in recombination of around 50% (Da Ines, Degroote, Amiard, et al. 2013). However, XRCC2 is also involved in somatic DNA repair [START_REF] Serra | Roles of XRCC2, RAD51B and RAD51D in RAD51-Independent SSA Recombination[END_REF], with the Arabidopsis xrcc2 mutant featuring a 36% reduction in spontaneous somatic homologous recombination compared to wild-type levels. When transiently targeted during meiosis via virus induced gene silencing (VIGS), XRCC2 downregulation not only increased CO frequencies globally, but also increased COs in pericentromeric regions (Raz et al. 2020a).

Combining anti-CO mutations

The three main pathways listed above (FANCM/FIGL1/BTR) are independent from each other. They target different recombination intermediates via different molecular mechanisms, so their effect on CO frequencies can be cumulative (Figure 4). For example, the combination of mutations targeting the BTR and FIGL1 pathways resulted in CO increases of up to 7.8-fold in Arabidopsis (in a recq4 figl1 double mutant (Fernandes et al. 2018)). A similar additive effect was observed when combining recq4 with fancm. These double mutants featured only mild reductions in fertility which did not correlate with levels of CO increases.

Intriguingly, CO frequencies did not seem to increase past the 7.8-fold point, with the figl1 recq4 fancm triple mutant featuring a similar level of CO elevation compared to the double mutants, which could be indicative of the existence of some sort of upper limit to CO-increases.

Similarly, there appears to be no additive effect in the pea recq4 fancm double mutant, which did not feature higher CO rates than the simple recq4 mutant (Mieulet et al. 2018a). 2018) comparing average genetic size per chromosome (in cM) in wild types as well as a selection of fancm, rec4 and combined mutants of Arabidopsis, rice, peas and tomatoes. 5 chromosomes were analyzed for the Arabidopsis genotypes, 12 for the rice genotypes, 7 for pea and 2 for tomato.

Simultaneously lifting the barriers to class I and class II COs

As briefly outlined above, class I and class II COs are derived from different pathways, so it is possible to remove some of the constraints on either pathway simultaneously. For instance, a massive CO elevation of ~4-fold was observed when the Arabidopsis rec4a rec4b double mutant was combined with a HEI10 OE line (Figure 5). While the genotyping-bysequencing approach detected an average of 7.5 CO per meiosis in the wild-type Col/Ler F2 hybrid, the combined mutant featured an average CO frequency of 30.8 (Serra et al. 2018). As in the HEI10 OE, while CO interference was still present, the distances between COs were reduced. Similar to what was observed in anti-CO mutants such as fancm and recq4, there was a preference for CO to occur in regions of lower polymorphism in the combined mutant.

The mutant also featured a significant reduction in pollen viability, which was not observed in the individual HEI10 OE and recq4a recq4b genotypes. Over the last ten years, a series of mechanisms and proteins regulating CO frequencies have thus been identified, providing the means to increase CO frequencies in crops. In the following sub-sections, I will briefly outline the potential benefits of increasing CO frequencies to accelerate plant breeding programmes.

The potential of gains of increased CO frequencies

Indirect evidence has indicated that an increase in CO frequencies could ameliorate plant breeding programmes in multiple ways besides generating genetic diversity. For example, domestication and/or subsequent selection were repeatedly shown to be accompanied by increased CO rates in many crops [START_REF] Moyers | Genetic Costs of Domestication and Improvement[END_REF][START_REF] Ross-Ibarra | The Evolution of Recombination under Domestication: A Test of Two Hypotheses[END_REF], [START_REF] Schwarzkopf | Genetic Differentiation and Intrinsic Genomic Features Explain Variation in Recombination Hotspots among Cocoa Tree Populations[END_REF]. These observations are consistent with the fact that increased CO rates could allow for improved adaptability to fluctuating selective pressures such as environmental or anthropogenic changes. Increased CO rates could allow for allelic combinations that become detrimental under the new environmental conditions to be resolved more rapidly within the population, or conversely, to create new favorable allelic combinations more rapidly, as demonstrated in soybean [START_REF] Stefaniak | Soybean Cultivars Resulted from More Recombination Events than Unselected Lines in the Same Population[END_REF]. While intra-specific variation of recombination rates has been observed in many plant species (reviewed in (Lawrence et al. 2017)), empirical evidence for natural selection affecting recombination rates was rarely observed. By contrast, Drosophila pseudoobscura populations from two distinct geographical locations were shown to feature significantly different global recombination rates associated with polymorphism in two meiotic genes [START_REF] Samuk | Natural Selection Shapes Variation in Genome-Wide Recombination Rate in Drosophila Pseudoobscura[END_REF].

More direct evidence that CO frequencies could ameliorate plant breeding programmes have been obtained through a series of simulation experiments.

Under certain conditions, increased recombination was shown to improve the efficiency of backcrossing programmes, which involve the transmission of a target sequence, such as a resistance gene, from a donor parent into the genetic background of a different of a recurrent parent, often an elite cultivar. In plants with wild-type CO frequencies, the removal of the undesirable donor sequences surrounding the trait of interest is a long process, as the probability of an CO in this region separating the desired target from its neighbors is very low. This leads to a phenomenon known as linkage drag, i.e. fitness loss due to deleterious genes introduced along with the beneficial ones. Basically, the expected benefits of an overall increase in CO frequencies are a faster reduction in linkage drag, as higher recombination rates will reduce the size of linked regions/haplotype blocks.

A 2013 study simulating the effect of increased recombination rates on recurrent selection programmes (where the breeder selects for a transgressive segregant) found that increasing recombination rates to their theoretical limit increased genetic gain (the increase in performance through crossing selected individuals featuring the desired trait) by around 11% within 20 cycles (McClosky and Tanksley 2013). Similarly, a simulation in livestock of up to 40 generations calculated that increasing recombination rates 10-and 20-fold resulted in increased genetic gains of 28.7% and 33.4%, respectively (Battagin et al. 2016), implying that high increases in CO frequencies are required for higher gains. It is noteworthy here that the number of extra COs required to achieve these gains is close to, or even greater than, to the limits achieved by combining anti-CO mutations (with or without HEI10 OE; see above).

This does not mean that this is completely unrealistic. A more recent simulation based on global CO frequency rates documented in a hyper-recombinant rice mutant and the changed recombination landscape observed in a Brassica rapa x Brassica napus hybrid (see below, Figure 6), found that both approaches led to an increase in genetic gain and allowed for longer retention of genetic diversity (Tourrette et al. 2019). The authors determined that increasing CO is more efficient with many QTL and that effects noticeably different from those observed under wild-type recombination rates take around 4-5 generations to become apparent. In the simulation, marker effects were estimated every fourth generation, with a heritability of 0.5, selection on heterozygotes with an intensity of 2%, 200 QTL per chromosome, and crossovers formed without interference, no coupling nor repulsion. In B. rapa, gain ratios between increased and normal recombination after 20 generations are 1.25 for the hyperrecombinant and 1.34 for boosted recombination background. In O. sativa, the ratios are 1.16 for boosted recombination and 1.12 for the hyper-recombinant background. The first generation shown is the F2 generation, and error bars represent the 95% confidence intervals on the mean.

Possible drawbacks and difficulties of increasing CO rates (with current available technologies)

It should be noted that increases in CO can also have drawbacks, such as in the case of linked alleles or QTL with the same allelic effect (known as coupling) being broken up. For example, [START_REF] Stefaniak | Soybean Cultivars Resulted from More Recombination Events than Unselected Lines in the Same Population[END_REF] observed that some linkage blocks were preserved in a set of high-yielding plants selected from a population, distinguishing them from a set of random recombinant inbred lines (RILs) sampled from the same population. Whether the allelic effect is favorable or detrimental, breaking the linkage may represent an unwanted byproduct of increased CO, and can lead to lower genetic gains. For example, increased COs during the backcross process may lead to a high number of small donor blocks scattered in the genetic background, which are therefore difficult to remove and generally detrimental.

Furthermore, multiple simulations predicted that the desired gains could only be achieved if the recombination rate is increased by many-fold for numerous generations, which might not be feasible in all breeding programmes (McClosky and Tanksley 2013), (Battagin et al. 2016), (Tourrette et al. 2019). While the aforementioned approaches were able to elevate CO frequencies in a number of plant species, the question remains as to how to induce the desired alterations in the plant material. Most approaches so far have involved fixed recessive mutations, which require additional crosses to produce the desired material. This is especially true for the anti-CO proteins that must be completely inactivated to produce the expected effects (Blary et al. 2018). Whether this is worth the effort also depends on the species one is working with, as the effects of targeting different pathways may vary depending on the species.

So far, RECQ4 appears to be the most predictable anti-class II CO protein of the lot, while fancm mutants demonstrated the widest range of effects across species. CO formation in fancm mutants featured varying levels of susceptibility to polymorphism, depending on the species, and in certain plants, no effect on CO frequencies was observed at all. FIGL1 is probably the protein for which we know the least in terms of its applicability for plant breeding.

Another issue is whether disabling the anti-CO proteins could have an adverse effect on genome stability. FANCM, FIGL1 and RECQ4 or XRCC2 all play a role in somatic DNA repair [START_REF] Hartung | Two Closely Related RecQ Helicases Have Antagonistic Roles in Homologous Recombination and DNA Repair in Arabidopsis Thaliana[END_REF], [START_REF] Kwon | DNA Replication Arrest Leads to Enhanced Homologous Recombination and Cell Death in Meristems of Rice OsRecQl4 Mutants[END_REF]),(Da Ines, Degroote, Amiard, et al. 2013), (Raz et al. 2020a). Therefore, it remains to established whether their removal could lead to rearrangements in crop genomes. One way to circumvent these potentially deleterious effects is through a transient modification strategy, which was successfully employed to alter meiotic behavior in wheat (Raz et al. 2020b), (Desjardins, Kanyuka, and Higgins 2020), and modulate meiosis and generate chromosome substitution lines in Arabidopsis (Calvo-Baltanás, n.d.), (Calvo-Baltanás et al. 2020), the latter of which would not be possible through a fixed mutation.

Regulation of CO distribution

Apart from the low levels of naturally occurring COs, a further limitation in breeding is imposed by the uneven distribution of COs along chromosomes. Although intraspecific variation in recombination rates has been observed in plants, little equivalent variation in the recombination landscape has been documented (Danguy des [START_REF] Danguy Des Déserts | Evolution of Recombination Landscapes in Diverging Populations of Bread Wheat[END_REF]. For example, domesticated and wild populations of tomato and barley showed very similar CO landscapes with only slight and/or local changes in CO distribution [START_REF] Fuentes | Domestication Shapes Recombination Patterns in Tomato[END_REF].

At the chromosomal level, the regions with the highest CO rates tend to be located in the euchromatic distal regions, with little CO formation occurring in the pericentromeric regions and none in the centromere [START_REF] Choi | Arabidopsis Meiotic Crossover Hot Spots Overlap with H2A.Z Nucleosomes at Gene Promoters[END_REF], (Lambing, Franklin, and Wang 2017). Although the suppression of COs in these regions is widely conserved among plants [START_REF] Ellermeier | RNAi and Heterochromatin Repress Centromeric Meiotic Recombination[END_REF], the extent of these cold regions can vary depending on species. Some species such as rice and Arabidopsis tend to feature more evenly distributed COs, while crops with large genomes such as tomato, wheat and maize feature extensive stretches of low CO [START_REF] Avni | Ultra-Dense Genetic Map of Durum Wheat × Wild Emmer Wheat Developed Using the 90K iSelect SNP Genotyping Assay[END_REF], [START_REF] Regulski | The Maize Methylome Influences mRNA Splice Sites and Reveals Widespread Paramutation-like Switches Guided by Small RNA[END_REF]. For example, on chromosome 3B of wheat (Triticum aestivum), COs occur in only 13% of the chromosome, with a region of around 150 Mb that is totally deprived of COs (Choulet et al. 2014). Similarly, in barley and maize, up to 20% of total gene content is located in pericentromeric regions (International Barley Genome Sequencing Consortium et al. 2012), (Bauer et al. 2013) where CO frequency is very low, limiting the accessibility of these QTLs to breeding programmes.

The mechanisms responsible for this biased distribution of COs to distal regions are not known. It was shown that, due to their long chromosomes, barley and wheat feature spatiotemporal delays in meiotic processes, with CO initiation beginning in early-replicating distal euchromatic regions of the chromosome hours before reaching proximal regions (J. D. Higgins et al. 2012b), (Osman et al. 2021). Recent results obtained in Arabidopsis and Brassica rapa indicate that ASY1, an essential protein of the AE, which is thought to stabilize the loading of DMC1 at the sites where recombination is initiated to foster CO formation between homologues [START_REF] Sanchez-Moran | ASY1 Mediates AtDMC1-Dependent Interhomolog Recombination during Meiosis in Arabidopsis[END_REF], exhibits a gradient of enrichment from telomeres to centromeres (Lambing, Kuo, et al. 2020), [START_REF] Cuacos | Meiotic Chromosome Axis Remodelling Is Critical for Meiotic Recombination in Brassica Rapa[END_REF], (Lambing, Tock, et al. 2020).

Interestingly, a very similar pattern was observed with one of the cohesins, so one could speculate that the enrichment of COs towards the most distal parts of the chromosomes could result from a more relaxed inter-sister association. This hypothesis remains to be tested.

Even at a smaller scale, heterogeneity of CO localization can be observed. Regions of high COs known as hot spots, which are typically a few kilobases in length, tend to be separated by longer cold regions, in which there is little to no recombination [START_REF] Mézard | Meiotic Recombination Hotspots in Plants[END_REF].

What mechanisms play a role in defining a hot spot are still being explored, but a number of factors have already been characterized. For instance, regions with high nucleosome occupancy prevent DSB formation. Epigenetic markers such as DNA methylation and H3K9me2 are found in CO-suppressed heterochromatic regions of Arabidopsis [START_REF] Yelina | DNA Methylation Epigenetically Silences Crossover Hot Spots and Controls Chromosomal Domains of Meiotic Recombination in Arabidopsis[END_REF], while open chromatin markers such as H2A.Z and H3K4me3 are associated with CO hotspots [START_REF] Choi | Nucleosomes and DNA Methylation Shape Meiotic DSB Frequency in Arabidopsis Thaliana Transposons and Gene Regulatory Regions[END_REF]. Observations in rice and Arabidopsis indicate COs also tend to occur at 5' and 3' ends of genes, in gene promoters and terminators as well as introns [START_REF] Choi | Arabidopsis Meiotic Crossover Hot Spots Overlap with H2A.Z Nucleosomes at Gene Promoters[END_REF], [START_REF] Choi | Nucleosomes and DNA Methylation Shape Meiotic DSB Frequency in Arabidopsis Thaliana Transposons and Gene Regulatory Regions[END_REF], [START_REF] Si | Widely Distributed Hot and Cold Spots in Meiotic Recombination as Shown by the Sequencing of Rice F2 Plants[END_REF]. Specific sequence motifs associated with hot spots have been identified in both maize and Arabidopsis [START_REF] Shilo | DNA Crossover Motifs Associated with Epigenetic Modifications Delineate Open Chromatin Regions in Arabidopsis[END_REF], [START_REF] He | Genomic Features Shaping the Landscape of Meiotic Double-Strand-Break Hotspots in Maize[END_REF], while several genomic features based on DNA sequence and shape appear to be predictive of CO occurrence in several angiosperms [START_REF] Demirci | DNA Sequence and Shape Are Predictive for Meiotic Crossovers throughout the Plant Kingdom[END_REF].

Modulation of the recombination landscape by epigenetic modifications

One of the most extensively characterized approaches to introduce COs into cold regions is through the modification of DNA methylation. Interestingly, not all demethylation actually resulted in an increase in pericentromeric COs. For instance, in Arabidopsis, hypomethylation mutants were generated by targeting the met1 DNA methyltransferase and the ddm1 chromatin remodeler; yet COs in these backgrounds only increased in euchromatic regions (Melamed-Bessudo and Levy 2012), (Melamed-Bessudo and Levy 2012), [START_REF] Tariq | Erasure of CpG Methylation in Arabidopsis Alters Patterns of Histone H3 Methylation in Heterochromatin[END_REF]. On the other hand, pericentromeric COs were successfully increased in hypomethylation mutants of non-CG DNA methylation and H3K9me2 (Underwood et al. 2018).

In crops, knocking-out ddm1 in tomato, maize and rice resulted in sterility, while transiently silencing the gene in wheat resulted in a 74% reduction of fertility, presumably due to instability caused by increased activity of transposable elements (Corem et al. 2018), (Fu, Dawe, and Gent 2018), (Raz et al. 2020a). These results make it a questionable target for use in plant breeding programmes. Transient downregulation of DDM1 and MET1 via virus induced gene silencing (VIGS) in wheat resulted in a mix of increased and decreased CO frequencies along hot spots in subtelomeric regions (with pre-existing hot spots typically becoming hotter), with only a slight increase of COs in pericentromeric regions observed in the MET1 mutant (Raz et al. 2020a). Surprisingly, it was the downregulation of anti-CO protein XRCC2 which had the strongest effect on increasing COs in pericentromeric across multiple chromosomes in wheat without adversely affecting fertility (Raz et al. 2020a) (for more information on targeting anti-CO proteins, see section "Factors limiting CO frequencies globally"). Recently, an approach involving site-specific DNA histone-modification via dCas9 was successfully applied to activate a target gene in human cells [START_REF] Hilton | Epigenome Editing by a CRISPR-Cas9-Based Acetyltransferase Activates Genes from Promoters and Enhancers[END_REF]; a similar approach could potentially be used to "activate" recombination in desired regions of a plant genome. Whether COs will actually occur in such activated regions is another question. Based on the success rate of previous approaches, demethylation alone might not be sufficient.

To conclude, while a variety of approaches relating to epigenetic modifications have been explored, at the time of writing, the potential for application in plant breeding programmes is limited. Further research is required before strategies applicable to crops can be developed, as most alterations of methylation result in deleterious effects on growth and fertility (Tan et al. 2016), (Corem et al. 2018),(Q. Li et al. 2014), (Fu, Dawe, and Gent 2018).

Modulation of the recombination landscape through temperature

In barley, elevated temperatures resulted in a more even distribution of COs along the chromosomes, with higher rates of COs in pericentromeric regions compared to barley grown at normal temperatures (J. D. Higgins et al. 2012a). This suggests that the spatiotemporal polarization of the meiotic processes is reduced through elevated temperatures. However, higher temperatures in barley also resulted in a slight but significant decrease in total chiasmata and a reduction of fertility (J. D. Higgins et al. 2012a). Although increased temperatures resulted in differences in CO distribution in wheat, the outcomes were less promising than what was observed in barley, as many genes remained linked regardless of temperature, limiting the usefulness of this approach (Coulton, Burridge, and Edwards 2020).

Changing the recombination landscape by modifying ploidy levels and chromosome engineering

Altering ploidy levels can lead to substantial alterations in CO frequencies and also affect the CO landscape. This approach has been characterized in members of the Brassicaceae family, which includes Arabidopsis as well as crops like the tetraploid Brassica napus (AACC, 2n = 38) and its diploid progenitor species B. rapa (AA, 2n = 20) and B. oleracea. (CC, 2n = 18) (Leflon et al. 2010), (Pelé et al. 2017), (Suay et al. 2014a). Generating an allotriploid (AAC) by crossing Brassica napus with Brassica rapa resulted in an up to 3.4fold increase in class I CO frequencies, a suppression of CO-interference, as well as dramatic increases in COs in pericentromeric regions known to be CO-deficient in diploid AA hybrids (Pelé et al. 2017) and synthetic allotetraploid hybrids [START_REF] Boideau | A Modified Meiotic Recombination in Brassica Napus Largely Improves Its Breeding Efficiency[END_REF]) (Figure 7). The increase in COs in the allotriploid was stronger in female than in male meiosis (Pelé et al. 2017), [START_REF] Boideau | A Modified Meiotic Recombination in Brassica Napus Largely Improves Its Breeding Efficiency[END_REF]. It was also found that the addition of certain chromosomes from the C genome into the AA background resulted in a CO boost, while the addition of others had no effect, and a difference in CO-distributions was observed between the different chromosomal additions (Suay et al. 2014a). Chromosome C09 from B. oleracea resulted in the highest increase in CO rates through the addition of an individual chromosome, with a 2.7fold increase, followed by the addition of C06, with a 1.4-fold increase. Nonetheless, the highest increase was observed in hybrids carrying all 9 C genome chromosomes, and a reduction in CO-interference was observed in most hybrids (Suay et al. 2014b). However, the modification of ploidy also results in meiotic instability. Despite this, Brassica triploids have already been used in breeding programs to reintroduce diversity from progenitor species into commercial varieties (Mei et al. 2011), (Qian, Qian, and Snowdon 2014). Another, possibly related phenomenon observed in multiple species is that CO rates tend to be higher in newly formed polyploids compared to their diploid counterparts. This was observed in neo-autotetraploid maize and Arabidopsis [START_REF] Bingham | Double and Single Backcross Linkage Estimates in Autotetraploid Maize[END_REF], (Leflon et al. 2010),(L. [START_REF] Wang | Polyploidization Increases Meiotic Recombination Frequency in Arabidopsis: A Close Look at Statistical Modeling and Data Analysis[END_REF]. It should be noted that meiosis is usually very irregular in these newly formed polyploids, which usually leads to the presence of univalents in some cells and thus to a situation that closely resembles what was observed in the allotriploid or addition lines.

A similar effect was also observed in triploid Lolium hybrids [START_REF] Thomas | The Use of a Triploid Hybrid for Introgression in Lolium Species[END_REF], [START_REF] Zwierzykowski | The Pattern of Homoeologous Recombination in Triploid Hybrids ofLolium multiflorumwithFestucapratensis[END_REF]. Lolium, along with other plant species, feature small, non-essential B chromosomes which can influence meiotic behaviors. For instance, increases in pericentromeric COs were observed in individuals with two B chromosomes [START_REF] Harper | B Chromosomes Are Associated with Redistribution of Genetic Recombination towards Lower Recombination Chromosomal Regions in Perennial Ryegrass[END_REF], although it also resulted in a reduction of overall CO levels compared to the wild-type.

Together, these different examples, along with a growing series of other studies (such as [START_REF] Mu | Chromosome-Autonomous Feedback down-Regulates Meiotic DNA Break Competence upon Synaptonemal Complex Formation[END_REF])), point to some basic principles that remain to be studied further and understood before attempting to manipulate them in a wider range of crop species.

Apart from the addition of entire chromosomes, structural alterations can also be applied in crops to bring about substantial changes in CO patterning. For example, shortening of the chromosome arm 1BL in wheat resulted in reduced COs in some regions on the chromosome, but also increased recombination in a terminal segment (L. [START_REF] Jones | The Effect of a Deficiency and a Deletion on Recombination in Chromosome 1BL in Wheat[END_REF]. Inverting chromosome arms was also found to invert patterns of chiasma distribution in wheat [START_REF] Lukaszewski | Unexpected Behavior of an Inverted Rye Chromosome Arm in Wheat[END_REF], [START_REF] Lukaszewski | Inversions of Chromosome Arms 4AL and 2BS in Wheat Invert the Patterns of Chiasma Distribution[END_REF]. However, these changes are fairly invasive, as they require large scale deletions or inversions of chromosome arms, which can adversely affect diversity in the removed regions and result in regions shifting closer to the centromere due to inversion.

The potential gains of delocalized CO

At the chromosomal scale, the suppression of COs in the pericentromeric regions poses a problem when specific traits of interest to breeders are located in close proximity to the centromere. This is the case for important QTL related to yield, height and nitrogen use efficiency in wheat (Choulet et al. 2014), [START_REF] Griffiths | Meta-QTL Analysis of the Genetic Control of Crop Height in Elite European Winter Wheat Germplasm[END_REF]. In addition to relying on empirically measured recombination rates, the simulations performed by Tourrette et al. (2019) addressed this issue by evaluating the effect of modified CO distribution. They showed that the increase in genetic gain was highest in the scenario in which the recombination landscape was altered to increase CO frequencies in cold regions. For B. rapa, the calculated gain ratio after 20 generations of increased CO in cold regions was 1.34, compared to a gain ratio of 1.25 in a hyper-recombinant background with no changes in CO distributions (see the genetic gain in the "boosted" background in Figure 6), (Tourrette et al. 2019). In addition, the reduction of linkage through elevated COs can also improve the accuracy of QTL mapping and the identification of suitable markers for traits of interest in these regions (reviewed in (A. Blary and Jenczewski 2019)).

Another potential benefit of delocalized CO is that regions of genetic diversity in COpoor regions, be they deleterious or beneficial to crop improvement, become more accessible.

On one hand, there is a general tendency for smaller amounts of genetic diversity to be found in regions of low CO frequencies. This was observed in tomato [START_REF] Stephan | DNA Polymorphism in Lycopersicon and Crossing-over per Physical Length[END_REF], sea beet [START_REF] Kraft | Positive Correlation between Recombination Rates and Levels of Genetic Variation in Natural Populations of Sea Beet (Beta Vulgaris Subsp. Maritima)[END_REF], and goatgrass [START_REF] Dvorák | Restriction Fragment Length Polymorphism and Divergence in the Genomic Regions of High and Low Recombination in Self-Fertilizing and Cross-Fertilizing Aegilops Species[END_REF]. On the other hand, higher mutation loads are usually found within the low-CO regions of the genome (Rodgers-Melnick et al. 2015), [START_REF] Kono | The Role of Deleterious Substitutions in Crop Genomes[END_REF]. Changing the patterns of COs, in particular by introducing CO into traditionally CO-impoverished regions, could therefore broaden the genetic diversity of crops in regions that are most devoid of it, thereby purging deleterious mutations more efficiently.

It should be noted that, with the exception of XRCC2, most approaches used to bring about the global elevation of CO frequencies did not alter the CO distribution patterns in any meaningful ways. Despite substantial elevations and a mitigation of CO interference, CO distributions in most hyper-recombinant mutants still largely corresponded to the wild-type patterning, with COs in traditionally "cold" spots such as the pericentromeric regions experiencing lower levels of CO elevation compared to telomeric regions. Given that simulations found the presence of interference itself had only little effect on genetic gain in hyper-rec backgrounds (Tourrette et al. 2019), an approach that changes the recombination landscape in more drastic ways might be preferable to a mere elevation of CO levels based on wild-type distributions.

Modulation of CO landscape by targeting regulatory mechanisms suppressing nonhomologous recombination

Sequence divergence is known to inhibit recombination both locally and globally. At a fine scale, the presence of mismatches during strand invasion can either destabilize the recombination intermediates directly or trigger the mismatch repair machinery that will reject or correct the heteroduplex. At a chromosome scale, the frequency of COs also depends on large-scale DNA rearrangements and the distribution of regions with lower and higher rates of divergence than the chromosome average [START_REF] Canady | Homeologous Recombination in Solanum Lycopersicoides Introgression Lines of Cultivated Tomato[END_REF]. Analysis of CO distribution in ''introgression lines'' containing chromosome segments of Solanum lycopersicoides in the genome of cultivated tomato revealed a ''preference'' for CO formation within the least divergent homologous regions [START_REF] Canady | Homeologous Recombination in Solanum Lycopersicoides Introgression Lines of Cultivated Tomato[END_REF]). The exact opposite pattern was observed in Arabidopsis, where COs were shown to occur preferentially within heterozygous regions, to the detriment of juxtaposed homozygous regions (Ziolkowski et al. 2015b). To explain this discrepancy, Blackwell et al. (2020) proposed that the relationship between CO frequency and SNP density forms a parabola where "increasing SNP density associates positively with crossovers, until a threshold is crossed and the relationship becomes negative".

A challenge breeders face is that the introgression of material from distant accessions or wild relatives is hindered by the suppression of CO between divergent sequences. This results in a high degree of linkage drag, which prevents the successful introgression of useful traits such as stress tolerance and disease resistance that are often found in wild crop relatives [START_REF] Mammadov | Wild Relatives of Maize, Rice, Cotton, and Soybean: Treasure Troves for Tolerance to Biotic and Abiotic Stresses[END_REF]. One way to overcome these limitations is to target the DNA mismatch repair (MMR) system. Suppressing the MMR genes MSH2 and MSH7 in tomato (Solanum lycopersicum) via RNAi-induced silencing or the overexpression of dominant negatives of Arabidopsis orthologues resulted in increased CO rates of up to 29.2% in an alien substitution line of S. lycopersicoides [START_REF] Tam | Effects of Suppressing the DNA Mismatch Repair System on Homeologous Recombination in Tomato[END_REF]. Recent results from wheat indicate that enhanced inter-homoeologous CO can be achieved in wheat-wild relative hybrids by knocking-out the Ph2/TaMSH7-3D gene (Serra et al. 2021). Although suppressing MSH7 via RNAi in barley (Hordeum vulgare) adversely affected fertility (A. H. [START_REF] Lloyd | TaMSH7: A Cereal Mismatch Repair Gene That Affects Fertility in Transgenic Barley (Hordeum Vulgare L.)[END_REF]), the ph2 mutation did not result in a significant reduction in fertility. Whether this approach is applicable to different crops remains to be explored.

By far the most well-characterized approach used to induce CO between homoeologous chromosomes is the manipulation of the Ph1 locus of wheat (see Section C;

"Triticum aestivum" in for more details). Ph1 deletion mutants have been successfully

employed in a number of breeding programmes worldwide as they allowed for introgression of chromosome segments of rye and other wild relatives into wheat lines (Dhaliwal, Gill, and Giles Waines 1977), [START_REF] King | A Step Change in the Transfer of Interspecific Variation into Wheat from Amblyopyrum Muticum[END_REF]. Despite their frequent use, the initial ph1b mutant lines showed meiotic abnormalities and accumulated extensive chromosome rearrangements that altered fertility [START_REF] Sánchez-Morán | Analysis of Karyotypic Stability of Homoeologous-Pairing (ph) Mutants in Allopolyploid Wheats[END_REF]. This limitation has now been largely overcome by targeting the TaZIP4-B2 gene within the Ph1 locus; with the resulting lines featuring a higher level of stability over multiple generations than the original mutants, while

showing high levels of homeologous CO when crossed with wild relatives (Rey et al. 2017), [START_REF] Martín | A Separation-of-Function ZIP4 Wheat Mutant Allows Crossover between Related Chromosomes and Is Meiotically Stable[END_REF]. They are now the first choice when it comes to introgress wild relative chromosome segments into wheat.

Targeted recombination

Identification of the proteins involved in DSB formation (SPO11 and its interacting partners) has opened new avenues to locally increase meiotic DSB formation and recombination at designated sites. This "tour de force" was achieved in yeast when the Gal4 DNA binding domain (GAL4BD) was fused with SPO11, resulting in an increase of COs and gene conversion at GAL4 binding sites [START_REF] Peciña | Targeted Stimulation of Meiotic Recombination[END_REF]. A number of fusion proteins generated by tethering SPO11 to zinc fingers, TALENS or dCas9 also allowed for the targeted formation of COs in cold regions in yeast [START_REF] Sarno | Programming Sites of Meiotic Crossovers Using Spo11 Fusion Proteins[END_REF]. However, translating these approaches into plants is still in its early stages so targeted meiotic recombination largely remains a distant goal in plant science for the time being.

So far, attempts at targeting various SPO11 subunits to locations in the Arabidopsis genome have remained largely unsuccessful (Yelina et al., n.d.), and results in other plant

species have yet to be published. On the other hand, targeted homologous recombination in somatic cells via Cas9-induced DSBs was successfully applied in tomato [START_REF] Hayut | Targeted Recombination between Homologous Chromosomes for Precise Breeding in Tomato[END_REF] and Arabidopsis [START_REF] Filler-Hayut | Targeted Inter-Homologs Recombination in Arabidopsis Euchromatin and Heterochromatin[END_REF]. While this does not represent a meiotic modification, the outcomes of such an approach are similar, so I believe it represents another avenue worth exploring to evaluate whether it can be applied to other crop species. Another potential strategy is the targeting of gene conversions, which are nonreciprocal transfers of DNA segments that occur during meiosis and have been reported in centromeric regions [START_REF] Shi | Widespread Gene Conversion in Centromere Cores[END_REF]. Recently, a novel RECQ helicase gene in wheat was identified as a promoter of gene conversions, so there might be a potential application for targeted recombination by tethering this protein to a genome editing mechanism (Gardiner et al. 2019), (Taagen, Bogdanove, and Sorrells 2020). Even more recently, somatic homologous recombination was successfully targeted to cold regions of the Arabidopsis genome through Cas9-mediated DSBs [START_REF] Filler-Hayut | Targeted Inter-Homologs Recombination in Arabidopsis Euchromatin and Heterochromatin[END_REF]. While targeted COs remained fairly elusive, a number of gene conversion events of various sizes were successfully induced in the aforementioned locations, further highlighting the potential of using targeted gene conversions in both meiotic and somatic modification strategies for plant breeding.

Targeting recombination to specific locations has the potential to reduce time, as the gains generated through this approach were calculated to be very high and achievable within one generation (Ru and Bernardo 2019), (Brandariz and Bernardo 2019a). Simulations in maize concluded that the development of targeted recombination technology is valuable as it could double the selection gains for quantitative traits in maize compared to non-targeted recombination (Bernardo 2017a), (Brandariz and Bernardo 2019b). In a population featuring one targeted recombination event in each of the 10 maize chromosomes, increases in genetic gain ranged from 5 to 500% compared to rates under non-targeted recombination, depending on the trait (Bernardo 2017b). Shifting the recombination landscape could however prove detrimental if desirable traits are located in wild-type hotspots, as shifting hotspot locations would then result in less CO in these regions.

Decreasing CO rates

Overall, the advances made in the modification of CO frequencies and patterning have the potential to play an important role in future breeding programmes. Nonetheless, one approach often overlooked in the discussion of modification of meiotic properties for plant breeding purposes is the possibility of decreasing CO rates to fix genetic material. While increasing genetic diversity or reducing linkage drag is important in the initial stages of the breeding process, too many COs can be detrimental in later stages, when it is more important to maintain suitable allelic combinations or haplotype blocks containing the trait of interest and its markers. Other outcomes in which reduced COs could be beneficial is in a reverse breeding context and for synthetic apomixis (see below).

Another process contributing to the fixing of genetic material is the control of meiotic cell divisions, which often goes hand-in-hand with reduction of COs. There are two kinds of reductions: first division restitution (FDR) and second division restitution (SDR), which both result in the production of diploid gametes (Figure 8) (reviewed in [START_REF] Ronceret | Meiosis, Unreduced Gametes, and Parthenogenesis: Implications for Engineering Clonal Seed Formation in Crops[END_REF]).

It should also be noted that fixing genetic material can be can be brought about through means outside of manipulating meiosis, as there are a variety of non-meiotic strategies through which genome elimination, haploid induction and even apomixis can be achieved (reviewed in (Ishii, Karimi-Ashtiyani, and Houben 2016), (Thondehaalmath et al. 2021) and (Fiaz et al. 2021),respectively).

Reverse breeding via CO suppression

Reverse breeding is a "technique designed to directly produce parental lines for any heterozygous plant". This can be of use to breeding programmes if one would like to generate an F1 hybrid but the parental lines are not accessible. Reverse breeding involves the suppression of meiotic recombination to produce parental (non-recombined) diploid gametes that can be converted into adult plants with homozygous genotypes (Figure 8).

The reverse breeding approach was first characterized in Arabidopsis, where DMC1

was transiently silenced via RNAi to disable CO formation completely [START_REF] Wijnker | Reverse Breeding in Arabidopsis Thaliana Generates Homozygous Parental Lines from a Heterozygous Plant[END_REF]). In the absence of chiasmata, chromosomes segregate randomly, with the majority of segregations resulting in non-viable, aneuploid gametes. However, a small proportion of gametes, around 3.25%, will feature balanced chromosome numbers, which can then be selected for generation into homozygous diploid adult plants. In Arabidopsis, this was achieved by crossing the gametes to a haploid inducer line and selecting doubled haploids from the offspring [START_REF] Wijnker | Reverse Breeding in Arabidopsis Thaliana Generates Homozygous Parental Lines from a Heterozygous Plant[END_REF].

A major limitation to the applicability of this process in crops is that chromosome numbers need to be low enough (less than n = 12) that the probability of obtaining balanced haploid gametes is still feasible [START_REF] Sinha | Reverse Breeding: A Modern Plant Breeding Approach for Hybrid Recreation[END_REF]. One alternative to circumvent the issue of high chromosome numbers in reverse breeding is by employing an approach called "near reverse breeding", a slightly less efficient strategy that involves the generation of diploid gametes (by skipping the second meiotic division) to be screened and used to reconstruct the parental genotypes (de Jong 2011), [START_REF] Sinha | Reverse Breeding: A Modern Plant Breeding Approach for Hybrid Recreation[END_REF]. Another issue is that haploid induction needs to be possible in the species one is working with, which is not the case in crops such as members of the fabaceae family [START_REF] Croser | Toward Doubled Haploid Production in the Fabaceae: Progress, Constraints, and Opportunities[END_REF].

Apomixis

Apomixis is an asexual mode of reproduction that does not involve meiosis. It has evolved in a number of angiosperm species, yet is not naturally present in major crops.

Apomixis would allow for the preservation of hybrid qualities across multiple generations by preventing traits from segregating in the offspring of the F1; it would also remove the need to re-produce hybrids entirely, which the only available approach to fix heterosis at the moment.

Although there are many genes that have been targeted to induce apomixis in various plant species, translational research into crops has only recently been making headway, with most advances having been made in Arabidopsis. The first step of synthetic apomixis involves the production of diploid clonal gametes through a MiMe (mitosis instead of meiosis) phenotype (Figure 8), which then need to be crossed with a plant whose chromosomes can be eliminated (such as lines with altered CENH3) so that the resulting offspring remains clonal and diploid [START_REF] Marimuthu | Synthetic Clonal Reproduction through Seeds[END_REF]. A number of different targets can be used to achieve both the MiMe and genome elimination phenotypes. The first MiMe phenotype in Arabidopsis was achieved by combining mutations suppressing meiotic recombination (spo11-1), sisterchromatid cohesion (rec8) and the second division on meiosis (osd1) (d [START_REF] Erfurth | Turning Meiosis into Mitosis[END_REF]). In rice, targeting REC8, OSD1 and PAIR1 (another protein involved in the recombination initiation complex) resulted in a similar phenotype (K. Wang 2020). The second element of synthetic apomixis requires turning the resulting clonal gametes into clonal seeds. This can be achieved by combining the MiMe genotype with the transgenic expression of the parthenogenesisinducing BBM1 gene in the oocyte [START_REF] Khanday | A Male-Expressed Rice Embryogenic Trigger Redirected for Asexual Propagation through Seeds[END_REF], by crossing it to genome elimination lines, or by disrupting the MTL gene, which is involved in fertilization (C. [START_REF] Wang | Clonal Seeds from Hybrid Rice by Simultaneous Genome Engineering of Meiosis and Fertilization Genes[END_REF].

Though several components related to the generation of MiMe such as REC8 and SPO11-1 have been characterized in maize, the orthologue of OSD1 has not yet been identified.

However, haploids were successfully induced in maize through an mtl mutation (Kelliher et al.

2017).

Although most translational research into apomixis has focused on the gametophytic kind, it should be noted that it is not necessarily a meiotic process and can be induced through sporophytic pathways such as diplospory and apospory (reviewed in [START_REF] Hand | The Genetic Control of Apomixis: Asexual Seed Formation[END_REF] and (Fiaz et al. 2021)). Furthermore, while synthetic apomixis has been successfully achieved in Arabidopsis and rice, the applicability of this technology to breeding programmes is primarily constrained by the low rate of successfully generated clonal embryos and viable seeds produced. 

C. Meiosis in the Polyploid Context Additional meiotic complexity in polyploid crops

A large proportion of economically important crops such as wheat, oilseed, potato, cotton, coffee, quinoa and tobacco are polyploids: products of recent whole genome duplications (WGD) from which they retained multiple sets of chromosomes. If the WGD is the result of interspecific hybridisation followed by genome doubling, the result is allopolyploidy, if not, the duplication occurs within the same genome and is known as autopolyploidy (Renny-Byfield and Wendel 2014). Due to the presence of multiple copies of related chromosomes, meiosis in polyploids requires additional levels of regulation, which can influence pairing, synapsis and recombination. However, there are some key differences between auto-and allopolyploids.

Autopolyploid meiosis

Autopolyploids will feature multiple copies of identical homologous chromosomes which have an equal likelihood of chiasmata formation. This can result in the presence of multivalents (associations between more than two chromosomes through chiamata) and univalents (unpaired chromosomes). If unresolved, these structures will result in missegregation at anaphase I and subsequent aneuploidy in the gametes (Soares et al. 2021).

In fact, a high proportion of multivalent formation and missegregation is observed in newly formed or resynthesized autopolyploids [START_REF] Ramsey | Neopolyploidy in Flowering Plants[END_REF], [START_REF] Pecinka | Polyploidization Increases Meiotic Recombination Frequency in Arabidopsis[END_REF], which is not the case in established autopolyploids that seem to have evolved adaptations conferring a more stable, diploid-like meiosis [START_REF] Bomblies | Meiosis Evolves: Adaptation to External and Internal Environments[END_REF],(A. Lloyd

and Bomblies 2016). A major adaptation observed across a number of autopolyploid species is a reduction of CO frequencies, which reduce the likelihood of multivalent formation [START_REF] Ramsey | Neopolyploidy in Flowering Plants[END_REF]. This phenomenon was observed in a variety of angiosperm lineages including the Brassicaceae [START_REF] Mulligan | DIPLOID AND AUTOTETRAPLOID PHYSARIA VITULIFERA (CRUCIFERAE)[END_REF]),(A. Lloyd and Bomblies 2016), Solanaceae [START_REF] Srivastava | Genetic Variation in Meiotic Behaviour and Fertility in Tetraploid Hyoscyamus Muticus: Correlation with Diploid Meiosis[END_REF], Saxifragaceae [START_REF] Wolf | Tetrasomic Inheritance and Chromosome Pairing Behaviour in the Naturally Occurring Autotetraploid Heuchera Grossulariifolia (Saxifragaceae)[END_REF], and

Poaceae [START_REF] Shaver | A Study of Meiosis in Perennial Teosinte, in Tetraploid Maize and in Their Tetraploid Hybrid[END_REF], [START_REF] Charpentier | Genetic Control of Meiotic Chromosome Pairing in Tetraploid Agropyron Elongatum. I. Pattern of Pairing in Natural and Induced Tetraploids and in F1 Triploid Hybrids[END_REF], in which the polyploids all featured lower CO frequencies compared their diploid progenitor species. Research into synthesized neo-autopolyploids revealed that meiotic stability can be achieved within the span of a few generations. For instance, it was reported that diploid-like meiosis was achieved in neo-tetraploid Arabidopsis thaliana after around 20-30 generations, at which point 10 bivalents were observed in around half of all meiocytes [START_REF] Weiss | Chromosomal Rearrangement in Autotetraploid Plants of Arabidopsis Thaliana[END_REF], [START_REF] Santos | Partial Diploidization of Meiosis in Autotetraploid Arabidopsis Thaliana[END_REF]). Studies in a number of species found that when selecting for fertility, CO rates in neoautopolyploids decreased throughout multiple rounds of selection, often until the CO frequency stabilized at one chiasma per bivalent (reviewed in [START_REF] Bomblies | The Challenge of Evolving Stable Polyploidy: Could an Increase in 'crossover Interference Distance' Play a Central Role?[END_REF]).

Research into Arabidopsis arenosa, a species that exists as both diploid and autotetraploid populations, has provided a closer insight into the genetic factors involved in conferring meiotic stability post-WGD. In these populations, ploidy-specific variation was identified in genes encoding chromosome axis proteins and related components such as ASY1, REC8, ASY3, ZIP1 and PDS5 [START_REF] Yant | Meiotic Adaptation to Genome Duplication in Arabidopsis Arenosa[END_REF], [START_REF] Hollister | Genetic Adaptation Associated with Genome-Doubling in Autotetraploid Arabidopsis Arenosa[END_REF], [START_REF] Morgan | Derived Alleles of Two Axis Proteins Affect Meiotic Traits in Autotetraploid[END_REF]). The most recent findings indicate that CO interference could play a critical role in promoting bivalent formation; when the distance of interference covers or exceeds the length of a chromosome, the formation of more than one (class I) CO will be prevented (Bomblies et al. 2016), [START_REF] Morgan | Evolution of Crossover Interference Enables Stable Autopolyploidy by Ensuring Pairwise Partner Connections in Arabidopsis Arenosa[END_REF].

Another adaptation observed in autopolyploids is a restriction in the types of chiasma configurations to those that are most likely to promote balanced segregation, enabling the formation of bivalents and quadrivalents, but preventing the emergence of univalents and trivalents. Chiasmata positioning also appears to play a role in some cases. For example, a number of autopolyploid grasses feature predominantly terminal chiasmata [START_REF] Myers | Meiosis in Autotetraploid Lolium Perenne in Relation to Chromosomal Behavior in Autopolyploids[END_REF]), [START_REF] Mccollum | Comparative Studies of Chromosome Pairing in Natural and Induced Tetraploid Dactylis[END_REF], [START_REF] Hazarika | Genotypic Control of Chromosome Behaviour in Rye X. Chromosome Pairing and Fertility in Autotetraploids[END_REF]. Recent results from A. lyrata identified a specific allele of ASY3, one of the components of the AE, that lead to a shift in COs from proximal and interstitial regions to predominantly distal locations [START_REF] Seear | A Novel Allele of ASY3 Is Associated with Greater Meiotic Stability in Autotetraploid Arabidopsis Lyrata[END_REF].

Allopolyploid Meiosis

Allopolyploids, the products of interspecific hybridization followed by genome doubling, face additional challenges compared to autopolyploids, as they contain not only homologous but also homeologous chromosomes, which are complementary chromosomes inherited from different progenitor species. There is evidence that recombination is initiated between both homologous and homeologous chromosomes, which can result in the formation of synaptic multivalents (McCollum 1958). When the inter-homoeologous recombination intermediates are not corrected or aborted, they can result in incorrect segregation of chromosomes at later stages of meiosis (post-metaphase I) which can lead to aneuploidy and adversely affect fertility (Zamariola et al. 2014). Although all WDG events are followed by genomic rearrangement, allopolyploids experience a variety of additional changes referred to as "genomic shock" [START_REF] Mcclintock | The Significance of Responses of the Genome to Challenge[END_REF]. This can involve translocations between subgenomes (Zamariola et al. 2014), chromosome losses and gains, as well as differences in homeolog expression and homeolog silencing [START_REF] Adams | Genes Duplicated by Polyploidy Show Unequal Contributions to the Transcriptome and Organ-Specific Reciprocal Silencing[END_REF]. The lower level of homology between homeologous chromosomes compared to their homologous counterparts (which can be exacerbated through structural changes undergone after the WGD) could reduce the likelihood of associations between homeologues. However, this mechanism alone appears to be insufficient on its own, as most allopolyploids surveyed so far seem to have an additional level of genetic control ensuring bivalent formation between homologues and diploid-like meiotic behavior.

Loci affecting homeologous recombination have been identified in wheat (Riley and Chapman 1958), (Rey et al. 2017), (Martín et al. 2017a), (Serra et al. 2021) and Brassica napus (Gonzalo et al. 2019), (Jenczewski et al. 2003),(E. E. Higgins et al. 2021b), with evidence for the presence of similar mechanisms of control reported in oat (Gauthier and McGinnis 1968), tall fescue (Jauhar 1975), chrysanthemum (K. Watanabe 1981), and Lolium hybrids (Evans and Davies 1985), [START_REF] Armstead | Chromosome Pairing in Lolium Perenne × L. Temulentum Diploid Hybrids: Genetic and Cytogenetic Evaluation[END_REF]) and more (reviewed in (Jenczewski and Alix 2004)).

At a general level, allopolyploids seem to feature elevated CO rates compared to their progenitor species, unlike autopolyploids, where a trend towards CO reduction can be observed. Such elevated CO levels were observed in Brassica napus (Leflon et al. 2010), (Pelé et al. 2017), Arabidopsis suecica [START_REF] Pecinka | Polyploidization Increases Meiotic Recombination Frequency in Arabidopsis[END_REF], and Gossypium hybrids [START_REF] Desai | Chromosome Structural Changes in Diploid and Tetraploid A Genomes of Gossypium[END_REF]. Currently, the two species in which allopolyploid meiosis has been researched most extensively are wheat (Triticum aestivum) and Brassica napus.

Triticum aestivum

As my research was conducted in Brassicaceae crops, I will be placing less emphasis on wheat, though it should be noted that this major crop represents one of the most wellcharacterized models for research on polyploid meiosis. Wheat (Triticum aestivum; AABBDD) is a hexaploid crop which originated from a hybridization between the allotetraploid crop

Triticum turgidum (AABB) and the diploid Aegilops tauschii (DD) around 10,000 years ago [START_REF] Huang | Genes Encoding Plastid Acetyl-CoA Carboxylase and 3-Phosphoglycerate Kinase of the Triticum/Aegilops Complex and the Evolutionary History of Polyploid Wheat[END_REF], [START_REF] Marcussen | Ancient Hybridizations among the Ancestral Genomes of Bread Wheat[END_REF], [START_REF] Sandve | Chloroplast Phylogeny of Triticum/Aegilops Species Is Not Incongruent with an Ancient Homoploid Hybrid Origin of the Ancestor of the Bread Wheat D-genome[END_REF]. The resulting genome consists of three subgenomes with 7 homeologous chromosomes each (n = 21). Despite similar gene order and content between the homeologues, non-homologous synapsis and recombination is suppressed, resulting in a diploid-like meiosis (Martín et al. 2017b).

A major factor implemented in the suppression of non-homologous recombination is the Ph1 locus, which was first discovered in wheat mutants missing chromosome 5B (Riley and Chapman 1958), (Sears and Okamoto 1958). In the absence of Ph1, increased CO formation between homeologous chromosomes, multivalent formation and subsequent missegreation was observed. Increased homeologous recombination was also observed in interspecific wheat x rye hybrids lacking wheat Ph1 (Dhaliwal, Gill, and Giles Waines 1977). In fact, as mentioned in a previous section on meiotic modification strategies, it is in this context that ph1 deletion mutants were first employed in a number of breeding programmes, as they allowed for the more efficient introgression of chromosome segments of rye and other wild relatives into wheat lines (Dhaliwal, Gill, and Giles Waines 1977). The Ph1 locus was later found to contain a duplicated segment of chromosome 3B featuring ZIP4-B2, an orthologue of the ZMM gene ZIP4 (Rey et al. 2017). While the exact molecular mechanism of Ph1 has not yet been elucidated, it has been identified as having an effect on both synapsis and CO formation. Its effect on synapsis appears to be that it promotes more efficient homologous synapsis, thereby reducing the likelihood of homeologous synapsis (Martín et al. 2017b). At a later meiotic stage, Ph1 prevents the maturation of inter-homeologous recombination intermediates (which are already visible as MLH1 foci at this point) from maturing into COs [START_REF] Martín | Licensing MLH1 Sites for Crossover during Meiosis[END_REF]). An EMS mutant in which only the ZIP4-B2 segment of Ph1 was mutated featured increased homeologous recombination rates in crosses between wheat and wild relatives similar to those observed in ph1 mutants (Rey et al. 2017). The same study also found the ZIP4 duplicate in Ph1 to be expressed at a higher level than any of the other wheat ZIP4 homeologues. Interestingly, unlike in ph1 deletion mutants, no multivalent formation was observed in the zip4-b2 mutants in a wheat-only background, implying that other genes in the locus may also play a role in meiotic regulation (Rey et al. 2017), (reviewed in (Soares et al. 2021)). This also means that the zip4-b2 mutant could be more useful for breeding programmes than a full ph1 mutant, as the efficiency of interspecific introgression can be increased without the adverse effects on meiotic stability and rearrangements affecting fertility seen in ph1 mutants. Finally, a very recent study identified a new separation-of-function mutation in zip4-b2 which promotes correct synapsis between homologues and allows for COs between homoeologous chromosomes in wheat allohaploids [START_REF] Martín | A Separation-of-Function ZIP4 Wheat Mutant Allows Crossover between Related Chromosomes and Is Meiotically Stable[END_REF].

Aside from Ph1, another major locus controlling homeologous recombination in wheat is the Ph2 locus on chromosome 3D [START_REF] Mello-Sampayo | Genetic Regulation of Meiotic Chromosome Pairing by Chromosome 3D of Triticum Aestivum[END_REF]. In a recent study, this locus was found to encode the DNA mismatch repair protein MSH7-3D (Serra et al. 2021). Though its effect was less substantial than a ph1 mutant, an increase in homeologous COs of up to 5.5fold in wheat crosses with Aegilops variabilis and a reduction in homologous COs in the pure wheat background were observed in EMS mutants of MSH7-3D (Serra et al. 2021). A dosage dependent effect was also observed, with the heterozygous mutant presenting an intermediate phenotype. Together with the aforementioned zip4-b2 mutant, this msh7-3d mutant could provide an alternative to the use of ph1 mutants in future breeding programmes focusing on interspecific introgression, as the additive effect of the two would still be present without the drawbacks of employing a mutant produced by a large chromosomal deletion [START_REF] Ceoloni | Combining Mutations for the Two Homoeologous Pairing Suppressor Genes Ph1 and Ph2 in Common Wheat and in Hybrids with Alien Triticeae[END_REF], (Serra et al. 2021).

D. Members of the Brassicaceae lineage as models to study polyploid meiosis

Brassica napus

Brassica napus (also known as canola or oilseed rape), its progenitors and other members of the Brassica genus are economically important crops, with B. napus representing a major source of vegetable oil, biodiesel, animal feed and an important component of crop rotation with cereals [START_REF] Friedt | Oilseed Rape[END_REF], [START_REF] Friedt | Academic and Economic Importance of Brassica Napus Rapeseed[END_REF], [START_REF] Lee | Chromosome-Scale Assembly of Winter Oilseed Rape Brassica Napus[END_REF].

B. napus provides a textbook example of the genetic erosion that accompanies domestication and subsequent selection: a 25-33% drop in nucleotide diversity was caused by the bottleneck associated with the widespread use of two varieties to breed cultivars with specific seed quality (Lu et al. 2019). The species-wide genetic diversity was nonetheless increased through introgression of traits from the progenitor species in B. napus cultivars as part of breeding programmes (W. [START_REF] Qian | Introgression of Genomic Components from Chinese Brassica Rapa Contributes to Widening the Genetic Diversity in Rapeseed (B. Napus L.), with Emphasis on the Evolution of Chinese Rapeseed[END_REF][START_REF] Li | A Large-Scale Introgression of Genomic Components of Brassica Rapa into B. Napus by the Bridge of Hexaploid Derived from Hybridization between B. Napus and B. Oleracea[END_REF], [START_REF] Sun | The High-Quality Genome ofBrassica Napuscultivar 'ZS11' Reveals the Introgression History in Semi-Winter Morphotype[END_REF].

This revitalization of B. napus gene pools illustrate the benefits of controlling meiotic COs in crops that feature reduced genetic diversity due to intense selective breeding, some of which belong to the Brassicaceae family (F. Cheng et al. 2016), (Malmberg et al. 2018).

The evolutionary history of Brassica napus and its progenitors

Brassica napus (AACC; 2n = 38), is the allotetraploid product of a recent hybridization ~7,500 years ago between the diploids B. rapa (AA; 2n = 20) and B. oleracea (CC; 2n =18) [START_REF] Nagaharu | Genome analysis in Brassica with special reference to the experimental formation of B. napus and peculiar mode of fertilization[END_REF], [START_REF] Chalhoub | Plant Genetics. Early Allopolyploid Evolution in the Post-Neolithic Brassica Napus Oilseed Genome[END_REF]) (Figure 9). The precise origin of Brassica napus remains a mystery, with evidence that it arose through more than one natural hybridization event (Keming Song and Osborn 1992), [START_REF] Allender | Origins of the Amphiploid Species Brassica Napus L. Investigated by Chloroplast and Nuclear Molecular Markers[END_REF]. Recent analyses suggested that the A-genome donor evolved from a European turnip-like ancestor, however the identity of the C-genome donor is less clear (Lu et al. 2019). All these species, including B. napus, are quite closely related to Arabidopsis, having diverged from the Arabidopsis lineage around 27 million years ago (MYA) (Parkin et al. 2014).

The common ancestor of B. rapa and B. oleracea underwent a Brassiceae-lineagespecific whole-genome triplication (WGT) event ~17-20 MYA (X. Wang et al. 2011), (Arias et al. 2014). This event occurred in two stages (a tetraploidization and then a hexaploidization) followed by substantial genome reshuffling and gene losses finally resulting in diploidization (S. [START_REF] Liu | The Brassica Oleracea Genome Reveals the Asymmetrical Evolution of Polyploid Genomes[END_REF]),(F. Cheng et al. 2012). Despite this, remnants of the three distinct subgenomes featuring all or most of the 24 genomic blocks of the common ancestral Brassicaceae karyotype can still be identified in the members of the Brassica genus.

Based on their level of fractionation, these subgenomes are referred to as Less Fractionated (LF), More Fractionated 1 (MF1) and More Fractionated 2 (MF2) (X. Wang et al. 2011),(F. [START_REF] Cheng | Genome Triplication Drove the Diversification of Brassica Plants[END_REF]. It is believed that the MF1 and 2 subgenomes hybridized first to form the tetraploid, which was followed by a second round of WGD introducing the LF [START_REF] Tang | Altered Patterns of Fractionation and Exon Deletions in Brassica Rapa Support a Two-Step Model of Paleohexaploidy[END_REF]) (Figure 10A). There is also a distinct subgenome dominance, with the LF featuring the lowest level of non-synonymous mutations, higher gene expression levels and 1.6 times more gene content than the other subgenomes in Brassica rapa (F. Cheng et al. 2012). A similar hierarchy was also detected in Brassica oleracea, where the LF subgenome featured the highest gene expression and lowest methylation levels (Parkin et al. 2014).

Despite these similarities and the presence of long syntenic stretches between B. rapa 

Meiosis in Brassica napus

Along with wheat, Brassica napus represents one of the allopolyploid crops in which meiosis has been characterized most extensively. B. napus has a diploid-like meiotic behavior, with non-homologous recombination being extremely uncommon in wild type meiosis (1-2% of all CO events; (E. E. [START_REF] Higgins | Detecting Homoeologous Recombination Events in Cultivated Using a Genome-Wide SNP Array[END_REF], for a more detailed description of meiotic progression in B. napus, see the results section in Chapter 3). A few synaptic multivalents were nonetheless reported in B. napus (Grandont et al., 2014), suggesting that recombination is initiated between both homologous and homoeologous chromosomes. However, given the limited extent to which these synaptic multivalents are stabilized during later stages of meiosis I, it is likely that most inter-homoeologous recombination intermediates abort early.

Interestingly, the homoeologous synaptic and chiasmatic associations that are rare in euploid B. napus (AACC) become very frequent in allohaploids (AC) (Grandont et al., 2014).

Genomic sequencing projects revealed that a number of homeologous exchanges (HE) occurred shortly after the polyploidization of B. napus [START_REF] Chalhoub | Plant Genetics. Early Allopolyploid Evolution in the Post-Neolithic Brassica Napus Oilseed Genome[END_REF], [START_REF] Xiong | Homoeologous Shuffling and Chromosome Compensation Maintain Genome Balance in Resynthesized Allopolyploid Brassica Napus[END_REF]. Sequence comparisons between different accessions also detected newer HEs unique to certain genotypes, indicating that HEs can occasionally occur in B. napus (Lloyd et al., 2018), [START_REF] Higgins | Detecting Homoeologous Recombination Events in Cultivated Using a Genome-Wide SNP Array[END_REF]. They can act as a source of genetic diversity between cultivars, with many attributed to control traits relevant to breeding such as flowering time [START_REF] Schiessl | Post-Polyploidisation Morphotype Diversification Associates with Gene Copy Number Variation[END_REF], [START_REF] Sun | The High-Quality Genome ofBrassica Napuscultivar 'ZS11' Reveals the Introgression History in Semi-Winter Morphotype[END_REF]) and senescence (L. [START_REF] Qian | Deletion of a Stay-Green Gene Associates with Adaptive Selection in Brassica Napus[END_REF]. Large HEs were

shown to be the products of meiotic COs [START_REF] Singh | HEI10 Negatively Regulates Cell Invasion by Inhibiting Cyclin B/Cdk1 and Other Promotility Proteins[END_REF], [START_REF] Gaeta | Genomic Changes in Resynthesized Brassica Napus and Their Effect on Gene Expression and Phenotype[END_REF], (Lloyd et al., 2018), [START_REF] Higgins | Detecting Homoeologous Recombination Events in Cultivated Using a Genome-Wide SNP Array[END_REF]. Although reciprocal when formed, these HEs can appear nonreciprocal in the progenies when a chromosomal region is replaced by a duplicate of the corresponding homoeologous region following chromosome segregation. They can then be detected, and their frequency quantified, using molecular markers to detect the simultaneous gain and loss of alleles at genetically linked loci on the homoeologues. Most of these HEs tend to occur in highly syntenic chromosomes [START_REF] Gaeta | Genomic Changes in Resynthesized Brassica Napus and Their Effect on Gene Expression and Phenotype[END_REF], (Samans, Chalhoub, and Snowdon 2017), [START_REF] Hurgobin | Homoeologous Exchange Is a Major Cause of Gene Presence/absence Variation in the Amphidiploid Brassica Napus[END_REF].

Very short non-reciprocal HEs have also been detected, ranging in size from a few kb to single SNPs [START_REF] Chalhoub | Plant Genetics. Early Allopolyploid Evolution in the Post-Neolithic Brassica Napus Oilseed Genome[END_REF],(Z. [START_REF] Zhang | Homoeologous Exchanges Occur through Intragenic Recombination Generating Novel Transcripts and Proteins in Wheat and Other Polyploids[END_REF]). These events could affect ~30% of genes and account ~86% of allelic differences between the B. napus accession Darmor and its progenitors [START_REF] Chalhoub | Plant Genetics. Early Allopolyploid Evolution in the Post-Neolithic Brassica Napus Oilseed Genome[END_REF]. The mechanisms responsible for these very short HEs are not known.

In resynthesized Brassica napus, which are derived from an artificial hybridization between B. oleracea and B. rapa, a large proportion of PMCs; between 38-60% featured correctly paired chromosomes [START_REF] Attia | Meiotic Pairing in Haploids and Amphidiploids of Spontaneous versus Synthetic Origin in Rape, Brassica Napus L[END_REF], [START_REF] Szadkowski | The First Meiosis of Resynthesized Brassica Napus, a Genome Blender[END_REF]). The remaining PMCs featured homeologous associations which could be observed cytologically and confirmed genetically, revealing that the highest proportion of these HE appeared to occur as COs [START_REF] Szadkowski | The First Meiosis of Resynthesized Brassica Napus, a Genome Blender[END_REF]. Cytological assessment revealed that the highest multivalent frequencies were observed between homeologues with high levels of synteny, such as chromosomes A01 and C01 and A02 and C02, which also featured the highest rates of polysomic inheritance (due to tetravalent formation) [START_REF] Xiong | Chromosome Inheritance and Meiotic Stability in Allopolyploid Brassica Napus[END_REF].The occurrence and transmission of these rearrangements appeared to have a cumulative effect, with genomic and meiotic disruption becoming increasingly apparent after a few generations (K. [START_REF] Song | Rapid Genome Change in Synthetic Polyploids of Brassica and Its Implications for Polyploid Evolution[END_REF], [START_REF] Szadkowski | The First Meiosis of Resynthesized Brassica Napus, a Genome Blender[END_REF].

The difference between natural and resynthesized B. napus may indicate that oilseed rape evolved through selection and/or evolution of genes or alleles that reduce CO formation between homoeologous chromosomes.

PrBn

The (Jenczewski et al. 2003). A population of 244 haploids produced from F1 hybrids between the high and low "pairing" varieties Darmor and Yudal allowed for the identification of a locus whose segregation corresponded with variations in meiotic phenotypes (Jenczewski et al. 2003). The PrBn locus was later mapped to a linkage group attributed to a region of chromosome C09, which was found to explain up to 24% of the variance observed in univalent numbers (Z. [START_REF] Liu | Mapping PrBn and Other Quantitative Trait Loci Responsible for the Control of Homeologous Chromosome Pairing in Oilseed Rape (Brassica Napus L.) Haploids[END_REF]). Additionally, around 3-6 minor quantitative trait loci as well as 2-3 loci interacting epistatically with PrBn were also detected.

However, regardless of the variation of CO frequencies in B. napus allohaploids with different PrBn alleles, their univalent levels were consistently higher than the levels observed in interspecific B. rapa x B. oleracea (AC) hybrids, indicating that low homoelogous CO frequencies are an evolutionary adaptation [START_REF] Cifuentes | Repeated Polyploidy Drove Different Levels of Crossover Suppression between Homoeologous Chromosomes inBrassica napusAllohaploids[END_REF]). However, further research is required before the exact nature of this mechanism and the function of PrBn can be uncovered.

BnaPh1

The recent discovery of the BnaPh1 locus marks the identification of a second major locus implicated in controlling homeologous recombination in Brassica napus (E. E. Higgins et al. 2021a). The cytological and genotypic evaluation of a segregating mapping population of doubled haploids detected a QTL on chromosome A09 that contributed between 32-58% of observed variation in homeologous recombination rates (E. E. Higgins et al. 2021a). Minor QTLs identified in this population include loci on A03 and on the corresponding homeologous region on C07. A number of BnaPh1 candidate genes were identified based on expression levels in meiotic tissues and the documented positions of meiotic genes in the B. napus genome. So far, the strongest candidate for the QTL region on A09 was an orthologue of RPA1C (encoding a replication protein), followed by MUS81 (E. E. Higgins et al. 2021a).

Interestingly, both had been investigated in connection to PrBn, as they (and PrBn itself) are located in a region homeologous to the A09 BnaPh1 locus. However, these genes featured no substantial polymorphisms or differences in expression between the two PrBn phenotypes in the allotetraploid background, so they were ruled out as causative agents (Aurélien Blary 2016). Another interesting candidate on the minor loci is the DNA mismatch repair gene MSH3. Not only are mismatch repair genes important for meiotic stability, but, as mentioned in the previous sections, they were also found to affect homeologous recombination in polyploids, such as in the case of MSH7 in wheat (Serra et al. 2021) and MSH4 in Brassica napus (Gonzalo et al. 2019). Nonetheless, at the time of writing the identity of BnaPh1 has yet to be uncovered.

MSH4

Another interesting development in the Brassica world was the discovery that the ZMM protein MSH4 could be rate-limiting and prevent non-homologous CO formation in Brassica napus in a dosage-dependent manner (Gonzalo et al. 2019). Reducing the number of functional MSH4 copies in Brassica napus resulted in decreased non-homologous CO rates while homologous COs remained unaffected. While the complete knock-out of both MSH4 copies prevents class I CO formation entirely, mutants with only one functional allele, regardless from which subgenome, featured a wild-type like meiosis in the euploid background (AACC) (Gonzalo et al. 2019). However, a significant reduction in chiasmata formation was observed in knock-down mutants of the allohaploid background (AC), with the mutants of the more highly expressed MSH4 copy on the C genome featuring the strongest reduction (Gonzalo et al. 2019). While this discovery may not be directly applicable to crop improvement programmes per se, it does provide insights into the effects of dosage on meiotic regulation in the polyploid context. It also suggests there may be an evolutionary advantage for genes such as MSH4 to return to single copy status rapidly after WGD, as the retention of duplicates might have a negative effect on meiotic stability and fitness. In fact, meiotic genes tend to return to single-copy status post-WDG more rapidly than the genome-wide average (A. H. Lloyd et al. 2014), and due to their evolutionary history, Brassica napus and its progenitor species offer a unique background in which to explore this phenomenon as well as the effect of gene dosage on meiotic behavior.

The effect of modified ploidy levels on meiosis in Brassica hybrids

Another avenue of meiosis research explored in B. napus and its progenitors is the effect of the modification of ploidy levels on CO frequencies and the recombination landscape.

As this was already addressed in Section B of this chapter (see "Changing the recombination landscape by modifying ploidy levels and chromosome engineering"), I

will not elaborate on it further in this section. Nonetheless, it represents an important development in the field and it would therefore be amiss of me not to address it alongside the other discoveries.

The study of meiotic gene evolution in Brassica napus and its progenitor species

The evolutionary history of flowering plants is marked by multiple whole-genome WGD events and subsequent diploidization, a process which typically spans a few million years [START_REF] Jiao | Ancestral Polyploidy in Seed Plants and Angiosperms[END_REF], [START_REF] Panchy | Evolution of Gene Duplication in Plants[END_REF]. Duplicate gene loss following WGDs is initially rapid [START_REF] Jiao | Ancestral Polyploidy in Seed Plants and Angiosperms[END_REF], then gradually slows with preferential retention of some duplicates. Most duplicated copies return to singletons, with only a few surviving over hundreds of millions of years [START_REF] Maere | Modeling Gene and Genome Duplications in Eukaryotes[END_REF]. Gene duplicate loss can be estimated through its halflife, which describes the amount of time it takes for half of all duplicates derived from a single WGD event to be lost (M. [START_REF] Lynch | The Evolutionary Fate and Consequences of Duplicate Genes[END_REF]. The genome wide half-life of the Arabidopsis lineage is estimated to be 17.3 million years [START_REF] Lynch | The Evolutionary Demography of Duplicate Genes[END_REF]. A similar rate was calculated for diploid Brassica genomes, whose gene content is estimated to have been reduced by half since the lineage-specific WGT (X. Wang et al. 2011), [START_REF] Murat | Understanding Brassicaceae Evolution through Ancestral Genome Reconstruction[END_REF]. As a consequence, although Brassica napus could theoretically have up to six copies of each gene, with three inherited from each mesohexaploid progenitor (Figure 9), this is rarely the case. An example of this can be seen in the genes coding for RECQ4, which have been retained after whole genome duplications in multiple clades of the angiosperm lineage.

However, although RECQ4 is encoded by two genes (RECQ4A and RECQ4B) in Arabidopsis (Mieulet et al. 2018a) Interestingly, both interspecific and intraspecific variation of gene loss has been observed in members of the Brassica genus, with variations in genome sizes and accessions having retained different alleles from some duplicates [START_REF] Golicz | The Pangenome of an Agronomically Important Crop Plant Brassica Oleracea[END_REF]),(J.-M. Song et al. 2020), [START_REF] Boutte | Genome Size Variation and Comparative Genomics Reveal Intraspecific Diversity in Brassica Rapa[END_REF]. Gene loss has even been documented in B. napus [START_REF] Chalhoub | Plant Genetics. Early Allopolyploid Evolution in the Post-Neolithic Brassica Napus Oilseed Genome[END_REF], which was only formed around 10,000 years ago.

It should be noted that loss is not the only possible fate for duplicated genes. Gene retention can be driven by two primary mechanisms. One is neofunctionalization, where one copy mutates to develop a novel function, while the other retains its original function. The other is subfunctionalization, which involves the partitioning of the ancestral function between duplicates. This can occur through altered functionalities, different localizations of gene activities or the "partitioning" of dosage levels (dosage subfuntionalization) [START_REF] Rastogi | Subfunctionalization of Duplicated Genes as a Transition State to Neofunctionalization[END_REF], [START_REF] Gout | Maintenance and Loss of Duplicated Genes by Dosage Subfunctionalization[END_REF].

However, these outcomes are not equally likely for all genes and can vary for different functional gene classes. In the angiosperm lineage, genes involved in stress responses, signal transduction and transcriptional regulation tend to have retained duplicates, while those involved in functions such as genome repair and duplication tend to exist as singletons [START_REF] Maere | Modeling Gene and Genome Duplications in Eukaryotes[END_REF], [START_REF] Paterson | Many Gene and Domain Families Have Convergent Fates Following Independent Whole-Genome Duplication Events in Arabidopsis, Oryza, Saccharomyces and Tetraodon[END_REF]),(Z. [START_REF] Li | Gene Duplicability of Core Genes Is Highly Consistent across All Angiosperms[END_REF]. This includes meiotic genes, which return to single copy status faster than the genome-wide average and genes with non-meiotic properties (A. H. Lloyd et al. 2014). The fastest return to single copy status was observed in meiotic recombination genes, indicating that the selection of variants at pre-existing loci is probably sufficient to stabilize meiosis in polyploids, without the requirement of diversifying duplicates (A. H. Lloyd et al. 2014). Examples of meiotic genes rapidly returning to single copy status include the ZMM genes MSH4, MSH5, ZIP4, MER3 and PTD, which are only present as duplicates in species that underwent recent WGDs (Gonzalo et al. 2019). In chapter 4 of this thesis we will see that there are some exceptions to this rule, such as HEI10, which deserve to be studied in more detail.

Taking all these factors into consideration, Brassica napus and its progenitors represent a dynamic model to study meiotic gene evolution and meiotic regulation. The presence of multiple functional copies of the same meiotic gene allows for an exploration of the effect of gene dosage on meiotic behavior and stability, as B. napus will have at least two; possibly up to six copies of each gene. It also remains one of the major model species for studying polyploid meiosis due to the substantial body of past research into this species, its evolutionary proximity to Arabiodpsis, its well-characterized progenitor species, as well as its economic importance.

Modifying Meiotic Properties in Plant Breeding -Opinions, Perspectives and Outlooks

Foreword

In his 1974 opening lecture of the first international symposium on "Haploids in Higher

Plants" in Guelph, Canada, Sir Ralph Riley once stated: "I believe that it is quite likely that haploid research will contribute cultivars to agriculture in several crops in the future. However, the more extreme claims of the enthusiasts for haploid breeding must be treated with proper caution. Plant breeding is subject from time to time to sweeping claims from enthusiastic proponents of new procedures. Mention may be made of induced mutations and induced polyploids. The new techniques usually put an additional weapon in the armoury of the breeder but they rarely provide the total defence initially suggested. Let us study and consider haploids fully but let us be cautious and not take an unrealistic view of the contributions haploids can make to plant breeding, real though I expect these to be." I believe this statement encapsulates the relationship between the visions often proposed by academia and the reality of their application in the industrial sector quite effectively, not only in haploid research but the field of plant meiosis research in general. Even a cursory overview of the current state of the field reveals that there are discrepancies between socio-economic applications and scientific justifications of research.

Public sector researchers often make a point to highlight the potential ways in which their research could be applied to future breeding programs, but whether the industrial sector shares the vision is often open for debate. To gain a better understanding of public and private research interests regarding exploiting meiotic recombination in plant breeding we decided to design a survey targeted at both public and private sector researchers knowledgeable in the field of plant meiosis. The survey was designed using Google forms and featured 28 questions in total, 18 of which were required for survey completion and 10 of which were optional. These questions were grouped under four main headings, starting with a very general assessment of the participant's views on manipulating meiotic recombination in plant breeding, followed by a more specific evaluation of the relative importance of different meiotic properties as targets for modification. Later sections asked participants to compare different modification strategies to alter meiotic behavior and allowed them to assess desired theoretical plant breeding outcomes. This survey has identified areas of particular interest as well as discrepancies between the two sectors, which I will detail and comment on.

The Survey Participants

In total, there were 70 survey participants to the survey (see the supplementary section at the end of this chapter for a transcript of the blank survey). The survey was anonymous, and the only details participants were required to provide were whether they came from the public or private sector and what their general profession was. They were also able to choose whether they wanted to state what country they were from and what institution or company they worked at. In total, we received 23 private sector responses and 47 public sector responses (Figure 1). The fact that we received more public sector responses was not surprising due to the more secretive nature of private sector research. In one instance, an individual from a mid-size seed company first agreed to, and then refused to take part in the survey citing confidentiality policies, but displayed interest in seeing the final results.

Nonetheless, this discrepancy in sample sizes should be taken into consideration. Note that it says 73 responses, but that figure included three duplicates that were removed from subsequent analyses.

When asked to describe their profession, the largest proportion of participants (56.2%) selected applied research, followed by basic research, which was selected by 42.5%. The third most selected category was professor (35.6%). Only 20.5% of participants identified as plant breeders (Figure 2). Although optional, 68 respondents disclosed which country they currently worked in (Figure 3). Over a third of all participants were working in France (38%), with people working in Germany making up the second largest demographic (15%). The high proportion of French participants is largely related to the fact that our lab has the most connections to both academia and industry in France, thus a large proportion of the invitations were sent to French individuals. In total, 82% of survey participants came from countries in Europe either in the European Economic Area (EEA), or countries that signed agreements with the EEA, such as Switzerland. At the time of the survey, the UK had not yet withdrawn from the EEA, so it was included in these statistics. In the private sector, out of the 22 participants that listed their country, only two participants, one from the USA and one from Japan, came from outside of the EEA. As such, it must be acknowledged that this high proportion of EEA correspondents' results in a survey in which results are skewed towards a European perspective, a perspective which is not only influenced by the developments in the academic field but also the economic and regulatory factors present in the countries involved. The effect these factors can have on academic research cannot be underestimated, as political and economic realities not only hamper but also redirect research interests. Furthermore, even excluding EEA countries, most participants hailed from economically developed countries which could also play a role in shaping their views and priorities regarding research in the field. 

The perception of Meiosis

In the first part of the survey, participants were asked to select statements representing what meiosis meant to them. They were able to select as many options as they agreed with, making this a reflection of their overall perception and not a ranking of perceived importance.

Both public and private sector participants seem to primarily view meiosis as a driver of genetic diversity, followed by a way to better use genetic resources, two related issues (55-66% of participants; Figure 4). Interestingly, only 10-16% of participants also emphasized that meiosis is a prerequisite for fertility and yield. This is in stark contrast to meiosis research in animal systems, where safeguarding fertility is of key importance [START_REF] Handel | Genetics of Mammalian Meiosis: Regulation, Dynamics and Impact on Fertility[END_REF].

Apart from the consensus on the dominant role of meiosis as a source of diversity, opinions seem to diverge somewhat between public and private respondents, although the difference was not statistically significant (chi-square statistic: 8.3722; p-value: 0.78857). While 16-18% public researchers also emphasized that meiosis is an important issue for genome stability and a prerequisite for fertility and yield, only three (6%) and five (10%) private sector participants, respectively, seemed to share these viewpoints. Unsurprisingly, the third most selected option of private sector participants was meiosis as an impediment to the rapid fixation of genetic material, which was only the 5 th most common selection for the public sector. 

The Relevance of Manipulating Meiosis and Meiotic Recombination in Plant Breeding

In this section of the survey, participants were asked to evaluate how strongly they agree to a series of statements on the relevance of exploiting meiosis in plant breeding (Figures 5 and6). The first few statements were relatively general, followed by ones mentioning specific meiotic modification strategies. Regarding the perceived importance of meiotic manipulation for plant breeding, there was a clear consensus between the two sectors, with the majority of participants stating that manipulating meiotic behavior is of prime importance (Figure 5). However, when asked how they would evaluate the importance of modifying meiotic properties in crops compared to other technologies relating to plant breeding, most public and private and private researchers ranked the modification of meiotic properties as a 3 or 4 on a scale of 1 to 5 (Figure 7). One public sector participant evaluated it as "1-least important", and around 20% of all public sector participants and 8% of private sector participants selected "5-most important", indicating that the public sector researchers are a bit more enthusiastic about the potential of modifying meiosis than their private sector counterparts. However, the majority of 3 and 4 scores for both sectors indicate that most researchers do acknowledge there are other technologies pertaining to crop improvement that are of higher importance than the modification of meiosis. Not 

In regards to plant breeding, would you say that

When asked if there were specific breeding programmes that could benefit from increased crossover (CO) rates, respondents from both sectors agreed, with a higher proportion of public sector respondents "strongly agreeing" than private sector counterparts (Figure 8 A). There was less agreement from both sectors on whether there are programmes where the decrease of genome wide crossover rates (e.g. reverse breeding, synthetic apomixis) could be beneficial (Figure 8 B). The majority of responses still agreed, but there was a higher number of neutral responses and individuals disagreeing for both sectors compared to how the increase of CO rates was evaluated.

As for the other approaches of meiotic modification, the level of consensus between public and private sector researchers varied depending on the strategy mentioned. For instance, although there was a sense of general agreement in both sectors, public researchers agreed more strongly than private researchers that the targeting of COs to specific regions of the genome is beneficial to plant breeding (Figure 8 C). This judgment is in line with the results of simulations run in maize (Bernardo 2017), (Brandariz and Bernardo 2019) which concluded that the development of targeted recombination technology is valuable as it could double the selection gains for quantitative traits in maize. A similar sense of agreement was observed for responses on the benefits of increasing COs between divergent chromosomes Figure 8 D).

There may be at least two main reasons for this. Firstly, some of the novel traits or new allelic diversity breeders search for can be absent from crop gene pools but present in the distant wild relatives [START_REF] Gur | Unused Natural Variation Can Lift Yield Barriers in Plant Breeding[END_REF], [START_REF] Imai | Validation of Yield-Enhancing Quantitative Trait Loci from a Low-Yielding Wild Ancestor of Rice[END_REF]. Capturing this exotic genetic diversity for plant breeding requires that the chromosomes of cultivated and wild species recombine with each other (via crossover formation) in interspecific hybrids. However, lower rates of recombination have generally been observed between chromosomes coming from different species and featuring polymorphic regions and regions with structural variations [START_REF] Chetelat | A Genetic Map of Tomato Based on BC1 Lycopersicon Esculentum × Solanum Lycopersicoides Reveals Overall Synteny but Suppressed Recombination Between These Homeologous Genomes[END_REF], [START_REF] Ji | Genome Differentiation by GISH in Interspecific and Intergeneric Hybrids of Tomato and Related Nightshades[END_REF]), (Ziolkowski and Henderson 2017).

Secondly, as I will detail later, such an introgression of a segment of DNA from wild species into crop varieties alone is not always sufficient to achieve the desired breeding outcome; it is usually advisable to reduce the size of alien introgressions around the genes of interest, which again requires COs to be formed between these regions and the crop's chromosomes.

The statement eliciting the highest proportion of neutral or uncertain responses in both sectors (and the widest range of responses in general) was the claim that "the adverse effects on meiosis caused by global warming will be one of the main factors hindering crop productivity in the future" (Figure 8 E). Most participants in both sectors were neutral. The remainder of private sector responses skewed towards disagreement, while the remainder of public responses was split fairly evenly between agreement, disagreement and uncertainty (with those agreeing making up the largest group). While it has been shown that higher temperatures adversely affect meiotic behavior and fertility in crops such as barley (Higgins et al. 2012) and wheat [START_REF] Draeger | Short Periods of High Temperature during Meiosis Prevent Normal Meiotic Progression and Reduce Grain Number in Hexaploid Wheat (Triticum Aestivum L.)[END_REF]). It appears the connection between meiosis and global warming was not a priority to participants compared to the other statements in the survey. Presumably because global-warming related issues such as temperature extremes are known to affect plant fertility in numerous ways outside of just meiosis [START_REF] Lohani | High Temperature Susceptibility of Sexual Reproduction in Crop Plants[END_REF], and issues caused by elevated temperatures, such as drought stress, can also adversely affect meiosis [START_REF] Alghabari | Effect of Rht Alleles on the Tolerance of Wheat Grain Set to High Temperature and Drought Stress During Booting and Anthesis[END_REF]). The multifaceted nature of the impacts of global warming could explain why respondents were more hesitant ascribing a high level of importance to the effects of temperature on meiosis. Furthermore, based on the fairly low proportion of participants who viewed meiosis as a prerequisite for fertility and yield (10% of private sector and 16% of public sector responses; Figure 4), they might simply not feel very strongly about the effects of global warming on fertility, as fertility is not on the forefront of their priorities regarding meiosis in general.

Lastly, when asked if they agree that naturally occurring COs are sufficient to sustain plant breeding programmes (Figure 8 F), half of the participants from both sectors disagreed (50% of public sector responses and 49% of private sector responses). However, it should be noted that almost 43% of private researchers and 22% of public researchers agreed with the statement, indicating that there is no clear consensus. Interestingly, of the respondents that agreed, quite a few also agreed that manipulating meiotic behaviors is of importance to plant breeding, which appears to be a contradictory statement. However, this may be a question of interpretation. Perhaps being able to manipulate meiotic behavior can still be deemed important despite being of the option that naturally occurring COs are sufficient to sustain current breeding programmes, as this may not be the case in the future due to factors such as global warming and population growth. Another possibility is that these researchers consider that, although the number of naturally occurring COs are sufficient to sustain plant breeding programmes (this is what they have been using for years, with great success), there is still room for improvement.

Manipulating meiosis and meiotic recombination: targets and means

In the next section of the survey, participants were asked to evaluate the importance of different approaches to manipulating meiosis in plant breeding, and later select the approach that they deemed most important. were also asked to provide a short explanation of the reasoning behind their selection.

How would you personally evaluate the importance of

Targeting of COs to specific regions of the genome was the statement that was most positively perceived by both sectors (~90%; Table 1; Figure 9E). At the other extreme, decreasing genome-wide COs to fix material was the statement that was perceived least positively by both sectors (<55%; Table 1; Figure 9F); this is the statement for which "neutral" was the most common evaluation. In between, public sector participants emphasized the importance of introducing CO into "cold" regions and promoting alien introgressions (~92-94% of positive answers; Table 1; Figures 9B and9C) while there was no clear trend in the responses from the private sector; the remaining options were evaluated similarly (all statements received 67-75% positive answers; Table 1). Overall, private sector participants appeared to display less enthusiasm towards the different approaches in general, as the proportion of individuals providing positive answers ("very important" or "important") was lower than for the public sector participants.

When shifting to prioritization, the distinction between public and private sectors becomes more obvious. Public sector participants continued to emphasize the importance of introducing CO into "cold" regions, with a bit over a third of all responses listing this option as the most relevant strategy (Figure 10). The second most frequently selected options were the promotion of alien introgressions and the targeting of COs to specific regions of the genome, which were both mentioned 12 times by public sector participants.

By contrast, when asked which approach was most relevant, the reduction in size of pre-existing introgressions, received the highest proportion of private sector responses, with around a fourth of all participants having selected this option (Figure 10). It is interesting to note that this is one of only two approaches that was selected by more private than public respondents. These different orders of priorities may reflect the different criteria that public and private researchers used to set their priorities.

Introducing CO into "cold" regions, promoting introgressions and targeting COs to These underlying mechanisms for this change in CO patterning are not known.

Furthermore, in some species it appeared that additional COs formed in hyperrec mutants (especially fancm mutants) tended to occur in regions of low polymorphism (Mieulet et al. 2018), (Ziolkowski et al. 2015). The relationship between sequence polymorphisms and meiotic recombination is a very active area of research (Blackwell et al. 2020) for which a general

consensus has yet to be found. Finally, the process of targeting COs to specific regions of the genome is still in its early stages, with different approaches being explored in yeast and Arabidopsis (reviewed in (Kuo, Da Ines, and Lambing 2021)), but even in Arabidopsis, progress remains modest (Yelina et al., n.d.).

Public sector participants were given the opportunity to justify their choice and provided extensive justifications for the approach they considered most relevant. The most common justification for selecting the introduction of COs in cold regions as the most relevant modification strategy was its potential to break up linkage drag. Cold regions such as the pericentromeric regions are often where linkages that harbor deleterious mutations accumulate (Rodgers-Melnick et al. 2015), representing a limitation in breeding programmes.

For instance, it is estimated that as much as 20% of maize and barley gene content is located in such regions (Bauer et al. 2013), (International Barley Genome Sequencing Consortium et al. 2012). Multiple participants also mentioned that this could contribute to the reduction in size of introgressions falling into these regions. Cold regions were repeatedly described as a limit to generating genetic diversity, with one respondent mentioning that most outcomes of other approaches (e.g. the reduction in size of pre-existing introgressions or the targeting of COs to specific regions in the genome) can theoretically be achieved using large enough populations and generation numbers, however, only through allowing COs to occur in cold regions can the additional diversity found in these regions be accessed. Crops that were specifically mentioned in the context of having regions low in COs were barley and wheat, which are both known for featuring large cold regions [START_REF] Baker | The Low-recombining Pericentromeric Region of Barley Restricts Gene Diversity and Evolution but Not Gene Expression[END_REF], [START_REF] Erayman | Demarcating the Gene-Rich Regions of the Wheat Genome[END_REF]), (Choulet et al. 2014).

One public sector participant also emphasized increasing COs on the D subgenome of wheat, which features low diversity among elite varieties [START_REF] Sansaloni | Diversity Analysis of 80,000 Wheat Accessions Reveals Consequences and Opportunities of Selection Footprints[END_REF]). On the other hand, another participant seemed somewhat critical of the whole concept: "many suppressed regions have already passed thousands, if not millions, of natural meioses with no CO. In some cases, this may be altered in epigenetic mutants, but in the case of complex structural variations, anticrossover and/or epigenetic mutants will not allow CO to form".

Participants of either sector who had selected the promotion of alien introgression as the most relevant strategy mainly referred to its potential to allow access to variation and desirable traits found in wild germplasm that could then be used to develop more sustainable/resilient varieties, while the targeting of COs was often selected with the reasoning that it allows for precise control of recombination, reduces linkage drag and the size of introgressions. It appears that to some respondents, targeted COs could replace (or at least achieve the same outcome as) most other modification strategies in the list, at least in theory.

For example, targeting COs into cold regions could introduce novel genetic combinations in these regions, thereby increasing genetic diversity. Likewise, it has recently been proposed

that "targeted meiotic recombination could be the ultimate technology to precisely direct crossovers to loci of choice in plant genomes, thus eliminating the need for numerous backcrosses to remove linkage drag" [START_REF] Reynolds | Addressing Research Bottlenecks to Crop Productivity[END_REF]). However, while public sector researchers evaluate these strategies as important and complementary, it is unclear whether their application in the field will occur in the near future.

Although the priorities set by public researchers may therefore be seen as a reflection of current scientific questioning, those selected by private people may conversely be reflective of a more outcome-oriented, short-term perspective held by breeders. 53% of them (14 people)

stressed the importance of reducing the size of pre-existing introgressions, most likely due to the fact that the genomes of many crops contain introgressed fragments from wild species, which carry both favorable and unfavorable alleles (i.e. linkage trails) [START_REF] Hufford | Comparative Population Genomics of Maize Domestication and Improvement[END_REF], [START_REF] Lin | Genomic Analyses Provide Insights into the History of Tomato Breeding[END_REF], [START_REF] Wendler | Unlocking the Secondary Gene-Pool of Barley with next-Generation Sequencing[END_REF], [START_REF] He | Exome Sequencing Highlights the Role of Wild-Relative Introgression in Shaping the Adaptive Landscape of the Wheat Genome[END_REF].

Logically, the most commonly cited justification for the diminishing of introgression sizes (as well as the introduction of COs in cold regions) was the reduction of such linkage drag (see above). The slightly different indications given by Table 1 and Figure 10 could be explained by considering that, although targeting COs to specific regions of the genome was the objective with the highest consensus (hence Table 1), there were slightly more private researchers who prioritized reducing the size of pre-existing introgressions over the other alternatives because this would be directly beneficial to improving some of their elite varieties.

If this interpretation is correct, it would suggest that breeders tend to prioritize working with genetic resources already available, compared to their public counterparts, who are more interested in expanding resources (based on the justifications they give for their choice of priorities). The focus on introgression also resonates with developments in the industry, as introgression breeding appears to be making a comeback in crops such as wheat [START_REF] Hao | The Resurgence of Introgression Breeding, as Exemplified in Wheat Improvement[END_REF], legumes [START_REF] Pratap | Current Perspectives on Introgression Breeding in Food Legumes[END_REF]) and potato (Rakosy-Tican et al. 2020).

Somewhat surprisingly, the general increase of CO rates was mentioned only six times, four times by private sector respondents and only twice by public researchers, with a slightly higher proportion of private sector participants evaluating this option as the most important compared to their public counterparts (Figure 10). Some of the participants justified this decision through the potential increase in variation an increase in global COs could bring about, however, the approach was typically mentioned in conjunction with other strategies. As previously stated, this might be because the gains to be made by increased recombination rates are already fairly well characterized compared to the more "untapped" potential of the other strategies, such as targeted recombination, which is in the earlier stages of fundamental research. One participant mentioned that achieving elevated CO frequencies through the inactivation of anti-CO machinery might actually be unfavorable due to the fact that modification of these components could actually have a detrimental effect on genome stability, a phenomenon that has been observed in some of the anti-CO machinery that has been targeted so far, such as FIGL1 and XRCC2, (Zhang et al. 2017), (Mieulet et al. 2018), (Raz et al. 2020) (see chapter 3 of this thesis).

Lastly, and though not the most popular choice, three private sector and five public sector participants did mention the importance of decreasing COs to fix material as "the most relevant approach" (Figure 10). The public sector comments regarding decreased CO levels mentioned the possibility of achieving stable heterosis, and that preserving favorable allelic combinations requires larger population sizes than finding specific recombination events.

Reverse breeding was not mentioned in this section. As a matter of fact, the relatively low proportion of positive responses from both sectors (5 public, 3 private) regarding the decreasing CO rates was somewhat surprising. Perhaps, unlike hyperrec technology, which has already been widely applied to crops, the couple of examples demonstrating that synthetic apomixis was possible in rice were not sufficient to convince of the large-scale applicability of this technology in the near future without a large investment in time and resources, so less emphasis was placed on it. As an alternative, most participants may have considered that fixing genetic material can be brought about through means outside of manipulating meiosis (see below). Interestingly, two unrelated individuals expressed interest in the possibility of CO intensity modulation-that is the increase or decrease of COs depending on the stage in the breeding programme to either increase variation or stabilize material. This idea will be echoed in the rest of the survey. Most of the strategies listed in this section were perceived as useful by both public and private sector participants, with >70-75% respondents typically selecting "useful or "very useful". There is a general consensus between the evaluation of strategies by public and private sector participants, with fixed mutations, natural variation as well as chemical and physical transient modification strategies being evaluated as more useful than structural or epigenetic modifications and VIGS. Some differences in evaluation between public sector and private sector participants can nonetheless be perceived.

On top of the list of the most popular strategies amongst public sector participants were induced fixed genetic modifications such as through EMS or cas9 (Figure 11A), which were rated as "useful" or "very useful" by 39 respondents (82%), followed closely by transient modification through chemical methods (Figure 11C), (n=38), the exploitation of natural variation (Figure 11B), (n=36) and transient modification though physical induction (Figure 11E), (n=32). Although it is difficult to detect differences in preferences between public and private sector participants, some slight discrepancies can be nonetheless noted.

The exploitation of natural variation and fixed mutations were the strategies deemed most useful by private sector participants with 18 counts of "usefulness" each (selected by 78 % of participants). Fixed variation notably received higher scores among private sector participants (54% considered this strategy "very useful") than transient induction, especially with chemicals. At first sight, this appears counter-intuitive, especially as no prioritization was requested at this stage, leaving the participants free to express their wishes (see below). While fixed modifications are a useful tool in fundamental research, they might be less favorable in plant breeding. Many kinds of modifications, such as loss-of-function mutations, are typically recessive and need to be homozygous to have the intended effect, which takes longer to introduce into breeding programmes than a transient modification strategy. Besides, a slightly higher proportion of private sector respondents evaluated natural variation as useful (compared to fixed genetic modifications), probably because some of these natural variants may already be segregating in the breeding populations. Secondly, there is the fact that certain techniques, such as CRISPR-cas9, are under strict regulation in most European countries, which rules out their utilization in breeding programmes meant for the European markets.

While strategies such as chemical mutagenesis are still approved, they are vastly less efficient than breakthrough development that was the RNA-guided cas9 system [START_REF] Jinek | A Programmable Dual-RNA-Guided DNA Endonuclease in Adaptive Bacterial Immunity[END_REF], [START_REF] Shan | Targeted Genome Modification of Crop Plants Using a CRISPR-Cas System[END_REF]. Naturally occurring variation in multiple genes also address the regulatory issues, but their potential remains limited compared to that of induced KO mutations;

as, so far, no variations affecting meiotic behavior to the level observed in induced mutants have been detected. As meiosis is a highly conserved process, it is doubtful that there will be much natural variation affecting factors such as CO rates in CO-cold regions that could be 
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). In addition, all these loci have also proved not to induce unexpected "off-target" variation and can therefore be safely introduced into breeding programmes. For those reasons, it is understandable that private sector respondents place importance on these approaches.

Similarly, physical induction (e.g. temperature) was perceived more positively by private sector participants than by public sector participants (Figure 11C), who preferred chemical induction (80% considered this strategy "useful" or "very useful; Figure 11E). This discrepancy could once again reflect the current state of research on these two avenues of modification. While the effect of temperature on meiotic behavior has been observed in crops such as barley and wheat (Higgins et al. 2012), [START_REF] Phillips | The Effect of Temperature on the Male and Female Recombination Landscape of Barley[END_REF], (Coulton, Burridge, and Edwards 2020), the effect of other anthropogenic treatments such as chemical exposure is less straightforward. While a wide range of substances from heavy metals over pesticides to pharmaceutical chemicals are known to affect CO rates and other aspects of meiotic behavior in a number of plant species (reviewed in [START_REF] Fuchs | Anthropogenic Impacts on Meiosis in Plants[END_REF]), in the majority of these cases, little is known about the biochemical pathways affected by the treatments, and adverse effects have also been reported. Furthermore, the conditions in which the effects of these treatments are elucidated often differs from the conditions that plants would experience in a field or greenhouse conditions, and their application might be more complex than just regulating the temperature plants are grown in (at least in controlled conditions). As meiosis research progresses and the biochemical pathways governing the process become better understood, the potential to develop effective chemical modification strategies grows. I believe that is why the public sector evaluated chemical modifications as more useful than physical modifications, as the effects of temperature on meiosis and the limitations of this approach have already been characterized.

At the bottom of the list, the alteration of chromosome structure and ploidy level (Figure 11G), the modification of chromatin structure (Figure 11F) and the use of virus induced gene silencing (VIGS) (Figure 11D) received the lowest scores, with only around 50% of respondents rating them "useful". While a majority of public sector respondents still deemed these strategies as either "useful" or "very useful", the proportion of neutral and negative responses was higher than for the previous categories. The private sector seemed even more hesitant, especially towards the feasibility of VIGS and the altering of ploidy level, as most respondents took either a neutral or negative stance on these strategies. One private sector participant stated that there were too many unknowns with the altering of ploidy and methylation patterns, and it is likely this sentiment is shared by some of their colleagues and could explain the general reluctance displayed towards these approaches. These reservations are not unfounded. While epigenetic modifications were found to increase pericentromeric CO in Arabidopsis (Underwood et al. 2018), they had adverse effects of fertility and development in crops (Tan et al. 2016), (Corem et al. 2018), (Li et al. 2014), (Fu, Dawe, and Gent 2018).

Similarly, while altering ploidy levels can lead to substantial alterations in CO frequencies and the CO landscape (Leflon et al. 2010), (Pelé et al. 2017), (Suay et al. 2014), such alterations have only been achieved in (polyploid) Brassicas so far and it is not certain that they can be easily reproduced in other crops (diploids). Finally, the most surprising result was the lack of enthusiasm displayed towards the prospect of a VIGS-based approach.

Compared to the two aforementioned strategies, it appears to have the most potential for an application in the near future. Similar to CRISPR-cas9, VIGS acts as a vehicle for a wide range of modifications and can be used in conjunction with approaches such as the targeting of anti-CO genes or genes controlling methylation. Due to its transient nature, the adverse effects of these modifications can be mitigated due to the absence of permanent changes. In fact, VIGS has been successfully employed to alter meiotic behavior in wheat (Raz et al. 2020), (Desjardins, Kanyuka, and Higgins 2020), and modulate meiosis and generate chromosome substitution lines in Arabidopsis (Calvo-Baltanás, n.d.),(Calvo-Baltanás et al.

2020

). Given the recent advances in research, and the rapid and reversible nature of a VIGS treatment, it is somewhat surprising that this approach was not evaluated as more useful by participants of both sectors. One reason might be the novelty of the approach. While VIGS has been employed in crop research for a while now, studies documenting VIGS-based alterations of meiotic behavior have only recently emerged, with some of the major publications coming out only a few months prior to the time our survey was sent out to participants at the end of 2020. Therefore, there might not have been enough time for this technology to embed itself in the collective consciousness of crop researchers.

As in the previous survey section, participants were given the option to state which of the listed approaches they considered the most relevant (Figure 12) and then justify why they think so. Compared to evaluation of different targets for meiotic modification (Figure 10), there was a larger discrepancy between the previously listed general evaluations of usefulness and the techniques individuals would prioritize over others if they had to choose. The range of selections appears to be quite broad in both sectors, revealing that, while there may have been a general consensus regarding the overall usefulness of different approaches, there is much less of one when it comes to prioritizing one strategy over the others. The only noticeable consensus appears to be the unpopularity of modifications of chromosomal structure and ploidy level, which received 0 mentions, followed by the modification of chromatin, and VIGS, which received one and two public sector mentions respectively. Perhaps the breadth of responses reflects the different backgrounds participants have regarding the species they work with and their personal research goals, as a system that might be well established in one crop might not be applicable in another. When looking at the private sector responses, it seems that despite the exploitation of natural variation and fixed modifications being deemed the most "useful" approaches based on the consensus of the previous section, when asked to list the approach they considered most relevant, respondents seemed to gravitate towards transient modification strategies, with 8 out of the 14 responses mentioning these. With the notable exception of VIGS, which received no mentions, participants did not appear to discriminate between the different transient modification strategies, mentioning chemical induces, transient modification through physical inducers and transient modification in general as important approaches. The main justifications for these decisions were, unsurprisingly, the absence of the undesirable effect of permanent genetic modifications and the possibility of inducing changes in meiotic behavior in only specific stages of breeding cycles. The fact that this strategy could be more acceptable to legislators in places where there are restrictions on the use of transgenic technology was also mentioned.

Apart from transient modification, two private sector participants listed induced fixed genetic modifications as most relevant, with one citing precision as a justification (presumably referring to targeted mutagenesis such as via CRISPR-cas9). The other approach mentioned twice was the exploitation of natural variation, with the primary justification for this being the fact that plants obtained this way are not subject to regulation.

The range of public sector responses echoes that of the private sector, with transient modification strategies being mentioned the most frequently (featured in 17 out of 35 responses). In this case, although physical inducers and VIGS were mentioned (twice each), there was a clear preference for chemical inducers (7 mentions), followed by transient modifications in general (4 mentions). Most participants did not elaborate on their preference for chemicals over other inducers, but one did mention that modifications via chemicals would be most likely to be accepted at the legislative level and easy to implement (for example by spraying crops in the field). Two participants also mentioned transient modification through cas9, perhaps referencing modulation of transcription by combining a deactivated cas9 (dCas9) with trans enhancer [START_REF] Xu | Gene Activation by a CRISPR-Assisted Enhancer[END_REF]. As in the private sector, induced fixed genetic modifications were the second most popular strategy, with factors such their precision and detectability being listed as reasons for this selection. The one individual who listed fixed modifications of chromatin structure and methylation mentioned that these will be necessary to better target COs in cold regions. Though a lower proportion of public sector participants mentioned the exploitation of natural variation compared to their private sector counterparts, those that did had also mentioned the lack of regulation as an important factor, as well as the stability of such "natural" modifications. The bias towards wheat could be representative of the general research landscape, as many individuals are involved in what research. The discrepancy between the two sectorsfor instance, that rice was the third most popular crop for the public sector but received no mentions at all by the private sector could be explained by the difference in sample size between the two groups, or the fact that private sector participants might be reluctant provide more detailed information due to commercial interests. However, I also suspect there might be some geographical bias at play as well. With a total of two participants coming from Asia (three if you include Russia), and only one of these Asian participants representing the private sector, it is unsurprising that most of the crops mentioned by the participants in that sector tended to be crops more relevant to the European market, as that is where the majority of participants came from (more specifically France and Germany). Although this geographical bias was also present in the public sector, public researchers tend to be more international and have a more global outlook compared to their private sector counterparts, explaining the mentions of crops like rice, cassava, and soybean.

Other notable responses in this section were: polyploids in general, which were mentioned by three public sector researchers and one from the private sector, species with long generation times, trees, species with large genomes, and allogamic species.

Views on the implementation of meiotic modification at different stages of the breeding cycle

In the following section, participants were asked to specify at which stage of the breeding cycle they would envision different meiotic modification approaches to be implemented (Figure 14). There is a relatively strong consensus between the public and private sector responses regarding which stages of the breeding cycle participants envision changes in meiotic behavior to be implemented. For all types of meiotic modification, the majority of participants in both sectors considered the changes most useful if implemented at the pre-breeding stage. This might explain the preference of transient modification through chemicals observed in the previous sections. As the pre-breeding process involves screening germplasm for desirable traits to transfer into a recipient genetic background, strategies that are transient, rapidly applicable and cost effective are preferable over more cost and work intensive engineering required for fixed genetic or structural modifications. The second most common selection for the two sectors was typically the backcrossing stage, although for the modification of genomewide crossover rates the public sector seemed to prefer the genomic selection stage (Figure 14A). Targeted CO formation received a higher proportion of respondents from both sectors envisioning its use during advanced generation selection than for other meiotic modification strategies (Figure 14C), presumably due to its precision, as breaking up favorable allele combinations would be disadvantageous at this stage.

Plant Breeding Goals and Outcomes

In the following segment, survey participants were asked to rate the importance of different outcomes of modifying meiotic recombination in breeding (Figure 15) and then select the one they deemed most relevant.

Many private sector participants listed a gain of time as one of the most important outcomes, with an enlarged gene pool through introgressions being the second most selected option. These two options made up approximately 60% of private sector responses. The responses of public sector participants were more varied. Though an enlarged gene pool was the outcome most listed, it was closely followed by a gain of time, with several correspondents also mentioning increased responses to selection, higher genetic gains and the maintenance of genetic variants as important outcomes. Interestingly, two participants from the private sector and one from the public sector took it upon themselves to mention the "breaking of linkage drag" as important, despite it not being specifically mentioned in the list of breeding programme outcomes, echoing one of the previous survey segments in which a high proportion of participants considered reducing the size of pre-existing introgressions as the most important meiotic modification outcome (Figure 10).

It should be noted that, depending on the meiotic modification approach, the focus on gaining time might not represent the most feasible outcome. Modeling studies found that multiple generations (at least 4-5) are needed to generate genetic gains of use to breeding programs when employing approaches like the use of hyperrec technology and modified CO landscapes (McClosky and Tanksley 2013), (Tourrette et al. 2019). The simulations designed by Tourette et al calculated that genetic gains could be increased up to 30% after 20 generations when increasing recombination in cold regions. However, such estimates do not consider the generations needed to produce the desired meiotic phenotype. For instance, the production and selection for fixed modifications is likely to add some additional generations.

Furthermore, the increase in recombination would need to be many-fold for such moderate gains to be achieved. Looking at some of the hyperrec mutants produced so far (Mieulet et al. 2018), (Aurélien Blary et al. 2018), and the fairly moderate increases in CO rates in response to temperature [START_REF] Phillips | The Effect of Temperature on the Male and Female Recombination Landscape of Barley[END_REF], (Coulton, Burridge, and Edwards 2020), current CO elevation rates may not be sufficient. Focusing on backcrossing, Tourette et al (2021) demonstrated that increasing genome-wide CO frequencies can accelerate backcrossing programmes only under certain conditions. The advantage of increased COs was clear when the locus to be introgressed was in an otherwise CO-cold region. However, if this locus was located in a region that is already rich in crossovers, an increase in recombination rate was shown to be detrimental, because it leads to increased amount of donor genome in the genetic background [START_REF] Tourrette | Enhancing Backcross Programs through Increased Recombination[END_REF]).

It appears the approach with the most potential to reduce time might be the targeting of recombination to specific locations, as the gains generated through this approach were calculated to be much higher (Ru and Bernardo 2019), (Brandariz and Bernardo 2019).

However, these anticipated gains depend on the precision with which the position at which to induce recombination has been determined. The expected time which is saved is therefore largely dependent on the quantity and quality of this preliminary work. In addition, if saving time is a high priority, it may be sensible to combine modified meiosis with other strategies such as speed breeding.

Another surprising finding was that the maintenance of higher genetic variance featured a lower proportion of "important" scores compared to the other outcomes, especially considering the interest of implementing meiotic modifications at the pre-breeding stage displayed by participants of both sectors in the previous section. A higher level of genetic variance within a population would allow for a wider variety of potentially relevant traits to select from at this stage. This element was clearly not seen as an opportunity or worth the effort.

When asked to list any other breeding outcome participants considered important 

Constraints on the use of modifying meiosis in plant breeding programmes and possible changes that could make the technology more applicable

Twelve private sector participants and 28 public sector participants responded to the optional question on which constraints, in their opinion, are preventing meiotic modifications from playing a role in plant breeding programmes. According to the private sector correspondents, the main constraints appear to be 1) The lack of current knowledge on meiotic modifications and their universality/applicability across different genotypes and species, 2) the lack of a transient approach to manipulate recombination, and 3) regulatory issues and public acceptance of the technology, especially regarding the EU.

Echoing the sentiments of their private sector counterparts, public researchers emphasized the lack of knowledge in the field most heavily, with at least ten respondents bringing up this issue as a main constraint. Clearly, there was a strong demand for more basic The second most commonly mentioned impediment was regulatory restrictions, with the anti-GM policies in Europe being cited as a primary example. In fact, the consequences of the limitations on gene editing imposed by European legislation were mentioned in all major sections of the survey. Three separate participants mentioned getting rid of the restrictions on GMOs (presumably in the EU) as an important change required to make the technology more applicable, proving once again how inescapable the effects of this regulation are in plant breeding. One respondent also expressed a desire for increased science communication with the general public, especially on the issue of transgenic technology. Another raised the interesting point that if the technology one would like to implement relies on plant transformation and tissue culture, then its application will be limited to certain species and cultivars that have experienced transformation success. Therefore, it would be of interest to either develop a technology that does not require transformation (for instance through a transient inducer) or focus on improving plant transformation protocols.

Finally, many participants seemed to view the current knowledge and available techniques as not yet sufficient to envision their use in plant breeding. Transient inducible modification was explicitly mentioned as a potential breakthrough by two public researchers (out of 28), while it was brought up by a fourth of all private sector participants. One respondent elaborated further, mentioning a preference for a chemical inducer to either suppress or increase recombination, especially in CO-cold regions. Transient modifications do not seem to be in the forefront of the collective psyche of public meiosis researchers the way it seems to be in the private sector. However, I wonder if opinions would be shifted if the survey were to be taken now, perhaps participants would be more considerate of VIGS given the studies that came out in 2020, in which transient approaches to modifying meiotic behavior were successfully applied (Raz et al. 2020), (Desjardins, Kanyuka, and Higgins 2020).

The remaining responses featured a variety of technical grievances, coming primarily from public sector respondents. Issues mentioned were the lack of an established technique to target COs, the lackluster effect of hyper-recombinant mutants on the efficiency of breeding programmes, potential detrimental effects of meiotic modifications on genome stability and plant fertility, the danger of breaking up favorable allelic combinations, as well as an incomplete understanding of the long-term impacts of modifying CO patterns. A high cost, and lack of applicability in the field were also mentioned as current hurdles.

Important recent scientific achievements in the field of meiosis

In this section, participants were asked to list the most important scientific achievements in the field of meiosis applicable to plant breeding. We received 23 public and 6 private sector responses. Though a wide variety of answers were provided, some recurring trends could be observed. Firstly, developments relating to apomixis were the most frequently mentioned development in both sectors, with four mentions among public researchers and two mentions amongst private participants (however, there it is tied with CRISPR-cas9, which was also listed twice). This is in contrast with previous survey sections, where apomixis was occasionally mentioned but was never the most popular response. This might indicate that while the recent fundamental studies on this subject (primarily in Arabidopsis and rice, reviewed in (Fiaz et al. 2021)) have awakened the interest of researchers, they do not appear to perceive this technology as applicable to plant breeding programmes compared to other strategies. This is possibly due to inefficient generation processes and the low fertility of generated plants (reviewed in (Khanday and Sundaresan 2021)).

Apart from that, the characterization of Ph1 (Riley and Chapman 1958), (Martín et al. 2017) and Ph2 [START_REF] Dong | A DNA Mismatch Repair Gene Links to thePh2locus in Wheat[END_REF], [START_REF] Sutton | The Ph2 Pairing Homoeologous Locus of Wheat (Triticum Aestivum): Identification of Candidate Meiotic Genes Using a Comparative Genetics Approach[END_REF], (Serra et al. 2021) in wheat as well as the exploration of the effects of DNA/histone methylation on recombination seemed to be of interest to public sector researchers. Although it is an older discovery, the use of Ph1 mutants in wheat is one of the few approaches of modifying meiotic behavior that has actually been applied to breeding programmes and contributed to the development of novel varieties worldwide. Apart from that, the exploration of the effect of temperature on recombination was mentioned by one public and one private sector researcher respectively, as was targeted recombination between homologous chromosomes via CRISPR-cas9. The advancement in the characterization of the genes/proteins involved in meiotic processes was repeatedly mentioned, with one public sector participant specifying CO initiation and control as the area of interest, while a private sector participant mentioned the machinery of DSBs and DSB repair (arguably there is some overlap). There were also three public sector respondents who were of the opinion that there were no important scientific advancements (or at least none that they were aware of).

Perceived knowledge gaps in fields relating to meiotic recombination and plant breeding

Only two private sector participants responded to the question if there were any knowledge gaps in the field of meiosis and plant breeding that could be exploited further. One mentioned the impact of chemicals (presumably on meiosis), and another the research outside of Arabidopsis. The 14 public sector responses were varied, although some trends could be observed. For instance, mechanisms of homeologous recombination and meiosis in polyploids were mentioned by three separate respondents. Apomixis was also mentioned twice, once in the context of its applicability in wheat. One respondent also expressed interest in further research on chromatin modification, including histone and chromosome axis modification.

More general knowledge gaps were mentioned regarding translational research into crops, the mechanisms of meiotic proteins as well as the effects of allelic variation on the timing of the meiotic process and rate of COs. Two respondents had a more metaphysical perspective, identifying a gap in "research showing how a selective breeding process can be achieved efficiently and faster by manipulating meiosis in crops when compared to traditional breeding methods" and the quantification of the impacts that altering COs could have on breeding.

Conclusion

In summary, one can see that while most researchers seem to perceive the modification of meiotic properties as important for crop improvement, to most it is not the ultimate priority, as many can name other approaches that they might consider more useful or relevant. While a wide variety of "more relevant" technologies were suggested by different participants, certain developments such as the implementation of transgenic technology (and its regulatory limitations) seem to be of global interest, and not just relevant to a few individuals.

This wide range of responses obtained in this survey demonstrates that, while survey participants might be united in their connection to meiosis and plant breeding, their options on other avenues of research vary quite substantially, presumably due to the high degree of specialization in crop science, especially in academia. This said, a number of take-home messages can be drawn from the survey.

Participants from both sectors primarily viewed meiosis as a driver of genetic diversity.

Only a small proportion associated it with fertility and yield. Both placed a similar level of high importance on manipulating meiosis in plant breeding, but most participants still acknowledged that other technologies may be of higher importance. Respondents agreed breeding programmes can benefit from increased CO rates, although public researchers were more convinced of the usefulness of targeting COs than their private counterparts. Both were uncertain about the effects of global warming on meiosis, and around half of private sector participants believed wild-type CO rates are sufficient to sustain current breeding programmes.

When asked to evaluate the importance of different approaches of manipulating meiosis, promoting alien introgressions received the highest proportion of positive responses by public sector participants. This was followed closely by introducing COs into cold regions and the targeting of COs, which were also the options most popular with the private sector. However, when asked if any approaches were to be considered more important than others, the reduction of preexisting introgressions received the highest proportion of private sector responses, while the public sector prioritized introducing COs in cold regions. Only a small proportion of participants from either sector appeared to value decreasing CO rates.

The most popular strategy to bring about meiotic modifications was the use of fixed mutations, which received the largest proportion of positive responses from both sectors.

Overall, fixed mutations, natural variations and chemical and physical modification strategies were preferred over VIGS, and structural and epigenetic modifications by both sectors. The public leaned slightly more towards transient modification approaches over the exploitation of natural variation, while to opposite was true for private sector participants. When made to choose between strategies, fixed mutations received the highest number of public sector responses, followed by transient chemical modification. Private sector participants displayed preference for all transient modification methods except VIGS, with physical modifications such as via temperature receiving the most responses.

Around half of all public sector respondents listed wheat as a crop that could benefit most from meiotic modification. Apart from that, a wide range of crops were listed by participants of both sectors. A clear consensus between the sectors was displayed regarding which stages of the breeding cycle meiotic modifications should be implemented, with the prebreeding stage receiving the highest scores. The breeding outcome most prioritized by the private sector was gain of time, and while a high proportion of public sector respondents also selected this option, slightly more participants emphasized the importance of enlarging the gene pool. On the subject of factors limiting the applicability of the aforementioned approaches, the two primary issues mentioned by both sectors were the European regulations on transgenic technologies as well as the lack of knowledge in the field, especially regarding translational research.

Targeting FIGL1 in Brassica napus

Introduction

Crop improvement is one of the main factors through which agricultural productivity can be increased to meet the demands of the 21st century -ensuring food security whilst reducing the environmental impact of food production. Even so, the current rate at which worldwide yields are increasing is not sufficient to meet future requirements without having to resort to increasing land usage (Ray et al. 2013), (Tilman et al. 2011). It is thus of utmost importance that we develop strategies to increase the efficiency of plant breeding programmes to produce varieties capable of meeting these demands. Manipulating meiotic recombination represents one promising way to accelerate crop improvement as it allows production of progenies featuring novel combinations of favorable alleles, and beyond traits. Such genetic reshuffling relies on crossovers (CO) -reciprocal exchanges between homologous non-sister chromatids from paternal and maternal chromosomes that occur during meiosis. Combined with sister chromatid cohesion, COs establish a physical link between homologous chromosomes that is necessary to ensure their correct subsequent segregation. COs also allow for the creation of novel genetic combinations through exchanges between the parental chromosomes, thereby increasing overall genetic variation in breeding programmes, reducing linkage drag and facilitating the removal of undesirable alleles. However, despite playing such an important role in plant breeding, two major limitations prevent breeders from exploiting the process of CO formation to its full potential: factors restricting CO location, such as interference sensitivity and regions of high and low CO rates along chromosomes, and the low frequencies of naturally occurring COs. On average, there are only around 1-3 COs per chromosome during meiosis in most eukaryotes, including plants (Mercier et al. 2015), as the vast majority of early recombination intermediates with the potential to mature into COs end up being repaired as non-crossovers (NCO), which are smaller, non-reciprocal exchanges between homologues or sister chromatids [START_REF] Holliday | A Mechanism for Gene Conversion in Fungi[END_REF]. Thus, strategies to increase CO frequencies in crops could greatly facilitate the efficiency of breeding programmes.

Research has identified a number of genes involved in the regulation of plant meiosis, primarily in Arabidopsis thaliana (reviewed in (Mercier et al. 2015) and (Lambing, Franklin, and Wang 2017)), but also increasingly in crops (A. Blary and Jenczewski 2019), (Yazhong Wang et al. 2021). It has been established that meiotic recombination begins with the formation of many double stranded breaks (DSB) along the chromosomes mediated by the SPO11complex at leptotene (Keeney, Giroux, and Kleckner 1997), (Stacey et al. 2006). DSB sites are then processed to produce 3' single-stranded DNA overhangs to which the recombinases DMC1 and RAD51 are recruited via BRCA2 (Martinez et al. 2016), (Seeliger et al. 2012), (Dray et al. 2006). DMC1 and RAD51 mediate the strand invasion process in which the 3' overhang end will seek out a homologous template for repair to form a recombination intermediate (Da Ines et al. 2013),(Yingxiang Wang andCopenhaver 2018). This intermediate can either be resolved as a NCO, or mature into a CO through one of the two main CO pathways: the interference sensitive class I CO pathway, which is responsible for the majority of naturally occurring COs, and the much rarer class II CO pathway, which is interference independent and produces COs from inter-homologue intermediates that would otherwise be resolved as NCOs (Hollingsworth and Brill 2004). In plants, a group of proteins known as the ZMM proteins: AtMSH4 (J. D. Higgins et al. 2004), AtMSH5 (J. D. Higgins, Vignard, et al. 2008), AtMER3 (Mercier et al. 2005), AtZIP4 (Chelysheva et al. 2007), AtSHOC1/ZIP2, PTD (Macaisne, Vignard, and Mercier 2011) and HEI10 (Chelysheva et al. 2012), along with the non-ZMM proteins MLH1 (Lhuissier et al. 2007) and MLH3 (Jackson et al. 2006) have been identified as necessary for Class I CO formation (Osman et al. 2011). Knocking out any of these genes leads to a substantial reduction of total COs. However, so far, only one gene involved in class I CO formation, the CO-promoter HEI10, was successfully targeted to increase CO frequencies through the addition of an extra copy in Arabidopsis, demonstrating a dosage-dependant effect (Ziolkowski et al. 2017). In contrast, multiple genes implicated in the regulation of the class II CO pathway, a pathway primarily reliant on the protein Mus81 [START_REF] Berchowitz | The Role of AtMUS81 in Interference-Insensitive Crossovers in A. Thaliana[END_REF]; J. D. well as in rice, peas and tomato (Mieulet et al. 2018a), (Maagd et al. 2020) to increase crossover frequencies. Targeting FANCM was also found to increase type II COs in Brassica rapa and Brassica napus (Aurélien Blary et al. 2018), but no such effect was observed in lettuce (Li et al. 2021).

Unlike the other type II CO inhibitors, which act at later stages of the recombination pathway, the anti-CO protein FIGL1 acts very early on to limit strand invasion. FIGL1 is a conserved AAA-ATPase that is thought to form a complex with the protein FLIP1 and directly interact with RAD51 and DMC1 as a negative regulator of the strand invasion process, preventing the formation of aberrant recombination intermediates that would otherwise be formed by unrestrained RAD51 and DMC1 activity (Girard et al. 2015a), [START_REF] Fernandes | FIGL1 and Its Novel Partner FLIP Form a Conserved Complex That Regulates Homologous Recombination[END_REF], (Zhang et al. 2017a), [START_REF] Kumar | Antagonism between BRCA2 and FIGL1 Regulates Homologous Recombination[END_REF]. Knocking out FIGL1 in Arabidopsis led to a 72 % increase in class II COs, while knock-outs restored wild-type CO levels in a class I CO-deficient mutant background (Girard et al. 2015b). Although a slight reduction in viable seeds was observed in Arabidopsis figl1 and figl1 flip1 double mutants [START_REF] Fernandes | FIGL1 and Its Novel Partner FLIP Form a Conserved Complex That Regulates Homologous Recombination[END_REF], when targeted in other plants, such as rice, peas and tomatoes (Mieulet et al. 2018b), (Zhang et al. 2017b), figl1 knock-outs appeared to cause sterility. This indicates that FIGL1 might play an important role in maintaining genome stability during meiosis in most plant species. In rice, the only species for which a more detailed analysis was reported, Osfignl1 mutants featured chromosome fragmentation and abnormal segregation during male meiosis (Zhang et al. 2017b).

In mammals, FIGL1 is an important mediator of homologous recombination (HR) in both meiotic and somatic cells, with mutants featuring defective HR repair (Yuan and Chen 2013). figl1 mutants in Arabidopsis were observed to be significantly more susceptible to genotoxic agents than wild-type plants, indicating that the protein also plays a role in HR repair of somatic cells in plants [START_REF] Kumar | Antagonism between BRCA2 and FIGL1 Regulates Homologous Recombination[END_REF]). However, no growth or developmental defects were observed in Arabidopsis figl1 mutants [START_REF] Fernandes | FIGL1 and Its Novel Partner FLIP Form a Conserved Complex That Regulates Homologous Recombination[END_REF] or reported in other species (Mieulet et al. 2018a).

For now, all plant species in which the effect of FIGL1 has been explored are diploid crops and Arabidopsis. Whether mutating FIGL1 has similar effects on meiosis and genome stability in other crop species, many of which are polyploid and thus carry multiple copies of FIGL1, remains to be explored.

Meiosis in polyploids requires additional levels of regulation due to the presence of multiple copies of related chromosomes, which can influence pairing, synapsis and recombination. Allopolyploids (products of interspecific hybridization followed by genome doubling) face additional challenges during meiosis, as they contain not only homologous but also homeologous chromosomes, which are complementary chromosomes inherited from different progenitor species. There is evidence that recombination is initiated between both homologous and homeologous chromosomes, resulting for example in the formation of structures known as multivalents, which involves synapsis and recombination between multiple chromosomes at the same time (McCollum 1958). When the inter-homoeologous recombination intermediates are not corrected or aborted, they can result in incorrect segregation of chromosomes at later stages of meiosis (post-metaphase I) which can lead to aneuploidy and adversely affect fertility (Zamariola et al. 2014). The ways in which polyploids safeguard meiotic stability are not fully understood, although loci affecting homeologous recombination have been identified in wheat (Riley and Chapman 1958), (Rey et al. 2017), (Martín et al. 2017), (Serra et al. 2021) and Brassica napus (Gonzalo et al. 2019), (Jenczewski et al. 2003),(E. E. Higgins et al. 2021), with evidence for the presence of similar mechanisms of control reported in oat (Gauthier and McGinnis 1968), tall fescue (Jauhar 1975), chrysanthemum (Watanabe 1981), and Lolium hybrids (Evans and Davies 1985), [START_REF] Armstead | Chromosome Pairing in Lolium Perenne × L. Temulentum Diploid Hybrids: Genetic and Cytogenetic Evaluation[END_REF]) and more (reviewed in (Jenczewski and Alix 2004)). The presence of multiple functional copies of the same meiotic gene in polyploids also allows for an exploration of the effect of gene dosage on meiotic behavior and stability. For example, it was observed that reducing the number of functional MSH4 copies in Brassica napus appeared to affect nonhomologous CO rates while homologous COs remained unaffected. So far, the only class II CO inhibitor that has been explored in the polyploid context is FANCM. When mutated, fancm led to an overall increase in CO frequencies, but did not appear to play a specialized role in the regulation of homeologous CO formation in Brassica napus (Aurélien Blary et al. 2018).

This study aims to explore whether targeting FIGL1 in B. napus can also increase CO frequencies without adversely affecting polyploid meiosis.

Brassica napus (AACC; 2n = 38), also known as canola or oilseed rape, is an economically important oilseed crop and the allotetraploid product of a recent hybridization between the diploids (and former hexaploids) B. rapa (AA; 2n = 20) and B. oleracea (CC; 2n =18), two important crops in their own right. Along with wheat, it is one of the allopolyploid crops in which meiosis has been characterized most extensively (reviewed in (Soares et al.

2021))

. Furthermore, as a member of the Brassicaceae family, it is more closely related to Arabidopsis than any of the other species in which FIGL1 has been targeted so far, and can act as a model for other Brassicaceae crops, some of which feature reduced genetic diversity due to intense selective breeding (Cheng et al. 2016), (Malmberg et al. 2018), (Lu et al. 2019), and could thus benefit from strategies to increase diversity through enhanced meiotic recombination.

Identification of FIGL1 orthologues in the angiosperm lineage

Tracing the evolutionary history of genes is often a prerequisite for successful translational research, especially when it comes to identification of duplicates in extant polyploids or plants that have experienced recent whole genome duplication (WGD) events.

To this end, we compiled a taxonomically broad data set spanning 87 angiosperm species and 7 outgroup species that, together, cover 49 independent WGDs ranging in age from less than a million years to over 200 million years. As illustrated in the phylogenetic tree in Figure 1 A, we identified only one intact copy of FIGL1 in all species except Glycine max (soybean) and Linum usitatissimum (flax) (Schmutz et al. 2010),(Z. Wang et al. 2012), which underwent WGD around 5-13 million years ago, as well as the very recent polyploids formed less than 1 million years ago (Kalanchoe laxiflora, Gossypium hirsutum, Camelina sativa, Brassica napus, Nicotiana tabacum, Chenopodium quinoa and Triticum aestivum). In these species, the retained copies corresponded to homoeologous copies that were united in a common nucleus when the allopolyploids formed. This is very clear on the phylogeny for Gossypium hirsutum, Nicotiana tabacum, and Triticum aestivum, where the copies branched out with their corresponding copies in the progenitor species. Surprisingly, I was able to retrieve only one copy in Coffea arabica, where two were expected, but this is likely due to issues with the annotation. Fractionated copies were also detected in Malus domestica, Nicotiana tomentosiformis, Medicago truncatula and Theobroma cacao. Due to their high level of fractionation, all copies except the second M. domestica copy were excluded from the phylogeny. FIGL1 is thus another example of the trend illustrated by most meiotic recombination proteins: rapid return to single copy post WGD (A. H. Lloyd et al. 2014).

Figure 1: Summary of FIGL1 copy numbers in a selection of 87 angiosperm species. A) Maximum likelihood phylogenetic tree generated using FIGL1 amino acid sequences of 87 angiosperm species and 7 outgroup species (Cyanidioschyzon merolae, Galdieria sulphuraria, Chlamydomonas reinhardtii, Chondrus crispus, Selaginella moellendorffii, Physcomitrella patens and Homo sapiens). Only full sequences were considered, fractionated sequences were excluded. Discs represent whole genome duplication events of different ages based on color (red = 7000 years to 1 MY; light orange: 1 to 20 MY; light green: 20 to 50 MY; light blue: 50 to 85 MY; dark blue: 85 to 125 MY; purple: over 125 MY). Autopolyploids were excluded from the 7000 -1 MY WGD category. B) Bar chart scoring the number of angiosperm species with 1, 2, and 3 full-length FIGL1 copies. C) Pie chart breaking down the age of the retained duplicates, based on the age of the WGD they originated from.

Identification of two FIGL1 orthologues in Brassica napus

To gain a better overview of the evolution of FIGL1 in the Brassicaceae family, the Arabidopsis FIGL1 amino acid sequence was queried against the seven available Brassica napus assemblies and those of its progenitor species B.rapa and B.oleracea. (see Table S1 in the supplementary section for a summary). All B. napus varieties queried, including Westar, contained only two FIGL1 homologs, thereafter referred to as BnaA.FIGL1 (marked as Brassica napus homoeo1 in Figure 1) and BnaC.FIGL1 (marked as Brassica napus homoeo2

in Figure 1). These two copies were inherited from B. rapa and B. oleracea, respectively, which each contained a single FIGL1 homologue (at least in the accessions surveyed; Table 1). The This analysis confirmed that BnaA.FIGL1 and BnaC.FIGL1 have the same length (649 aa) and a 98.46% protein sequence identity. The two B. napus FIGL1 copies are indeed highly related to each other as well as their Arabidopsis orthologue (Figure 4). Like in Arabidopsis, they consist of 13 exons (Figure 5) and feature sequence identities to AtFIGL1 of around 91% on the cDNA level and 89% on the protein level. Most importantly, they all contain the AAATPase (Figure 4 & 5) and VSP4 domains, which have been shown to be essential for meiotic recombination in Arabidopsis [START_REF] Fernandes | FIGL1 and Its Novel Partner FLIP Form a Conserved Complex That Regulates Homologous Recombination[END_REF]). These are the regions that we selected as one of the primary targets to generate mutations affecting FIGL1 function in B.

napus. 

Cas9 mutagenesis of FIGL1 in Brassica napus to generate a population with variation in functional FIGL1 alleles

We mutagenized BnaA.FIGL1 and BnaC.FIGL1 using a CRISPR/Cas9 construct featuring three sgRNAs targeting different regions including the conserved AAATPase domain and the VPS4 domain at the end of the genes (Figure 5). The construct was transformed into B. napus plants of the varieties Westar and Drakkar. A total of 8 primary transformants (T0)

were obtained, 7 Westar plants and 1 Drakkar plant. The T0 plants were then selfed to generate the T1 generation, which was screened for the presence of the cas9 construct and for mutations in the regions of the sgRNAs through specific primers. In total, 48 plants carrying at least one mutation were identified, with two mutants in Drakkar and 46 mutants in Westar.

Of the Drakkar mutants, one individual featured mutations in both FIGL1 copies, while the other only featured a mutation on BnaA.FIGL1. In Westar, 15 individuals featured mutations only on the A copy, while 11 featured mutations on BnaC.FIGL1. Mutations in both copies were identified in 15 plants. One Drakkar plant and 6 Westar plants appeared to be cas9 free. In total, there were 41 unique mutations, 37 in Westar and 4 in Drakkar. The most common type of mutations were small insertions and deletions of 1-2 base pairs, with only three deletions being ≥10 bp in size. One allele found in Drakkar featured two mutations, one at the beginning of the gene and the second in the AAATPase domain (Table 3). In total, two Drakkar and 6 Westar T1 individuals with mutations predicted to lead to premature stop codons or frame shifts were selected to obtain the next generation of T2 plants via selfing and backcrossing to generate cas9-free mutants in all families (see Table 3 andFigure 6). While a cas-9 free double mutant was identified in the T2 generation of a Westar line, the Drakkar line required an additional round of backcrossing against the wild-type to obtain an equivalent genotype (all crosses are summarized in Figure 7). Two cas9-free T3

Drakkar individuals heterozygous for mutations on BnaA.FIGL1 and BnaC.FIGL1 (plants #11 and #16; Table 3; Figure 7) were crossed with the cas9-free T2 Westar mutant with an equivalent genotype (plant #54; Table 3; Figure 7) to obtain a segregating population of F1 hybrids. This segregating F1 hybrid population includes different individuals with varying levels and combinations of functional FIGL1 alleles (Figure 8), which can be compared to evaluate FIGL1 functionality directly within one population. In order to identify all genotypes of interest, a total of 143 plants from the segregating population were grown and screened for these genotypes. A detail which will become important later on is that all plants showing a mutation were heterozygous for that mutation. Thus, knock-outs for BnaC.FIGL1 were identified as double-hets showing a wild-type sequence and a mutant sequence at the exact site of the two mutations (i.e. inherited from the Westar and Drakkar parents respectively; Figure S1). By contrast, a true heterozygote for BnaC.FIGL1 had both a wild-type allele and a mutant allele (either Westar or Drakkar) at one position but was homozygous for the wild-type allele at the second position.

Initial genotyping identified all possible allelic combinations except for "A-knock-outs", individuals featuring only A-copy mutations with wild-type BnaC.FIGL1 alleles (A-A-C+C+).

Therefore, the population appeared to feature a non-mendelian segregation pattern. 

A+A-C-C-A-het only 13

A-A-C+C-C-het only 7

A+A+C-C-C-knock-out 11

A-A-C+C+

A-knock-out 0 other 89

Additionally, both Drakkar parents were selfed and 89 of the resulting individuals were grown and genotyped alongside the hybrids.

Growth defects were observed in the hybrid population and Drakkar mutant progenies but do not correlate with FIGL1 genotype of plants

Within the first few weeks of sowing, growth defects varying in intensity were observed in a number of hybrid individuals as well as in some progeny of the selfed Drakkar mutants.

The growth defects observed included deformed leaves, aberrant branching, fused stems, non-apical dominance and dwarfism (Figure 9). Defects ranged from mild to quite severe and were initially observed in around 6% of the population at the seedling stage. However, these defects could not be quantified properly due to phenotypic plasticity of the population and the fact that mild defects in certain individuals apparent at the seedling stage were no longer visible at later growth stages. Interestingly, the growth defects did not appear to correlate with FIGL1 genotypes. Of 39 individuals displaying visible defects (such as those pictured in Figure 9), 5 were genotyped as having a full set of wild-type alleles, 6 were knock-outs for BnaC.FIGL1, 3 only had one functional FIGL1 allele on the C copy, and the rest were double heterozygotes or other genotypes. Some of the growth defects observed in the progenies, such as non-apical dominance and reduced growth, were very similar to those found to be associated with the loss of chromosome C02 in B. napus [START_REF] Zhu | Genome-Wide Gene Expression Perturbation Induced by Loss of C2 Chromosome in Allotetraploid Brassica Napus L[END_REF], suggesting that some individuals in the population could be affected by aneuploidy. To further elucidate this point, a number of strategies were employed to better characterize the variability of genomic integrity between the samples.

Flow cytometry did not identify huge karyotypic variations, except for the presence of an allohaploid plant

To rapidly test for the presence of aneuploidy, leaf tissue was collected from a selection of 6 individuals from the segregating population, including those exhibiting growth defects, and was analyzed via flow cytometry. Most plants exhibited signals very similar to the wild-type controls, though there were some in which the peaks were slightly shifted in shape and width compared to the peaks generated by the wild-types. The most notable variation was the identification of a haploid individual with signals matching the wild-type haploid control plant and that appears to be half of the DNA content of the euploid wild-type (see Figure 10). Apart from this plant, the quality of the measurements and overall resolution of the signal differences

were not sufficient to characterize the exact nature of aneuploid variation within the population.

However, they indicated that the aneuploidy, if any, could only consist of the addition or loss of a few chromosomes. 

Detection of Aneuploidy in Chromosomes A02 and C02 through Pyrosequencing

To test for the presence of chromosome number abnormalities in a different, more precise way, I used a pyrosequencing approach to determine the relative dosage of homoeologous chromosomes A02 and C02 within different individuals of the population. For this, I developed primers to target a region common to BnaA.FIGL1 and BnaC.FIGL1 where the two genes only differ by a single SNP. In an individual with a balanced A02/C02 chromosome number, or with no local rearrangements affecting BnaA.FIGL1 and/or BnaC.FIGL1 copy numbers (in the target region), the observed ratio was 1:1 (Figure 11 A).

The pyrosequencing analyses revealed that, of the 21 individuals analyzed with the A02:C02 primer set, 5 featured an imbalance in signal between the two copies significantly different from the wild-type signal ratio (Student t-test p value ≤ 0.05), suggesting the presence of copy number variation (CNV) (Figure 11 B). Three individuals featured ratios suggestive of a duplicated region in chromosome A02, and two had ratios indicative of a deleted A02 region.

To verify that the individuals with a 1:1 ratio actually had a wild-type copy number of BnaA.FIGL1 and BnaC.FIGL1, rather than a simultaneous change affecting both A02 and C02 loci, an additional set of pyrosequencing primers targeting A02, A06 and A07 was designed.

This allowed measuring the signal intensity of A02 relative to the combined signals of A06 and A07. Of 14 individuals with an A02:C02 ratio of 1:1 that were subsequently tested with the A02:A06+A07 primer set, only one plant produced a signal significantly different from the wildtype ratio (combined in Figure 11 B with the five plants with CNV referenced above). All individuals with A02:C02 ratios significantly different from the wild-type, as well as the one individual with the aberrant A02:A06+A07 ratio, were excluded from further analysis on the effect of FIGL1 on meiotic stability. *this is the number they list on their website but in the raw genotyping data they sent us there were 18,566 SNPs.

Identification and selection of reliable SNPs for characterisation of rearrangements

The data spreadsheets provided by TraitGenetics featuring the genotyping calls for the hybrid populations and the wild type controls were used to identify SNPs that were polymorphic between the two parental accessions. Of 18,566 SNP markers featured in the Infinitum array, 11,570 were monomorphic between Westar and Drakkar and were subsequently removed from the analysis. To determine the correct order of SNPs along the chromosomes, a prerequisite for the accurate detection of rearrangements and variations, the SNPs were selected based on their position along genetic maps. In the absence of a map constructed with

Westar and/or Drakkar, I used the consensus between the genetic maps generated by Clarke et al [START_REF] Clarke | A High-Density SNP Genotyping Array for Brassica Napus and Its Ancestral Diploid Species Based on Optimised Selection of Single-Locus Markers in the Allotetraploid Genome[END_REF]) Stein et al [START_REF] Stein | Mapping of Homoeologous Chromosome Exchanges Influencing Quantitative Trait Variation in Brassica Napus[END_REF]) and Zou et al [START_REF] Zou | Genome-Wide Selection Footprints and Deleterious Variations in Young Asian Allotetraploid Rapeseed[END_REF]): only the SNPs that were all mapped to the same linkage groups between the studies were retained, while those mapping inconsistently or not at all were discarded. The physical positions of the remaining markers were obtained by BLASTing the sequences of the probe regions for each SNP against the Darmor v10 reference genome and selecting the coordinates of the region with the highest scoring hit on the chromosome corresponding to the linkage group where the SNP genetically mapped. Markers mapping to multiple regions in the same chromosome were removed, unless the hits were within close proximity of each other that did not interfere with the overall SNP order, in which case the first hit was retained while the close-proximity repeats were removed. This resulted in a selection of 4,216 SNPs with a genome-wide average coverage of 4.86 SNPs per Mb being retained for further evaluation of the population.

Chromosomes A07 and A03 featured the highest SNP coverage rates with an average of 11.5 and 9.47 SNPs per Mb respectively (Table 5). Chromosomes C05 and C09 featured the lowest coverage rates, with averages of 1.49 and 1.73 SNPs per Mb (Table 5). Notable gaps in coverage over 10 Mb in size were observed in the central parts of chromosomes A06, A09 and C05 (Figure 12). (1), A08 (1), A10 (2), C01 (1), C02 (1) and C07 (22) (Figure 16). For five chromosomes, the patterns were consistent with the loss/absence of a chromosome inherited from the Drakkar parent (i.e. CASH with a Westar genotype; Figure 13). Conversely, for chromosome A02, the CASH was compatible with the loss/absence of a chromosome from the Westar parent. For C07, apparent losses originated from either parent, with a majority of events coming from Westar (26 out of 27). This event proved to be the second most frequently observed event, regardless of CASH size. 

Detection of CNVs in the Hybrid Population

While genotype calls alone can help identify CASH indicative of rearrangements such as large deletions of entire chromosomes or chromosome segments, they are not always able to detect more subtle variations in copy numbers. For instance, the change in signal caused by the presence of an additional copy of an allele might not be sufficient to impact the genotype called by the GenomeStudio software, thus resulting in the variation remaining undetected using GOGGs (Figure 14). To detect CNVs more accurately, and get an improved overview of their positions along the chromosomes, additional information, such as total signal intensity, allelic intensity ratio at each SNP marker or the allele frequency of SNPs should be used, which I did by using the software PennCNV version 1.0.5 (K. [START_REF] Wang | PennCNV: An Integrated Hidden Markov Model Designed for High-Resolution Copy Number Variation Detection in Whole-Genome SNP Genotyping Data[END_REF] (http://penncnv.openbioinformatics.org/). A snapshot of PennCNV's methodology is given in The diagrams are schematic and do not represent every single possible allelic combination that could result in a CNV call. In the whole deletion (CN=0) scenario, there are no alleles from either parent. In the single deletion scenario, one parental allele is missing (in the example it is the Drakkar allele), the BAF genotype in this region will be either A or B. The 2 copy or "neutral" scenario represents the signals expected when both parental copies are present; these regions are not detected as CNVs and can be homozygous or heterozygous (BB, AB or AA). A single duplication (CN=3), will feature an additional copy which can come from either parent (BBB, ABB, AAB, AAA). The double duplication (CN=4) will feature double the amount of copies, thereby increasing the overall LRR signal. There are 5 different states of a four copy CNV PennCNV can detect: BBBB (only the B allele), ABBB, AABB, AAAB and AAAA (K. [START_REF] Wang | PennCNV: An Integrated Hidden Markov Model Designed for High-Resolution Copy Number Variation Detection in Whole-Genome SNP Genotyping Data[END_REF].

CNVs were detected in 71 out of the 86 genotyped individuals from the Drakkar x Westar hybrid population (there were originally 88 individuals but two samples did not pass the quality control and were removed from further analyses 138). Full allele loss and duplications featuring two additional alleles made up 7% and 1% of total calls respectively. A total allele loss is likely the result of a complete deletion of a region, originating from a simultaneous loss in the two parents, while a double duplication is most likely the result of both parents carrying duplications in the same region. However, other scenarios, such as a triple duplication in one parent cannot be fully ruled out. The vast majority of CNVs, 154, were unique to single individuals.

Among the CNVs detected in multiple samples, the most frequently occurring one was detected in 14 individuals (16% of total samples) and encompassed a region spanning 11,722

base pairs and 4 SNPs on chromosome C7. 11 of these samples featured a single-allele deletion in this region, while the region was detected as a single-allele duplication in the remaining 3. The second most common CNV was a 314,269 bp single-allele deletion encompassing 6 SNPs on chromosome C8, which was detected in 12 samples. Of the CNVs occurring more than once, 26% (12) were detected as both duplications or deletions, depending on the sample.

The chromosomes featuring the most CNVs were A02 and C07, with a total of 87 (26%)

and 53 (16%) CNVs called respectively. The chromosomes with the lowest number of CNVs were A08 and C09, as no CNVs were called in either chromosome. PennCNV was also run on two Drakkar x Westar hybrid wild-type control samples. This resulted in the detection of one CNV: a double duplication (CN=4) of 198,499 bp on chromosome C05, which was not detected in any of the hybrids of the segregating population. However, the hybrid sample in which this duplication was detected was a pooled sample of two individuals which did not pass PennCNV's default quality parameters. 

Limited consensus between CASH identified by genotype change and CNV calls through PennCNV

Overall, there appeared to be a general consensus between the genotype evaluation and the CNV calling regarding the chromosomes and individuals in which higher frequencies of variation were detected. For instance, both approaches identified high levels of variation on chromosomes A02, A09, C07, and C08, and very few variations on A08 and C09. However, there were also substantial differences. For example, the chromosome with the highest amount of variation in the segregating population based on genotype calls was C05, with 41 CASH identified, while PennCNV only detected 2 CNVs in this region. Furthermore, there was very little overlap regarding the positions and lengths of the stretches of variation detected between the two methodologies. There were only 5 CASH that shared the same starting coordinate as These discrepancies between the PennCNV calls and genotype evaluation are surprising and would require further investigations. However, many detected variations were supported by raw data (as illustrated by Genomestudio plots) and were therefore likely representative of a high number of structural rearrangements segregating in the hybrid population. Combining the pyrosequencing and genotyping results also allowed for the identification of individuals with minimal rearrangements at the genome level and no rearrangements in the regions containing FIGL1, which were most suitable for meiotic evaluation.

Selection of Individuals from the segregating population suitable for meiotic evaluation

Samples selected for cytological analysis featured pyrosequencing results not significantly different from the wild-type measurements and the absence of any CNVs and CASH detected in the FIGL1 loci. Plants with low levels of CNV and CASH overall were prioritized, all selected individuals except one featured no more than 4 CASH (with one individual featuring 6, but none on A02 or C02). The maximum number of CNVs in selected samples was 7. Variation detected on A02 and C02 was acceptable if the region affected did not contain FIGL1 loci and genome-wide variation levels met the aforementioned criteria.

These criteria led to the selection of 8 plants in total: 4 null mutants (A-A-C-C-), 2 plants with a full set of wild-type alleles (A+A+C+C+), one individual with a single wild-type allele on the A copy (A-A+C-C-), and one individual with a single wild-type allele on the C copy (A-A-C-C+).

figl1 null mutants are sterile

Most of the selected plants were fertile, with anthers full of red-colored, viable pollen grains (Figure 24). In these plants, pollen viability rates did not differ significantly from the wildtype controls (Figure 25, Table S7 in the supplementary section). By contrast, figl1 null mutants featured very low rates of pollen viability; only 6% of pollen grains observed appeared to be intact or viable, which was significantly lower than the proportion of viable pollen in both wild-type controls (t-test, p < .001 in both cases). Unsurprisingly, all four of the selected figl1 null mutants were sterile, featuring smaller, atrophied siliques devoid of developed seeds (Figure 26). B. napus non-hybrid accessions analyzed to date (Grandont et al. 2014), (Gonzalo et al., 2019).

The first round of meiosis begins at prophase I with the condensation of chromosomes at leptotene, and their subsequent alignment throughout zygotene, where chromosomes undergo synapsis which involves the formation of a structure known as the synaptonemal complex, which is completed at pachytene (Figure 27 

Single functional allele of FIGL1 sufficient to maintain fertility and wild-type like meiosis

Despite the sterility and severe meiotic defects observed in the full knock-out, all other selected mutant genotypes, as well as the selected plants of the segregating population with wild-type alleles, were fertile (data not shown), with siliques resembling those of the unrelated Drakkar x Westar wild-type control. Furthermore, their meiotic behavior resembled that of the wild-type controls. To quantify and compare the levels of potential meiotic defects between genotypes, PMCs between the stages of metaphase I to anaphase I (where the fragmentation and chromosome bridges were most apparent visually in the null mutant) were divided into the following categories: i. "wild-type-like" PMCs that featured no signs of fragmentation, ii. light fragmentation -for PMCs with up to 3 visible chromosome fragments, and iii. heavy fragmentation, which encompassed PMCs with more than 3 visible chromosome fragments.

The classification of "light fragmentation" was retained as a qualitative observation, due to its relatively arbitrary nature compared to the other two more distinctly identifiable categories, while the proportion of wild-type to heavily fragmented PMCs was used to quantify and compare different genotypes. The full knock-outs featured the highest proportion of heavily fragmented PMCs, with an average of 95% of cells scored belonging to this category (n=269). No "wild-type like" cells were observed in any of the knock-outs. In all other genotypes, the vast majority of PMCs observed displayed a wild-type like phenotype, and the proportion of heavily fragmented PMCs was much lower, making up only 10% of total cells in the A+A-C-C-genotype, 5% in the A-A-C+C-genotype, 1.2% in the wild-types from the segregating population and 0% in the external wild-type control. The difference in the proportion of heavily fragmented PMCs between the knock-outs and the wild-types was highly significant, for both the wild-types from the segregating population (student t test, p < .001) as well as the unrelated wild-type hybrids (student t test, p < .001). There was no significant difference between the proportion of heavily fragmented PMCs in the wild-type from the segregating population and their proportion in the external wild-type control. 

Discussion

FIGL1 is required for meiotic stability in Brassica napus

I was able to show that the absence of any functional FIGL1 alleles severely impairs meiotic function in B. napus, resulting in sterility. This was evident in the lack of viable pollen and severe meiotic defects observed in all null mutants (Figures 25 and31). These findings echo the findings of Mieulet et al who observed that figl1 mutants in peas and tomatoes were sterile (Mieulet et al. 2018a). While they did not observe the tomato and pea figl1 null mutants cytologically, the team that generated the figl1 mutant in rice did (Zhang et al. 2017a). So far, rice is thus the only other plant apart from Arabidopsis in which a figl1 null mutant was phenotypically characterized, so it is the only other frame of reference we have. The defects described in the rice mutant are very similar to what I observed, with chromosome fragments and entanglements most visible at diakinesis and metaphase I, and abnormal morphology of the chromosomes apparent at later meiotic stages. Such defects resemble the phenotypes described in other mutants of genes essential for DSB repair, such as RAD51 and XRCC3 (Bleuyard and White 2004), (Pradillo et al. 2014) or, even more so Blap75/RMI (Chelysheva et al. 2008). The Osfignl1 group reported meiotic defects starting at pachytene, with some chromosomes being trapped as single threads, indicating that synapsis and the positioning of homologs may be affected. Although no such similar defects were observed in Arabidopsis (Girard et al. 2015a), nor in this study, it could be worthwhile analyzing the early stages of meiotic progression more extensively, e.g. by immunolocalizing ZYP1 and ASY1 proteins, which would reveal whether there may be any slight impairment of synapsis in B. napus figl1 KO mutants. Furthermore, a delaying of the meiotic cycle via the lengthening of the pachytene stage was observed in the Osfignl1 mutant, which we did not verify in the B. napus mutant.

Lastly, the Osfignl1 knock-out appears to only affect male fertility, but not female fertility, as

Osfignl1 plants produced hybrid seeds when wild-type pollen was used to fertilize mutant flowers. Unfortunately, we did not attempt to backcross null mutants with wild-type pollen, so we cannot confirm if this is the case in B. napus, nor was it reported in the other plant species in which FIGL1 was targeted.

In regards to the functionality of FIGL1, the most recent hypotheses suggest this protein can directly interact with RAD51 and DMC1 to negatively regulate strand invasion. Without FIGL1, unregulated activity of RAD51 and DMC1 would result in such an excess of recombination intermediates that they could not all be properly repaired, either as NCOs or by the endonuclease MUS81, which normally resolves such intermediates into class II CO [START_REF] Gaskell | Mus81 Cleavage of Holliday Junctions: A Failsafe for Processing Meiotic Recombination Intermediates?[END_REF]), [START_REF] Berchowitz | The Role of AtMUS81 in Interference-Insensitive Crossovers in A. Thaliana[END_REF]). The unresolved intermediates are likely what resulted in the numerous entanglements and fragmentation visible in the PMCs of the figl1 null mutant.

As previously mentioned, sterility was observed in all other plant species in which FIGL1 was targeted, except Arabidopsis thaliana; in this species, meiosis was largely unperturbed and only very minor effects on fertility were observed. What sets Arabidopsis apart from most other plants in which FIGL1 was targeted is that its genome is relatively small, with a size of 135 Mb and only 5 chromosomes ("Analysis of the Genome Sequence of the Flowering Plant Arabidopsis Thaliana" 2000). This is far smaller than the genomes of most crops. By comparison, rice has 12 chromosomes and a genome around 390 Mb in size (Sasaki and International Rice Genome Sequencing Project 2005), while the genome sizes of pea and tomato are 4.45 Gb and 950 Mb, respectively [START_REF] Burstin | Pisum Sativum (Pea)[END_REF]),(Barone et al. 2008). It is therefore conceivable that genome size plays a decisive role in the appearance of meiotic/genomic instabilities, with, for example, a greater number of breaks leading to a higher probability of generating complex events that are difficult to be correctly repaired.

While it is known that there is variation in DSB frequency and distribution among different eukaryote species, there is no clear consensus on whether the number DSBs and therefore, recombination intermediates, increases in a linear proportion to genome size. However, it appears that larger plant genomes seem to have more DSB. For instance, there are around 500 DSBs per male meiosis in maize (Serrentino and Borde 2012) (genome size 2.4 Gb [START_REF] Haberer | Structure and Architecture of the Maize Genome[END_REF])), and an average of 2,133 DSBs per male meiosis were observed in the genomic leviathan known as hexaploid wheat (Gardiner et al. 2019) (genome size 17 Gb ("Current Advances in Genome Sequencing of Common Wheat and Its Ancestral Species" 2018)). Meanwhile, the range in Arabidopsis is around 150-250 DSBs per meiosis (Ferdous et al. 2012). Large chromosomes also lead to a spatiotemporal delay of meiotic processes, as was observed in barley and wheat, with CO initiation beginning in distal regions of the chromosome hours before the reaching proximal regions (J. D. Higgins et al. 2012), (Osman et al. 2021). Such spatial effects might also influence the repair efficiency. In the Arabidopsis genome, DSB quantity and distribution (accessibility) could enable the successful resolution of most additional recombination intermediates in the figl1 mutant, setting it apart from the other plant species, in which sufficient repair is not possible due to genome size.

The Arabidopsis genome is also much simpler than most other plant genomes, especially in terms of repeated sequence content; for example, transposable elements account for only ~21% of the A.thaliana genome [START_REF] Buisine | Improved Detection and Annotation of Transposable Elements in Sequenced Genomes Using Multiple Reference Sequence Sets[END_REF], ~39.5% of the rice and B. napus genomes, 62% of the tomato genome [START_REF] Vitte | The Bright Side of Transposons in Crop Evolution[END_REF]) and up to 88% [START_REF] Kreplak | A Reference Genome for Pea Provides Insight into Legume Genome Evolution[END_REF] of the pea genome. There may thus be a possibility that genome complexity could play a role in the efficiency of intermediate repair, with repeats providing more substrate for ectopic recombination.

The FIGL1 knock-downs affect genomic stability and lead to the accumulation of rearrangements in the B. napus genome

An unanticipated and very interesting result from my analysis is the detection of a high number of genomic rearrangements (RRs) through pyrosequencing and the evaluation of Illumina genotyping data. One possible explanation for these rearrangements is that they are a direct or indirect by-product of the cas9 transformation; off-target chromosomal rearrangements, such as large deletions and translocations, have been documented and associated with the integration of transformation cassettes [START_REF] Hendel | Quantifying on-and off-Target Genome Editing[END_REF], [START_REF] Dong | Targeted DNA Insertion in Plants[END_REF]. According to this scenario, this initial burden could be responsible, either directly (e.g. some of the rearrangements directly originate from the transformation events) or indirectly (e.g. the initial rearrangements affected genes involved in meiotic/genomic stability creating a snowball effect), for the RRs I observed among the progenies.

Although this scenario cannot be formally ruled out, it seems highly unlikely for multiple reasons. Firstly, rearrangements were detected in both the Drakkar and Westar lines, as evident in the hybrid population, in which roughly half of the CASH detected (53%) affected

Drakkar alleles, and the other half (47%) affected Westar alleles. This means that a similar kind of off-target effect must have occurred independently following the two transformation events, which seems doubtful. Secondly, cas9-free plants were tested for, and selected, at each stage of the crossing process and individuals were backcrossed to the wild-type to generate cas9-free plants if necessary, so the effect of an unfavorable insertion of the cas9cassette is also improbable. Furthermore, while a proportion of the RRs appears to have been inherited, around 30% of CASH and 46% of CNVs identified in the segregating population were unique to individual plants, indicating that novel RRs arose in the population.

Preliminary pyrosequencing results also indicate that some of the aberrant A02:C02 ratios identified in the segregating population were not present in previous generations. These results suggest that slight genomic instability occurred in FIGL1 knock-down mutants (i.e.

plants showing a combination of WT and mutant alleles) that were used to generate the segregating population. As these plants are fertile (Figures 24 and25), the production of viable gametes makes it possible to transmit these genomic RRs to their offspring, which will therefore accumulate them over the generations. This hypothesis is also supported by the fact that around two thirds (67%) of unique CASH appear to originate in the Drakkar parent, and 33% originate from the Westar parent. As the Drakkar parent was a product of one selfing and two rounds of crossing involving individuals carrying FIGL1 mutations, it makes sense that more RR would accumulate in that lineage than in the Westar lineage, which only required two rounds of selfing to obtain the final mutant.

To further support the theory of a cumulative inheritance of RRs, we decided to send the DNA of figl1 mutants from previous generations for genotyping via another Illumina Infinium Array. At the time of writing, a selection of 6 samples arrived at the genotyping facility, passed quality control and is awaiting processing. The selection includes a Drakkar parent and grandparent, as well as the Westar parent and grand-parent of the individuals in the segregation population, along with the Drakkar primary transformant from which all Drakkar mutants descend (see Figure 32).

In conclusion, I believe that although a single functional allele of FIGL1 is sufficient to maintain fertility levels similar to those of the wild type, it is not sufficient to fully safeguard meiotic/genomic stability. As a result, the mutant population was left with a number of genomic rearrangements (RRs) that are the result of FIGL1 deficiency. As the defects were likely initially present at low levels and only gradually accumulated, there was no indication of aneuploidy or RR in either lineage in the first few rounds of selfing and backcrossing to generate cas9-free double mutants. Only in the last generation, in which the double mutants were crossed, and over 200 offspring were produced, did the first signs of genomic rearrangements in the form of growth defects become apparent. 

Limitations in the genotyping methodology

It would be amiss of me not to address the issues in the genotyping methodology that I had alluded to in the results section as well as earlier sections of the discussion. These issues can be divided into two categories: firstly, the incorrect identification of mutant genotypes through restriction markers, and secondly, limitations in the genotyping of the segregating population through selected SNPs from the Illumina array.

Regarding the initial genotyping of individuals in the segregating population to identify FIGL1 mutants, it appeared that there were some discrepancies between expected and observed genotype frequencies in the hybrid population, such as an unexpectedly high ratio of "full-wt" and "full knock-out" genotypes, which should arise at much lower frequencies according to mendelian inheritance patterns. Upon analysis via pyrosequencing, a lot of these genotypes turned out to be inaccurate, as some of the "null mutants" and "wild-types", featured signals indicative of additional or missing A02 or C02 alleles. This was further corroborated through the results of the genotyping analysis, which showed that there were in fact, duplications and deletions in these regions. The reason for this high proportion of incorrectly genotyped individuals is that the genotyping primers and restriction markers were designed and selected before the possibility of aneuploidy and RRs was taken into consideration. For instance, by having the restriction enzyme cut in the wild-type sequence, but not the mutant, a missing or additional copy could go undetected. This is how the individual that was confirmed to be haploid through flow cytometry and later genotyping was initially identified as a full wildtype by restriction markers (for a more detailed explanation of all possible genotyping scenarios, see Figures S1 and S2 in the supplementary section). Another example is a fertile individual genotyped as a null mutant because it was heterozygous for all mutations.

Pyrosequencing revealed that this plant had an extra A02 copy, which presumably contained an undetected wild-type allele ensuring fertility. A sterile individual that was genotyped as a wild-type turned out to be missing an entire copy of chromosome A02 and featured two other CASH and one CNV.

As detailed in the result section, some discrepancies were observed between the different approaches I used to call CNVs (GOGGs vs PennCNV) (see Figure 33). Such incongruities are not specific to this study [START_REF] Xu | Comparative Analysis of CNV Calling Algorithms: Literature Survey and a Case Study Using Bovine High-Density SNP Data[END_REF], and it has resulted in the use and comparison of the results of several CNV calling algorithms instead of just one becoming common practice in many studies [START_REF] Winchester | Comparing CNV Detection Methods for SNP Arrays[END_REF], [START_REF] Nandolo | Misidentification of Runs of Homozygosity Islands in Cattle Caused by Interference with Copy Number Variation or Large Intermarker Distances[END_REF]. One reason for the inconsistencies I observed in my datasets is that GOGGs were mainly sensitive to detect contiguous apparent stretches on homozygosity (CASH), which presumably illustrate deletions and (partial and/or complete) chromosomal loss, but are not very efficient at detecting duplications. On the contrary, CNV calling with PennCNV looked for six different types of CNVs, including two types of duplications that altogether represented half the number of CNVs detected in this study.

This does not explain everything, however, and discrepancies remained even when comparing the CNVs corresponding to losses. It is possible that some of these differences have to do with the final selection of SNPs used in genotyping and CNV calling and their frequency and distribution along the genome. To get an accurate overview of the regions affected by RR, a selection of around 4,000 markers with varying levels of coverage between chromosomes and different regions of the genome (Figure 11) was made based on the consensus between the genetic maps generated by Clarke et al [START_REF] Clarke | A High-Density SNP Genotyping Array for Brassica Napus and Its Ancestral Diploid Species Based on Optimised Selection of Single-Locus Markers in the Allotetraploid Genome[END_REF]) Stein et al [START_REF] Stein | Mapping of Homoeologous Chromosome Exchanges Influencing Quantitative Trait Variation in Brassica Napus[END_REF]) and Zou et al [START_REF] Zou | Genome-Wide Selection Footprints and Deleterious Variations in Young Asian Allotetraploid Rapeseed[END_REF]. In some cases, big gaps of multiple Mb were observed, where potential variation could remain undetected using PennCNV. This tool was designed for a kilobase-resolution CNV detection using high-density arrays such as the HumanHap550, which contains over 550,000 well-ordered SNPs (K. [START_REF] Wang | PennCNV: An Integrated Hidden Markov Model Designed for High-Resolution Copy Number Variation Detection in Whole-Genome SNP Genotyping Data[END_REF]. It is therefore possible that the uneven distribution of SNPs in this study may have led to call fragmentation (a single CNV being detected as multiple smaller variants) or even to their nondetection (if the rules of contiguity between neighboring SNPs are not met). By contrast, large RR could be more easily detected using GOGGs that allow visual bridging over very large distances (contrary to the PennCNV algorithm that takes distance between SNPs into account). I thus believe this stringency of the PennCNV algorithm is one of the main factors leading to the discrepancy between the PennCNV calls and the CASH detected via manual evaluation of genotype calls in the dataset.

All in all, despite such limitations, both forms of analysis were able to provide valuable and complementary information. The genotype calls were able to identify which parent variations originated from, while the CNV calling was able to detect variations not apparent through genotype alone, such as single duplications (CN=3) or deletions (CN=1). PennCNV also allows for a family-based CNV validation via a Bayesian approach, in which CNV calls from family members can be used as an additional parameter for CNV calling, allowing for the identification of inherited SNPs and improving overall calling accuracy. Unfortunately, the parental genotypes were not able to be included in the initial genotyping panel, so I was not able to run this analysis. However, this might be possible in the future once we receive the genotyping data of the individuals currently getting processed (see Figure 32). Moreover, although the CNV calling can be further optimized, I am not sure if this is necessary, as the most important observations from the Illumina array genotyping were already made: It was confirmed that RR came from both parental lineages and that some were inherited, while others appear to have arisen de-novo and were unique to individual plants. Determining the exact scale and nature of these variations could therefore be considered to be of secondary importance. It should be noted that, in mammals, mutations affecting genes involved in HR repair are often associated with cancers and genetic disorders [START_REF] Meindl | Germline Mutations in Breast and Ovarian Cancer Pedigrees Establish RAD51C as a Human Cancer Susceptibility Gene[END_REF], [START_REF] Vaz | Mutation of the RAD51C Gene in a Fanconi Anemia-like Disorder[END_REF].

While the figl1 mutant alone was not reported to affect somatic behavior in any of the plants it was targeted in so far, a recent study in Arabidopsis showed that FIGL1 is required for normal HR repair in mitotic cells upon DNA damage [START_REF] Kumar | Antagonism between BRCA2 and FIGL1 Regulates Homologous Recombination[END_REF]. For example, the A. thaliana figl1 mutant showed a large increase in RAD51 foci and hypersensitivity to a mitomycin C (MMC), a genotoxic agent that induces DNA double-strand breaks [START_REF] Kumar | Antagonism between BRCA2 and FIGL1 Regulates Homologous Recombination[END_REF]. This opens the possibility that the RRs I observed resulted from increased somatic, rather than meiotic, recombination. [START_REF] Charbonnel | Xrcc1-Dependent and Ku-Dependent DNA Double-Strand Break Repair Kinetics in Arabidopsis Plants[END_REF]. At the time of writing, these experiments are still in progress but will hopefully soon be able to reveal if there is a difference in sensitivity to DNA damage between figl1 mutants of varying dosage levels and the wild-type. The next question, whether increased somatic recombination leads to RRs in B. napus, will be much more complicated to address. This would require analyzing Inter-Homologous Somatic Recombination (IHSR) assays, ideally based on visual markers as has been done for tomato [START_REF] Shlush | CRISPR/Cas9 Induced Somatic Recombination at the CRTISO Locus in Tomato[END_REF]. Such assays remain to be developed in B. napus.

Conservation of FIGL1 in polyploids

Our phylogenetic analysis and that of Mieulet et al (Mieulet et al. 2018a) revealed that additional copies of FIGL1 tend to be lost rapidly after whole genome duplication. This pattern is similar to what was observed for other meiotic genes, which tend to return to single copies faster than duplicated genes with non-meiotic properties (A. H. Lloyd et al. 2014). There are, however, some notable and intriguing exceptions, one of which is analyzed and discussed in chapter 4.

Given the importance of FIGL1 in safeguarding meiotic and genomic stability and considering that meiosis is adversely affected not only in the null mutant but also the knockdown, it may seem surprising that duplicated FIGL1 copies are not maintained post WGD in the angiosperm lineage, or at least in the Brassicaceae lineage. I have shown here that all but one copy originating from the whole genome triplication that occurred 13-17 million years ago in the Brassicaceae ancestor have been lost. The most ancient duplicates I found (in Glycine max and Linum usitatissimum) were 5-13 million years old.

Although one might be tempted to speculate on the reasons for FIGL1's relatively rapid return to a single-copy status, I believe it is essential to first gain a better understanding of its role and the effects of FIGL1 dosage on meiotic behavior. What we know is that a reduced dosage of FIGL1 can lead to meiotic instability and rearrangements. What we do not know is where this dosage threshold lies. Due to time constraints, I was unable to evaluate more than one A+A-C-C-and one A-A-C+C-"mutant" cytologically, and therefore no quantitative comparisons between the two genotypes with a single functional allele could be made. Further genotypes of interest are those of individuals with only one functional BnaA.FIGL1 or BnaC.FIGL1 copy (i.e. A+A+C-C-and A-A-C+C+, respectively) which may be sufficient to ensure a good level of meiotic/genomic stability. Ideally, this assessment should not be based solely on DAPI spreads, which may not be sufficient to detect differences in meiotic behavior between mutant plants with only a single functional copy and wild-type plants with two homoeologous copies. Immunolocalization of RAD51 could be a very efficient way of complimenting the evaluation of response to varying doses of FIGL1, as it is known the two proteins interact. Research in Arabidopsis has shown that the number of RAD51 foci increases in figl1 mutants compared to the wild type (Girard et al. 2015a), indicating that RAD51 immunolocalization may also be a way to detect potential differences between FIGL1 dosage levels in B. napus.

Another facet worth exploring is if there is any impact on non-homologous CO rates in to the wild-type, while homologous CO frequencies in the euploid were not affected by the duplicate loss (Gonzalo et al. 2019). Therefore, it might be evolutionarily advantageous for MSH4 copy numbers to rapidly return to a single-copy status post WGD to reduce unfavorable CO formation between homeologous chromosomes, thereby improving meiotic stability in newly formed polyploids. Whether something similar holds true for FIGL1 remains to be explored, for instance through the generation of allohaploid FIGL1 mutants whose CO frequencies could then be compared to allohaploid wild-type hybrids cytologically.

Finally, an interesting scenario to consider is that the detrimental consequence of losing one of the duplicates of FIGL1 could be mitigated by the loss of a duplicated copy of another antagonistic protein, such as BRCA2. To quote R. Kumar in his 2019 paper: "FIGL1 applies the brakes by dismantling RAD51/DMC1 filaments while BRCA2 acts as an accelerator that stimulates filament assembly". In this scenario, partial loss of BRCA2 may compensate for residual/reduced levels of FIGL1 and restore a seemingly wild-type level of homologous Recombination. Upcoming analyses will therefore aim to evaluate the level of BRCA2 duplicate retention in angiosperms, and whether BRCA2 duplicate loss occurs independently of the FIGL1 duplicate fate.

Conclusion

Our findings revealed that FIGL1 is essential for meiotic stability in Brassica napus, as (Riley and Chapman 1958), (Rey et al. 2017), (Serra et al. 2021), and the PrBn and BnaPh1 loci in Brassica napus (Jenczewski et al. 2003),(E. E. Higgins et al. 2021) all of which appear to play a role in preventing nonhomologous recombination. Perhaps the maintenance of a low FIGL1 dosage could represent a similar mechanism.

figl1
Overall, I do not believe targeting FIGL1 in the name of crop improvement is an avenue of scientific research worth pursuing further, especially since there are more promising targets.

Of the anti-CO proteins targeted so far, RECQ4 is the one whose deficiency leads to the most substantial increase in COs in the plants studied to date. recq4 mutants show no reported meiotic defects except in pea (Pisum sativum), where reductions in fertility were observed in recq4 EMS mutants (Fernandes, Séguéla-Arnaud, et al. 2018), (Mieulet et al. 2018a), (Maagd et al. 2020). However, further research is required as RECQ4 is also implicated in somatic DNA repair, which could mean that there could be adverse effects on genomic stability, especially in a polyploid genome, in which RECQ4 has not been targeted yet. Furthermore, such an analysis cannot be readily carried out in B. napus, as it features 6 genes encoding RECQ4.

A good reason one might want to continue researching FIGL1 in polyploids is to explore its functionality and dosage effects in more detail, in ways not possible in diploids. For example, the stretches of SNPs featuring only Drakkar or Westar alleles instead of the expected hybrid genotype (CASH) are reminiscent of a common form of allelic imbalance frequently associated with tumorigenesis known as loss of heterozygosity (LOH). In this case, a more detailed characterization of the CASH could shed light on the mechanisms leading to LOH, which have been tentatively associated with chromosome breakage and fusion events in human colorectal cancers [START_REF] Thiagalingam | Mechanisms Underlying Losses of Heterozygosity in Human Colorectal Cancers[END_REF]).

However, for such an evaluation, CASH would need to be targeted in a way that does not require selecting for the mutation across multiple generations, as this will lead to the accumulation of rearrangements caused by reduced FIGL1 functionality in the mutant lines. If my hypothesis about the origin and accumulation of CASH and CNV is true, then a number of CASH/CNV could be produced early on, in plants showing a combination of wild-type and mutant alleles. One possibility would be to start all the analyses from scratch and follow, generation after generation, and from parental plants to offspring, the occurrence of RRs. As an alternative, a transient approach such as downregulation of expression via virus-induced gene silencing (VIGS) might be of interest, as it has been used in plants to target meiotic genes affecting CO levels before [START_REF] Bhullar | Silencing of a Metaphase I-Specific Gene Results in a Phenotype Similar to that of the Pairing Homeologous 1 (Ph1) Gene Mutations[END_REF]),(Calvo-Baltanás et al. 2020), (Raz et al. 2020).

However, this is well beyond the scope of my project, which was mainly focused on considering all the other facets of meiosis in crops.

Materials and Methods

Identification of FIGL1 orthologues in the angiosperm lineage and phylogeny construction

The identification of FIGL1 orthologues, WGD events, the sequence alignment and the generation and design of the phylogenetic tree were all based on the methods and parameters described by Gonzalo et al in their MSH4 paper (Gonzalo et al. 2019). The sources of the amino acid sequences used in the phylogeny can be made available upon request. 

Identification and comparison of

Measuring FIGL1 expression levels

The validation of FIGL1 cDNA sequences and the quantification of their expression levels were part of the transcriptomic analysis from the 2017 study by Lloyd et al (A. Lloyd et al. 2018).

occasionally sequenced to verify findings. At every stage of the selection process plants were also screened for the presence of the cas9 construct using cas9 and kanamycin specific primers targeting different segments of the construct (All primers and enzymes used for genotyping of the selected mutations are listed in Tables S4 andS5 of the supplementary data section, while a schematic overview of the genotyping-by-restriction methodology can be seen in Figure S1).

Analysis via Flow Cytometry

The CyFlow® Space flow cytometer by the company Partec (Sainte Geneviève des Bois, France). was used for all cytometry measurements, runs were set up following their official protocols and using Sysmex Partec reagents. The FlowMax software version 2.11 by Partec was used for measurement and the processing of data. An area of leaf tissue measuring approx 1x1cm was extracted from plants and chopped up into fine slices using a razor blade in a petri dish with 850 µl nuclei isolation buffer. This solution was then poured through a green CellTrics® 30 µm cell strainer (Partec). 150 µl of a 1 mg/ml Propidium iodide solution was added to the solution of filtered nuclei. Each plant was sampled and analyzed at least three times, and fresh wild-type controls were prepared for each batch of flow cytometry runs.

Analysis via Pyrosequencing

Pyrosequencing was performed on the PyroMark Q24 machine (QIAGEN) using the PyroMark Q24 2.0.7 software to program the runs and the PyroMark Assay Design 2.0 to design suitable pyrosequencing primers (see Table S5 for an overview of the pyrosequencing primers). For each run, three biological replicates were done of each sample. A wild-type control plant, either a Drakkar, Westar or Drakkar x Westar hybrid, was included in each run.

Euploid and haploid Darmor x Yudal hybrids (B. napus) were also used as controls for ploidy.

Processing and Evaluation of Infinium Genotyping Data

The samples from the segregating population and the wild-type controls were loaded into Illumina's GenomeStudio 2.0 software for quality control and processing. First, unrelated samples were excluded from the data set. Afterwards, the average call rate was calculated from the remaining samples (call rate = percentage of all SNPs that are successfully genotyped for a given sample). Samples with call rates of less than 80% were removed from the dataset.

The threshold for sample removal was set lower than the recommended value (97%) to take into account the effects that aneuploidy might have on the absence of signals for certain SNPs in some samples. In total, two out of the 101 samples were excluded from the dataset (show quality stats here). After the final dataset was established, SNPs were then clustered. 114 poorly performing SNPs with call rates of less than 90% were "zeroed out" (removed from the analysis). The No-call threshold for a genotype was set to 0.05, which was lower than the value of 0.15 suggested by Illumina, for aforementioned reasons (see Figure S3 for a summary of sample quality parameters). The SNPs on the BSC file provided by TraitGenetics featuring the raw genotyping data did not contain any coordinates and the order of SNPs in the dataset did not correspond to the order determined in other genetic mapping studies that used SNPs from the Infinium 60K array. The dataset was then exported in two different final report formats:

once in the matrix format for evaluation of genotype calls in Excel, and once in the standard Illumina format for processing through PennCNV version 1.0.5.

Detection of rearrangements through Genotyping

The primary criteria through which SNPs were filtered were listed in the results section.

To actually filter and rearrange the data in the report matrix based on the updated SNP selection, the UNIX function "grep" was used. The filtered matrix was then able to be exported into Microsoft Excel, where genotypes were able to be sorted based on the genotypes of the hybrid and wild-type controls. SNPs that were monomorphic between Westar and Drakkar were removed. For a small proportion of SNPs, the wild type controls (either Westar or Drakkar, depending on the SNP) featured the same heterozygous allele as the control hybrids. There were also some SNPs where all hybrid individuals featured a homozygous SNP matching one of the parental genotypes. Both kinds of SNPs were deemed unreliable for genotyping omitted SNPs for which one of the parental alleles, in this case the Westar allele, is heterozygous like the hybrid allele, making it difficult to determine the origin of the genotypes in the hybrid population. Middle row: a "typical" SNP behaving as expected that is retained for genotype evaluation, bottom row: a SNP that is monomorphic in all genotypes that is also omitted. S1 was unable to account for aneuploidy and structural variation, leading to inaccurate genotype calls. A) Demonstration of how an individual with a deletion on chromosome A02 from the Drakkar parent could be incorrectly genotyped as a wild-type using the aforementioned system. The restriction enzyme will cut in the wild-type sequence (just imagine the red arrows representing the restriction sites are in this diagram), and the Sanger sequence will feature the wild-type sequence. For both of these methods, there is no way of verifying if the signal detected came from two alleles or only one. The identification of the mutations in the C-copy remains accurate, as these regions are not affected by a rearrangement. B) This scenario represents how an individual with a duplication on chromosome A02 coming from the Drakkar parent could be incorrectly identified as a null mutant. Looking at row one, there are now two wild-type sequences, the expected one coming from the Westar copy and an additional one from the Drakkar duplication. These two amplicons are digested and form a band of the same size, while the expected Drakkar mutant sequence remains undigested, visible as the second, larger band. When looking at the second row, it becomes difficult to correctly identify which sequences are present, as there are now three peaks on top of each other, representing two mutant sequences and a wild-type (that only differ from each other by a few bp). Once again, the C-copies remain unaffected in this situation.

Table S6: Pyrosequencing primers used in this project. 

Introduction

So far, the protein HEI10 is the only crossover promoter in which a dosage increase was observed to lead to a CO increase. The addition of an extra HEI10 copy in Arabidopsis led to a doubling of the total number of class I crossovers (Ziolkowski et al. 2017) and combining HEI10 overexpression with knock-outs of CO-inhibitors, such as the rec4a rec4b double mutant, resulted in a massive CO elevation of ~4-fold (Serra et al. 2018). AtHEI10 is a ZMM protein that resembles the mammalian protein HEI10 (short for Enhancer of cell Invasion No. 10) (Chelysheva et al. 2012), which is also known as CCNB1IP1 (CyCliN B1 Interacting Protein 1), and was found to be involved in meiotic recombination in mammals (Ward et al. 2007). HEI10 was shown to be functionally and structurally related to Zip3 in yeast and to be necessary for the formation of Class I COs in plants, where it colocalizes on CO regions with other meiotic proteins to promote class I crossover formation (Chelysheva et al. 2012). Early during prophase I, HEI10 is loaded onto numerous sites along the chromosome. The larger early HEI10 foci will then grow by a diffusion-mediated coarsening model at the expense of the smaller ones, leading to a reduction of total HEI10 foci which eventually colocalize with the meiotic protein MLH1 to mark the class I CO sites (Chelysheva et al. 2012), (Grandont et al. 2014), (Morgan et al. 2021). So far, the function of HEI10 has primarily been characterized in Arabidopsis and rice. In the former, a 12-fold decrease in the number of chiasmata at metaphase I was observed in hei10 mutants (Chelysheva et al. 2012), and in the latter, hei10 cells featured a significant reduction of chiasmata formation and abnormal chromosomal segregation due to the presence of univalents (K. Wang et al. 2012).

Phylogenetic analyses revealed that HEI10 is related to ZIP3 in yeast and RNF212 in mammals, but forms a different subgroup, indicating it evolved after an old gene duplication.

While plants, fungi, C. elegans, and Drosophila have lost one of the two copies, and now possess either RNF212 or HEI10, vertebrates encode both RNF212 and HEI10 proteins (reviewed in [START_REF] Pyatnitskaya | Crossing and Zipping: Molecular Duties of the ZMM Proteins in Meiosis[END_REF]. Interestingly, additional duplicates can be found in some species: RNF212B in mammals [START_REF] Kong | Sequence Variants in the RNF212 Gene Associate with Genome-Wide Recombination Rate[END_REF], [START_REF] Reynolds | RNF212 Is a Dosage-Sensitive Regulator of Crossing-over during Mammalian Meiosis[END_REF], and ZHP-1, ZHP-2, ZHP-3, and ZHP-4 in C. elegans [START_REF] Nguyen | C. Elegans ZHP-4 Is Required at Multiple Distinct Steps in the Formation of Crossovers and Their Transition to Segregation Competent Chiasmata[END_REF], (Zhang et al. 2018).

In some cases, the duplicates have different functions (reviewed in [START_REF] Pyatnitskaya | Crossing and Zipping: Molecular Duties of the ZMM Proteins in Meiosis[END_REF]. While these patterns are reminiscent of the early evolution of several meiotic gene families, they differ from the evolutionary trends observed later in angiosperms (Lloyd et al. 2014), (Gonzalo et al. 2019).

Almost all plants have experienced multiple whole genome duplication events in their evolutionary history, yet most genes tend to revert to single copies within a few million years, with the redundant copy accumulating mutations or deletions until it becomes non-functional.

These copies are then considered fractionated genes. This trend is well illustrated in the fate of most ZMM genes, which tend to return to single copies more rapidly than the genome wide average (Lloyd et al. 2014). We will see that HEI10 appears to be one of the few exceptions in which multiple copies are retained for longer (Gonzalo et al. 2019) (see results section).

To date, the effects of HEI10 dosage increase have only been explored in Arabidopsis, which only has one copy of this gene. Studying the copy retention of meiotic genes in the context of polyploidy could offer new insights into the effect of dosage on CO frequencies. In Brassica napus, recent findings indicate that removing a duplicate of the ZMM gene MSH4 leads to a reduction of COs between homeologous chromosomes in allohaploid plants, but had no effect of CO formation between homologues, provided there is still at least one functional copy (Gonzalo et al. 2019). In wheat, a duplicated copy of TaZIP4-B2, a gene encoding the ZMM protein ZIP4, has a similar effect (Rey et al. 2017). Interestingly, increasing the number of copies of chromosome 5B, which carries TaZIP4-B2, was shown to reduce the amount of COs between homologues [START_REF] Feldman | The Effect of Chromosomes 5B, 5D, and 5A on Chromosomal Pairing in Triticum Aestivum[END_REF]. These two results suggest that reduction in the efficiency of the ZMM pathway, or some of its components, could contribute to stabilizing meiotic divisions in polyploids. Targeting HEI10, whose effect on CO is dosagedependent (at least in Arabidopsis), could be a good opportunity to test the generality of these observations and the relevance of this hypothesis.

Aims

The general aim of this second part of my project was to determine if CO frequencies can be increased in polyploid crops by overexpressing HEI10 without adversely affecting fertility and homeologous CO rates; this involved the generation of HEI10 over-expressors. A prerequisite in this regard was to determine if all HEI10 copies are equally important in plants with multiple copy retention. The copies identified as having the greatest effect on CO frequencies could then later be used as potential targets for overexpression. This question is also important from an evolutionary standpoint, as it may shed some light onto the evolution of meiotic duplicate genes. The project was therefore divided into two main scientific tasks:

Objective 1: What causes prolonged HEI10 duplicate retention? Are all copies under the same selective pressure?

Objective 2: Can we increase CO frequencies by manipulating HEI10 without affecting homeologous recombination? 

Intra-specifc structural and copy number variation in the Brassica genus

The next stage of the project involved the identification of HEI10 orthologues in the Brassicaceae family. In a methodology similar to the one I used to identify the FIGL1 orthologues (see the Materials and Methods section of Chapter 3 for more information), the Arabidopsis amino acid sequence was queried against the seven available Brassica napus assemblies and those of its progenitor species B. rapa and B. oleracea (Table 2). This approach identified up to three complete copies of the genes encoding HEI10 in Brassica rapa or B. oleracea (Figure 2A) leading to the presence of five HEI10 genes in Brassica napus.

Interestingly, even when only comparing a handful of accessions, it became evident that the conservation of duplicated HEI10 copies was not uniform between them. For example, some accessions of Brassica rapa, such as Chiifu, only have two HEI10 copies, while others, such as Z1 have four (3 from the WGD and a fourth through what appears to be a tandem duplication), (Table2, Figure 3, Figure 4). Variation was also detected between different B.

oleracea varieties, as a copy on chromosome 6 appeared to be complete in some accessions but partial in others, where it was missing the first four exons. So far, all of the seven B. napus accessions I surveyed featured 5 HEI10 copies, which will henceforth be referred to as BnA06, BnC06, BnC03, BnA05 and BnCN, named after the chromosomes they are located on (BnCN refers to a copy that was originally located on a scaffold in the Darmor reference genome but has since been assigned to C06 in the version 10 assembly. However, to reduce confusion with the other copy on C06 it will retain the name BnCN. The HEI10 copies in B. napus can be divided into sets of homeologues: BnA06 and BnC06 both descend from the HEI10 copy of the Least Fractionated (LF) subgenome (see Chapter 1 for more information on the subgenomes), BnA05 and BnCN originate from the MF2, while BnC03 originates from the MF1, along with the hypothetical BnA08 copy which has yet to be identified in a B. napus accession (Figure 3; Table S1 for a more detailed summary of identified copies). Figure 3 suggests that BnA06/BnC06, or even BnC03/BnA08, are more closely related to AtHEI10 than BnA05/BnCN. In terms of their expression, all copies appeared to be almost equally transcribed in B. napus (Figure 5). 

Design and implementation of a bioinformatics pipeline to survey conservation of HEI10 copies in the Brassica genus

The results presented above revealed that the conservation of HEI10 duplicates is not uniform between different accessions (see Table 2 and Figure 3). In order to gain a better understanding of which genes appear to be conserved across multiple accessions, and in which genes there is more variation as a proxy for evolutionary importance, I have developed a bioinformatics pipeline to detect variation in sequences and copy numbers between the different HEI10 copies across a large set of accessions representative of the diversity of B.

rapa, B. oleracea and B. napus varieties. As a control, I wanted to analyze variation between a wide variety of other meiotic genes (same "gene ontology" as HEI10 but variable copy numbers) as well as non-meiotic genes present in one and multiple copies (same copy numbers as HEI10, but different "gene ontology").

Although I put a lot of work into developing the workflow and generating suitable references for my pipeline, I was ultimately not able to run the final analysis due to time constraints. However, I expect the generation of the final dataset and its subsequent evaluation will be possible in the near future. Nonetheless, I was still able to generate some preliminary results from an early trial run of a series of alignments featuring a selection of B. rapa accessions, which I will summarize in the preliminary results section.

Design and selection of the reference sequences

The pipeline was developed to process publicly available raw reads from 199 B. rapa accessions (Cheng et al. 2016), 119 B. oleracea accessions (Cheng et al. 2016) and recently released sets of 588 and 991 B. napus accessions (K. Lu et al. 2019), [START_REF] Wu | Whole-Genome Resequencing of a Worldwide Collection of Rapeseed Accessions Reveals the Genetic Basis of Ecotype Divergence[END_REF]. The aim was to detect and quantify SNPs, structural variation and copy number variation in HEI10

genes by aligning the reads against a custom reference sequence and processing the alignments with downstream tools (Figure 6). As stated above, I also included a curated selection of 163 meiotic Brassica orthologues (including FIGL1), to see whether the variation observed between HEI10 copies can be compared to that observed in other meiotic genes.

Originally, a selection of non-meiotic genes present in multiple copies was also included as a control (to see if variation detected in selected meiotic genes is similar to unrelated genes with the same level of duplicate retention). However, due to the unforeseen complexity in generating appropriate reference sequences for the analysis (detailed below), this control was abandoned in favor of improving the quality of the meiotic gene controls.

To analyze the genes of interest, I have started creating a custom reference genome containing only the selected genes of interest flanked by 1500 base pairs on either end (to improve the alignment of reads overlapping with flanking regions and include elements such as promoters). The reason for the creation of a custom reference assembly of selected genes instead of aligning reads to an existing assembly has two primary reasons. Firstly, as previously mentioned, different accessions feature different HEI10 copy retention, which means not all variation may be captured accurately if the reference is incomplete. For instance, if using only the Chiifu assembly (Wang et al. 2011) for the B. rapa analysis, I would not be able to detect the presence of an A08 copy, as raw reads from this sequence will not have a matching sequence to align to. To remedy this and create a reference representing the full extent of known HEI10 duplicates, I needed to include in the A08 copies of the Z1 reference (Belser et al. 2018) (Figure 7). Similar variations between accessions were also detected in some of the other meiotic genes in our selection. Furthermore, upon manually aligning and comparing different copies, it became apparent that not all annotations were accurate either, often resulting in an artificial variation in gene length due to differences in annotation algorithms.

Therefore, I decided to manually go through the publicly available assemblies and annotations of each HEI10 copy and meiotic gene in our selection to find the most complete and correctly annotated version of each gene. A more detailed explanation of the selection process and the references used is given in the materials and methods section. This long and tedious work finally resulted in two custom references (one for B. rapa and one for B. oleracea) that contain approximately 163 meiotic genes each (exact number varies between species), while the B. napus reference roughly features the combined amounts. First, a custom script combining grep and awk (Linux) allowed for the generation of custom gff and bed files from the original reference genome gff file by using a custom list of IDs as an input file. The generated bed file can then be used by bedtools to extract the gene sequences and their flanking regions from the original reference genome fasta file, producing a custom fasta assembly. Raw reads can then be aligned against the custom reference genome and its corresponding gff file can be provided as an additional input. The resulting BAM file can be processed by a variant calling tool such as GATK to produce a vcf file that allows for variant annotation and quantification through further tools. So far, the pipeline has been developed and tested up to the alignment stage.

Subsequent analyses that were planned

Raw reads from each accession were supposed to be aligned against the custom references using the Mutdetect variant detection pipeline developed by Bioinformatics and Informatics IJPB team (and described in (Girard et al. 2014)). After the alignment stage, variants should be called for each sample and the variation within the same gene in different accessions should be quantified to allow for the comparison of variation between different genes and gene groups. Separate alignment stages may need to be implemented to ensure the generation of alignments with more statistical power for structural and copy number variation, which may require whole genome alignments. However, since we have limited storage space on the servers we are using, the main variant calling pipeline was prioritized.

Additionally, HEI10 alignments (BAM files) were supposed to be visually inspected in IGV to verify detected variants and correct for false positives not filtered out by the pipeline. However, back in the first year of my thesis, I was able to generate a series of preliminary results by aligning the raw reads of 199 B. rapa accessions against a crude reference genome of only HEI10 sequences. While the construction of the preliminary reference differed from that of the current assembly (detailed below), and the pipeline will have to be re-run with the updated parameters before final conclusions can be drawn, the preliminary findings demonstrated the functionality of the alignment-based approach to detect variation. Furthermore, the results are indicative of a trend that is reflected in other areas of my research on HEI10 (see below).

Figure 8: A) Overview of the reference assembly used in the preliminary alignment analysis, with full and partial versions of each HEI10 copy (the second A08 copy is not pictured but was included in the original reference). Gray lines represent aligned reads. In this scenario, the absence of reads mapping to one version on a copy, and instead mapping to the other could allow for the identification of the variant present in the accession being aligned. B) Example IGV screenshots of real alignments produced using the Burrows-Wheeler Alignment Tool (BWA MEM; http://bio-bwa.sourceforge.net/bwa.shtml) to align raw reads against the aforementioned reference sequence. Standard parameters were used for the alignment. The screenshots feature alignments from two different accessions; each screenshot is split horizontally. In the case of the two accessions pictured, no reads mapped to either of the complete A08 sequences, instead only mapping to the fractionated remnant, indicating that the accessions do not feature these copies. Reads mapped to the partial A05 copies as well as the full A05 copy, however, the high read depth and SNP density (represented by colored segments in the reads) indicate that the alignments against the full A05 reference may be inaccurate. Therefore, the status of A05 was considered "ambiguous" and not scored for the two accessions pictured. Overall, despite the crude nature of the evaluation, the proportion of "ambiguous" reads was fairly low. Nonetheless, these findings represent preliminary results only.

Generation of Brassicaceae lines with mutations in HEI10 copies

To assess the role of different HEI10 copies in Brassicaceae crops and to see if all copies are equally functional, I attempted to generate mutants that are knock-outs for the different copies in B. napus, B. oleracea, B. rapa and C. sativa. In the end, the only species in which we were able to generate a segregating population with variation in functional HEI10 copies suitable for cytological analysis was B. rapa (see the Preliminary Cytological Results section, below). However, many of the mutants and lines that were generated in the other species still have the potential to be used in future research projects.

Generation of a cas9 construct to target HEI10 copies in B. napus

An approach we had originally planned was the targeted mutagenesis of different HEI10 copies in B. napus through CRISPR-cas9. For this purpose, I designed a series of sgRNAs to be assembled into two scaffolds to target the A06, C06 and A05 copies, and the CN/C06, C03 and A5 copies respectively. As I was able to validate the absence of a HEI10 copy on chromosome A08 in the B. napus varieties to be used for cas9 transformation (Drakkar and Westar), there was no need to target this copy (see the Materials and Methods section of this chapter for an overview of the sgRNA selection criteria). However, the work on the cas9 constructs was put on hold during the first year of my contract because our collaborators at IGEPP Rennes, who had kindly agreed to generate the primary transformants for us, were unexpectedly unable to do so. Therefore, we then decided to work with an alternative population of B. napus mutants for the remainder of my project. However, at the time of writing (2022), the transformants have been successfully generated by the PhD candidate succeeding me (in collaboration with IGEPP) and are currently in culture. 

Generation and screening of Brassica oleracea CRISPR-cas9 transformants

CRISPR-cas9 transformants in the doubled haploid B. oleracea line DH1012 [START_REF] Lawrenson | Induction of Targeted, Heritable Mutations in Barley and Brassica Oleracea Using RNA-Guided Cas9 Nuclease[END_REF] were generated for our team at the John Innes Centre (JIC). According to the JIC data (the DH1012 assembly is not public), the variety contains two complete HEI10 copies on chromosomes 3 and 6, and one partially fractionated copy (first four exons missing) on chromosome 6 also. In total, two CRISPR-cas9 constructs containing two guides each were used for the transformation. The guides were designed to target exons 2, 5, 6 and 7 by Eric Jenczewski prior to the start of my project (Figure 11, Table S3). In total, 52 primary transformants were made available to us, of which 21 featured multiple cas9 insertions and were therefore discarded. I screened the remaining selection for mutations in the all possible sgRNA regions of each HEI10 copy using 10 sets of copy-specific genotyping primers (supplementary Table S4) to produce amplicons for Sanger sequencing.

Unfortunately, the search for mutants was largely unsuccessful as only one mutant was identified: an individual featuring a possible homozygous deletion in exon 7 of copy C06 (Bo6g031500). As this is not sufficient to generate a segregating population of mutants with varying levels of functional HEI10 alleles, this part of the project was also abandoned. Whether other members of the lab will be able to identify any further mutations in the progeny of the primary transformants remains to be seen. Boxes represent exons. The guides are not copy-specific. The first sgRNA targets the conserved RING finger domain and the second and third target the coiled coil domain. The fourth guide targets the end of the gene on exon 7, which is the only region in which a mutation was detected. Yellow triangles represent regions in which there is a complete match with the sgRNA sequence, red triangles represent sequences that feature a mismatch at the distal end of the sgRNA, which should still allow for targeting. As the CN copy is missing the first four exons, there is no target for sgRNA1 in this region, which is represented by the transparent triangle.

Generation of a CRISPR-cas9 construct to target HEI10 copies in Camelina sativa

Based on the unavailability of cas9 knock outs in B. napus, we decided to switch to Camelina sativa as a back-up polyploid model, as it features a short life cycle and can easily be transformed through the floral dip method. I have designed a set of sgRNAs targeting all three HEI10 copies along the entire gene (Figure 12, Table S5). Unfortunately, the first transformation attempt using the construct failed, and due to time constraints, no second attempt was made. Once again, this aspect of the project will have to be continued by another member of the team. 

Generation and validation of a HEI10 overexpressor line in Camelina sativa

Due to the failed transformation and additional time constraints, we were not able to generate a series of mutants for the different HEI10 copies in C. sativa. This meant we were unable to identify the most functional copy as a target for OE. However, as we still wanted to observe the effects of HEI10 OE in a polyploid context, we decided to opt for an approach involving the transformation of the Arabidopsis HEI10 copy with its endogenous promoter into the C. sativa background. This decision has two main reasons: firstly, the Arabidopsis sequence features a high level of homology with all three C. sativa HEI10 copies (around 95%

identity at the cDNA level and 98% identity at the amino acid level, see supplementary Figure S1), and secondly, this approach had successfully been employed in the 2017 study by Ziolkowski et al to generate an OE line featuring a genome-wide increase in CO frequencies twice as high as in the wild-type (Ziolkowski et al. 2017). The corresponding T-DNA construct (Figure S2) was kindly made available to us by Ian Henderson and Piotr Wlodzimierz from the University of Cambridge, who were also working with HEI10 OE lines at the time and were able to share the plasmid with us. The integrity of the construct was validated through plasmidspecific primers (Table S4)

The transformation of the HEI10 construct into the C. sativa accession Céline was successful and resulted in the generation of 5 primary transformants. To test for the presence and number of HEI10 insertions, I designed a set of pyrosequencing primers to detect the signal of Arabidopsis DNA relative to the local HEI10 sequences in somatic (leaf) and meiotic (bud) tissues (Table S6). This was done using genomic DNA as well as cDNA to verify if the transformants featured elevated expression levels, as multiple insertions alone do not necessarily result in higher expression. Of the 4 primary transformants that have been genotyped so far, two featured HEI10 expression levels significantly different from the C. sativa wild type (Student t-test p value ≤ 0.05), and only one featured a significant expression increase in meiotic tissues. This individual featured an average C. sativa: Arabidopsis signal ratio of 11:89, representing a substantial increase from the average wild-type C. sativa sequence ratio of 99:1. While the transformants have all been selfed and their buds have been sampled and preserved in 3:1 medium, I was unable to perform any cytological analyses due to lack of time. However, as the material is readily available, this analysis should be able to be completed in the near future by other team members.

Generation of a segregating population of Brassica rapa mutants with variation in functional HEI10 alleles

The B. rapa HEI10 mutant lines represent the plant material in which I have made the most progress, as I was able to generate a segregating population of mutants with different levels of functional HEI10 alleles which I was able to begin analyzing cytologically and produce preliminary results for. To generate this population we ordered a line of B. rapa EMS mutants of the variety R-o-18 from the John Innes Centre in Norwich [START_REF] Stephenson | A Rich TILLING Resource for Studying Gene Function in Brassica Rapa[END_REF]) with a mutation conferring a premature stop codon at the start of exon 7 in the A06 copy (Figure 13A). R-o-18 is an accession that features two complete HEI10 copies on chromosomes 5 and 6, but no copy on chromosome 8, which was verified by amplifying out the fractionated remnants of the A08 copy on chromosome 8 through PCR. The combination of the stop codon on A06, and the natural absence of A08 allows for the usage of the R-o-18 EMS line as a knock-out for the two copies.

We crossed confirmed mutants to wild-type individuals of the Z1 accession to reduce the mutation load of the EMS line and combine HEI10 mutations. As previously mentioned, Z1

contains four HEI10 copies: A06, A05 and two A08 copies (the result of a tandem duplication).

However, the A05 copy features a premature stop codon in exon 5, which allows us to treat the Z1 accession as a natural knock-out for this copy (Figure 13A). By crossing confirmed Ro-18 mutants with Z1 wild-types, we were able to generate a segregating population of plants with varying levels of functional copies, ranging from hei10 knock-outs to individuals with full sets of functional copies (Figure 13B, see Table S7 for genotyping primers). This allows for the evaluation of the functionality of different HEI10 copies in a common background with all duplicates present.

It should be noted that due to the close proximity of the A08 duplicates in Z1, which are only separated by 22,637 bp on chromosome 8, the likelihood of separating the copies through introgression of the R-o-18 sequence is very unlikely (any potential segregation can be verified through a 43 bp size difference in genotyping amplicons between the two A08 copies; yet so far, all samples genotyped either featured two A08 amplicons or none). Therefore, we decided to evaluate the functionality of the two A08 copies as one "block". 

Cytological evaluation of Brassica rapa mutants with varying levels of functional HEI10 alleles

In the last few months of my PhD project, we were able to evaluate a selection of B.

rapa HEI10 mutants cytologically through the observation of pollen mother cells (PMC) on DAPI stained slides via fluorescence microscopy. This was mainly made possible through the assistance of Jia-Chi Ku, who was responsible for taking most of the images I was later able to evaluate. Although further PMC will need to be analyzed to generate a complete overview of meiotic progression in the mutants as well as the control plants, the preliminary results of this analysis are already indicative of an interesting trend.

A drastic reduction in CO formation was observed hei10 mutants

To assess the level of CO reduction in the two B. rapa hei10 mutants (A06-/-, A05-/-, A08-/-), I analyzed a series of PMC at metaphase I and compared the bivalent frequencies to those observed in the individual carrying a full set of wild-type alleles (A06+/+, A05+/+, A08+/+) (Table 6, Figure 14). With an average of 3.8 bivalents per metaphase I (191 PMC in 2 plants; n=58, n=133), the knock-out featured a significantly lower bivalent frequency than the wildtype which featured an average bivalent frequency of 10 (1 plant, n=4) (Student t-test p value ≤ 0.01). A slight reduction in CO formation was observed in A06 knock-outs, but not in knockouts for other copies Next, I decided to compare the effects of targeting individual HEI10 copies. In this scenario, the only mutant featuring a slight but significant reduction in bivalent levels compared to the wild-type was the A06 knock-out (A06-/-, A05+/+, A08+/+), (p ≤ 0.01), which featured an average of 8.2 bivalents per metaphase I (1 plant, n=215). The average bivalent frequencies in the A05 and A08 knock-outs were 9.7 and 10, respectively. A single functional A06 allele is sufficient to restore wild-type CO levels Lastly, I decided to compare mutants with only a single functional HEI10 allele. Strong reductions in bivalent frequencies were seen in the A08 (A06-/-, A05-/-, A08+/-) and A05 (A06-/-, A05+/-, A08-/-) mutants, which featured levels significantly lower than the wild-type (p ≤ 0.01). No significant difference was observed in the individual with one functional A06 allele (A06+/-, A05-/-, A08-/-), which featured an average of 10 bivalents per PMC (1 plant, n=47).

Interestingly, the levels observed in the A05 mutant (1 plant; n=56) were not significantly different from the bivalent levels observed in the full knock-out, which was not the case for the A08 mutant, which featured a slightly higher bivalent frequency. 

Reduction of functional HEI10 alleles may adversely affect fertility

The full knock-out as well as all of the mutants with single functional alleles did not produce seeds, while most of the mutants featuring knock-outs of single copies did. However, it should be noted that there was an ongoing aphid infestation in the greenhouse at the time of sampling and the individual featuring a full set of functional alleles also failed to produce seeds.

Discussion

The preliminary findings of the computational analysis and the cytological evaluation of HEI10 mutants revealed that HEI10 copies do not appear to be equally conserved and functional in B. rapa. While structural variation between accessions was detected in both the A08 and A05 HEI10 copies, the same could not be observed in the A06 copy, which was complete in all varieties surveyed so far. If evaluated based on the approach used to describe pangenomes, one could consider the A06 copy as a core copy while the copies of A05 and A08 appear to be dispensable. The next question was to assess whether the variation in presence/absence was accompanied by a form of functional disparity.

Indeed, targeting the A06 copy also had the strongest effects on meiotic behavior, with the A06 knock-out (A06-/-, A05+/+, A08+/+) featuring the strongest reduction in bivalent formation compared to the other two individual copy knock-outs, which did not feature bivalent rates significantly different from the individual with a full set of functional alleles. Furthermore, the A06 was the only copy for which a single allele was sufficient to maintain wild-type-like bivalent frequencies. Therefore, one might consider this copy to be the most suitable target for over-expression. While one might be tempted to speculate on the levels of conservation and functionality of the other two copies, I believe we do not have sufficient data to make any meaningful assessments yet, as the sample sizes for some of the genotypes fall well below the acceptable threshold. Regarding the residual bivalents observed in the hei10 knock-out, their number is similar to that observed in the msh4 B. rapa knock-out mutant previously generated and analyzed in the lab (Blary et al., 2018). These results indicate that all mutant alleles for the individual HEI10 copies were probably null.

Although these findings seem promising, a lot of work still remains to be done. For one, as previously mentioned, the bioinformatics pipeline needs to be re-run with the updated reference assembly and a computational downstream analysis needs to be implemented to produce suitable quantitative results. Secondly, the cytological analysis needs to be expanded upon, so new DAPI spreads will have to be prepared from the preserved buds for further evaluation. Apart from scoring bivalents, HEI10 or MLH1 immunolocalization could also provide more quantitative data. I was also unable to evaluate the meiotic progression in the mutants, which will need to be characterized further.

Lastly, the analysis of the remaining plant material, especially the A06/C06 duplication and deletion lines in B. napus as well as the C. sativa overexpressor could provide more insight into HEI10 functionality in the polyploid context, as well as the effect of HEI10 dosage.

Materials and Methods

Identification of HEI10 orthologues

The identification of HEI10 orthologues for the angiosperm phylogeny as well the identification of the Brassica sequences was conducted using the same approaches described in the materials and methods section of the FIGL1 chapter (chapter 3).

Design of sgRNAs

As stated in the FIGL1 section, the program CRISPOR (http://crispor.tefor. Before extracting the sequences based on their IDs and combining them into the custom reference, it was important to verify their length and structure compared to the Arabidopsis sequences as well as other orthologues, to prevent wrongly annotated or fractionated (partial) copies being used as a reference when full-length or more complete This chart assumes that the sequence produces an annotated hit when queried using related sequences (such as the Arabidopsis amino acid sequence), and that the sequence does not map onto other genes with a higher score than the target.

Plant material and growth conditions

The growth conditions for all species, including C. sativa, resemble those described in the materials and methods section of the FIGL1 chapter.

Genotyping through PCR and pyrosequencing

The genotyping methodologies used were very similar to those described in the FIGL1 section. All primers are described in the supplementary section.

Agrobacterium-mediated transformation of C. sativa

Camelina sativa plants were transformed through a floral-dip vacuum infiltration method similar to the one described in [START_REF] Lu | Generation of Transgenic Plants of a Potential Oilseed Crop Camelina Sativa by Agrobacterium-Mediated Transformation[END_REF].

Table S2: Summary of pyrosequencing primers used to detect copy number variation in the duplicated and deleted regions of the gamma-irradiated B. napus lines. The primer sets for the individual lines target the region with the duplication/deletion and a sequence in the corresponding homeologue. In the combined C06/A06 mutants, additional primer sets targeting the affected region and a region not affected by the other mutation were designed so that different genotypes that would produce the same A06:C06 ratio in the mutant regions can be distinguished from one another. (E.g.: a 50:50 ratio could be produced by a wild-type level of A06:C06 copies, or a double duplication, which can be detected by comparing the regions to other chromosomes). LB and RB stand for the left and right border sequences, respectively. MRD1 is a gene that overlaps with the HEI10 promoter sequence and was hence included in the construct. NPTII is an antibiotic selection gene. The cassette used was pGREEN0029, and transformants were initially selected based on BASTA resistance.

When taking into consideration the developments in research regarding the targeting of anti-Class II CO proteins as well as the opinions and preferences revealed by survey respondents, it seems the feasibility for their application in plant breeding programmes has largely been determined. Even when excluding the possibility of adverse effects on genome stability, the levels of CO increase observed may not be sufficient to achieve the desired genetic gain within the timeframe desired by breeders. A modeling study determined CO elevations of over 10-fold would be required to produce fairly modest genetic gains of around 30% after 40 generations (Battagin et al. 2016), with other simulations producing similar predictions (McClosky and Tanksley 2013), (Tourrette et al. 2019a). Secondly, going by the survey results, participants of both sectors (unsurprisingly) preferred strategies that do not adversely affect genomic stability and, more importantly, displayed a clear preference for changing the recombination landscape and targeted recombination over global CO increases.

Without calling into question the usefulness of modelling approaches, one avenue to explore would be to compare the outcome of selection between wild-type and hype-rec genotypes in vivo. This may provide a realistic assessment of the possible gain that can be achieved in the real world by manipulating meiotic recombination. However, this is not to say anti-CO factors as a whole are unsuitable targets for meiotic modification. Recent findings involving the transient downregulation of XRCC2, which resulted in CO elevation as well as changes in the CO landscape, represent a promising development (Raz et al. 2020). The exploration of transient modification strategies in general could also allow for the targeting of other meiotic factors that would usually be detrimental if targeted through a fixed mutation. Furthermore, this desire for transient approaches is highlighted by both public and private sector survey responses.

Promising yet preliminary findings regarding HEI10

As mentioned in previous sections, a variety of unexpected developments in the FIGL1 project, external setbacks such as COVID-19 lockdowns as well as the complexity of the HEI10 work itself resulted in a largely incomplete project. Though many avenues of research were embarked upon, only the B. rapa component of the project and the computational analysis produced any results.

The combination of the two approaches allowed me to confirm that the HEI10 duplicates in B. rapa are not equally functional and conserved, and that the A06 copy has the strongest effect on CO frequencies, making it a suitable target for overexpression (OE). It appears as if one of the copies encoding HEI10 is taking over the functionality of the others, which may eventually become non-essential. This also answered the first objective of the HEI10 project, which was to evaluate the level of conservation between the different copies.

Although confirming these preliminary findings in B. rapa by expanding on the cytological in wheat (Serra et al. 2021), what sets HEI10 apart from other meiotic genes its unique level of duplicate retention in the angiosperm lineage. This analysis of copy number retention in conjunction with functionality is therefore the first of its kind. All in all, further results in the OE and polyploid context are still needed to determine if HEI10 takes on an additional role in stabilizing polyploid meiosis and whether it represents a suitable target for meiotic modification.

The applicability of hyper-rec genotypes to plant breeding programmes

Assuming the HEI10 project were to successfully generate a hyper-recombinant genotype, whether this development has the potential to contribute to plant breeding programmes also depends on factors such as the requirements and demands of the plant breeding sector. Considering the general priorities of public and private sector researchers, as well as the nature of meiotic modifications that have been applied to past breeding programmes, it appears that CO increases similar to the ones observed in the Arabidpoisis HEI10 OE may not be as relevant as other modification approaches.

Firstly, based on our survey results, the main priorities of both sectors appeared to be reducing alien introgression sizes, introducing CO into cold regions and targeting COs. This is also reflected in the results of simulation studies, which revealed that targeting COs and changing the CO landscape resulted in higher genetic gains than a mere increase in global CO frequencies (Ru and Bernardo 2019), (Brandariz and Bernardo 2019), (Tourrette et al. 2019b). When looking at meiotic modifications that have already played an important role in plant breeding, the most notable examples are the Ph1 locus in wheat (Dhaliwal, Gill, and Giles Waines 1977) and the generation of Brassica allotriploids (Mei et al. 2011), (Qian, Qian, and Snowdon 2014), which although fairly invasive, resulted in the promotion CO formation between divergent sequences and the increased efficiency of introgression from foreign germplasm. As the HEI10 OEs characterized so far mainly demonstrated global CO elevations without altered CO distribution patterns, the interest in this modification strategy compared to other meiotic targets may be limited. However, as seen in previous examples of when meiotic genes were targeted in crops, especially polyploid ones, a lot of unexpected developments can be observed, so it is too early to predict what kind of effect a HEI10 OE would have in this background.

Nonetheless, even if overexpressing HEI10 turns out to be less useful for actual plant breeding programmes, the findings generated in this project did provide a valuable insight into meiotic gene evolution and conservation, which will hopefully be expanded upon by other lab members in the near future. Along with the FIGL1 results, these results can also help inform research approaches in other crops by providing examples of the kinds of effects that can be observed when targeting these meiotic genes in the Brassicaceae lineage.
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 1 Figure 1: Overview of meiosis taken from the 2015 review by Mercier et al. A) Premeiosis. B-F: the sages of prophase I: B) Leptotene, C) Zygotene, D) Pachytene, E) Diplotene and F) Diakinesis. G) End of prophase I, followed by: H) Metaphase I, I) Anaphase I, J) Interkinesis (including telophase I and prophase II, K) Metaphase II, L) Anaphase II, M) Telophase II, N) Cytokinesis and release of the haploid spores.

Figure 2 :

 2 Figure 2: Schematic overview of meiotic recombination mechanisms, taken from Mercier et al 2015. A) DSB processing. B) DSB breaks processed to 3' single-stranded DNA overhangs. C) Sister chromatid invasion and repair. D) Inter-homologous invasion and formation of a D-loop. E) Generation of the dHJ intermediates. E-F) Resolution of intermediates as Class I COs via the ZMM pathway. G-I) Resolution of intermediates as NCOs: G) synthesis-dependent strand annealing (SDSA); H) dHJ resolution; I) other potential mechanisms. J) Resolution of intermediates via the ZMM-independent Class II CO pathway.
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 3 Figure 3: Figure from the 2017 paper by Ziolkowski et al. featuring a comparison between wild-type (blue) and HEI10 OE (red) CO frequencies along all 5 chromosomes of the Arabidopsis genome. Telomere (TEL) and centromere (CEN) positions are indicated by labels and vertical dashed lines. Mean values are represented by dashed horizontal lines.

Figure 4 :

 4 Figure 4: Figure taken from Mieulet et al. (2018) comparing average genetic size per chromosome (in cM) in wild types as well as a selection of fancm, rec4 and combined mutants of Arabidopsis, rice, peas and tomatoes. 5 chromosomes were analyzed for the Arabidopsis genotypes, 12 for the rice genotypes, 7 for pea and 2 for tomato.

Figure 5 :

 5 Figure 5: Figure from Serra et al. (2018) comparing CO frequencies along the Arabidopsis genome in Col/Ler hybrids between wild-type (black), recq4a rec4b double mutants (purple) and recq4a rec4b double mutants combined with HEI10 OE (red). The plot depicts crossovers per 300 kb, normalized by the number of F2 individuals in the analysis. Dashed vertical lines indicate the location of centromeres (CEN), standard lines mark telomeres (TEL).
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 6 Figure 6: Predictions of genetic gain (sum of QTL effects) across generations for B. rapa and O. sativa under three different levels of recombination, taken from the 2019 paper by Tourrette et al. Black lines represent wild type recombination levels, green represents hyperrecombinant levels and red represents increases under "boosted" recombination (which involves changes in the CO landscape, see the upcoming section "Regulation of CO distribution" for more details). Error bars represent the 95% confidence intervals on the mean.In the simulation, marker effects were estimated every fourth generation, with a heritability of 0.5, selection on heterozygotes with an intensity of 2%, 200 QTL per chromosome, and crossovers formed without interference, no coupling nor repulsion. In B. rapa, gain ratios between increased and normal recombination after 20 generations are 1.25 for the hyperrecombinant and 1.34 for boosted recombination background. In O. sativa, the ratios are 1.16 for boosted recombination and 1.12 for the hyper-recombinant background. The first generation shown is the F2 generation, and error bars represent the 95% confidence intervals on the mean.
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 7 Figure 7: Homologous recombination landscape in diploid (AA), allotriploid (AAC) and allotetraploid (AACC) Brassicaceae hybrids taken from the 2021 paper by Boideau et al. The outer circle represents the 10 B. rapa chromosomes, the second circle represents gene and transposable element densities, which are marked in green and brown, respectively. The positions of centromeres are represented as black boxes. The inner circle features recombination rates of the AA (red), AAC (blue) and AACC (green) hybrids, measured in cM/Mb.Another, possibly related phenomenon observed in multiple species is that CO rates

Figure 8 :

 8 Figure 8: Summary of the different strategies through which meiotic division can be altered, taken from the 2021 review by Kuo et al. A) Normal meiotic division resulting in four haploid gametes. B-D) Strategies resulting in unreduced gametes: B) First division restitution (FDR); C) Second division restitution (SDR); and D) MiMe. E) Reverse breeding. Parental chromosomes are represented in different colors.

  and B. oleracea, and the A-and C-subgenomes of B. napus, their divergence approximately 4 MYA resulted in two genomes of different sizes and chromosome numbers (Figure 13), with asymmetrical gene loss in duplicated gene blocks and differential duplicate retention (Figure 10 B) (X. Wang et al. 2011),(S. Liu et al. 2014),(Parkin et al. 2014).
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 9 Figure 9: Schematic diagram of the evolutionary history of B. napus and its progenitor species. The branch at the very top of the diagram represents the split between the Brassica and Arabidopsis lineages around 27 MYA; the three-pronged fork right underneath represents the WGT event which occurred around 17 MYA, resulting in an ancestral Brassica with three subgenomes. These subgenomes are represented as circular disks in blue, orange and green. The divergence right after represents the split between B. rapa and B. oleracea around 4 MYA. The three extant species, B. rapa (left), B. napus (blue box; center), and B. oleracea (right) are represented at the bottom of the diagram, with the remnants of the subgenomes represented as disks. The last two splits represent the interspecific hybridization between B. rapa and B. oleracea, producing the tetraploid B. napus which could theoretically inherit up to 6 duplicates of each gene, depending on the level of retention in the subgenomes.

Figure 10 :

 10 Figure 10: Schematic representation of genome evolution in the Brassica genus, both diagrams were taken from the 2014 paper by Cheng, Wu, and Wang. A) Schematic representation of the two-step polyploidization theory for the WGT event between the MF1, MF2 and LF subgenomes. Different colors and intervals on the vertical lines represent changes in gene densities. B) Summary of chromosomal synteny between B. rapa and B. oleracea, represented as orange blocks, with chromosome names of the two species listed above and below.
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 1 Figure 1: Breakdown of the proportion of public sector and private sector survey participants. Note that it says 73 responses, but that figure included three duplicates that were removed from subsequent analyses.
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 2 Figure 2: Breakdown survey participant's professions. The last four options on the list were added by participants themselves.
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 3 Figure 3: Pie chart summarizing the proportion of survey participants working in each country.
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 4 Figure 4: Comparison of private sector and public sector responses to the multiple-choice question of "What does meiosis represent to you?".
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 5 Figure 5: Comparison of private (left) and public sector (right) evaluations of the importance of manipulating meiosis in plant breeding.

Figure 6 :

 6 Figure 6: Comparison of public (orange) and private sector (blue) evaluations of the increasing importance of manipulating meiotic recombination to meet future challenges affecting crop productivity.

  surprisingly, the other technologies listed by private sector participants included: CRISPR-cas9 and genome editing (4 out of the 8 responses), the improvement of genotyping technology, an increased focus on resistance and stress tolerance and traits relating to plant performance, and a better selection accuracy using marker assisted selection and genomic selection.Similarly, private sector participants made multiple mentions of targeted gene editing and transgenic technology (8 out of the 25 responses), and also pointed out somatic chromosome engineering, speed breeding, more efficient double haploid production and genomic selection.
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 7 Figure 7: Comparison of public (orange) and private (blue) sector evaluations of the importance of modifying meiotic properties in crops as a tool for crop improvement compared to other technologies such as targeted gene editing. Importance was ranked on a scale of 1 (low importance) to 5 (high importance).
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 8 Figure 8: Comparison between public and private sector responses regarding whether there are specific breeding programmes in which, A) an increase, or B) a decrease of CO rates could be beneficial, C) targeting COs to specific regions of the genome could be beneficial, or D) increasing COs between divergent regions could be beneficial. E) Comparison of responses on whether the adverse effects of global warming on meiosis will be a main factor hindering crop productivity in the future, and F) if naturally occurring COs are sufficient to sustain plant breeding programmes.
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 9 Figure 9: Summary of public (orange) and private sector (blue) participant's evaluations of the importance of the following meiotic modification strategies: A) Increasing genome-wide CO rates, B) Introducing CO in otherwise cold (e.g: pericentromeric) regions, C) Promoting alien introgressions, D) Reducing the size of pre-existing introgressions, E) the targeting of COs to specific regions of the genome, and F) decreasing genome-wide COs to fix material.
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 10 Figure10: Bar graph comparing public (orange) and private (blue) sector responses to the question of which meiotic modifications they perceived to be the most important. Participants were also asked to provide a short explanation of the reasoning behind their selection.

  FIGL1(Mieulet et al. 2018),(Aurélien Blary et al. 2018),(Maagd et al. 2020) and overexpressing the ZMM protein HEI10(Ziolkowski et al. 2017),(Serra et al. 2018), there were no reports of such modifications affecting the overall recombination landscape; CO rates in CO-cold regions such as heterochromatic and pericentromeric regions remained low. However, a recent study on transient modification through virus-induced gene silencing in wheat found that the silencing of anti-CO protein XRCC2 resulted in increased pericentromeric COs without adverse effects on fertility(Raz et al. 2020) (for more information on the survey participant's perceptions of different modification strategies, see the section "Evaluating Strategies to Modify Meiotic Behavior in Crops"). The only other exception I am aware of is the increase in CO observed in Brassica allotriploid hybrids, which occurs all along the chromosomes, even in the vicinity of centromeres(Pelé et al. 2017).
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 11 Figure 11: Summary of public (orange) and private sector (blue) evaluations of the usefulness of the following strategies to modify meiotic behavior in crops: A) Induced fixed genetic modifications (e.g.: EMS or cas9 induced mutations, overexpressors), B) Exploitation of natural variation (e.g.: allelic or copy number variation), C) Transient modification of meiotic properties through chemical inducers, D) Transient modification of meiotic properties through virus-induced gene silencing, E) Transient modification of meiotic properties through physical inducers (e.g.: temperature), F) Induced fixed genetic modifications affecting chromatin structure/DNA methylation, and G) Altering chromosome structure or ploidy level.

  exploited for breeding programmes. Why did private sector participants favor fixed variation then? Perhaps because their effectiveness has already been demonstrated in crops, either as induced KO in anti-CO genes(Mieullet et al., 2018) or as QTL affecting recombination frequencies (reviewed in(Lawrence, Griffin, and Henderson 2017);(Pan et al. 2017). People working with polyploid wheat are also familiar with using induced and/or natural variants to promote COs between chromosome inherited from different species (examples include the Ph1 locus:(Riley and Chapman 1958),(Martín et al. 2017); Ph2:[START_REF] Sears | A WHEAT MUTATION CONDITIONING AN INTERMEDIATE LEVEL OF HOMOEOLOGOUS CHROMOSOME PAIRING[END_REF],(Serra et al. 

Figure 12 :

 12 Figure 12: Bar graph summarizing public (orange) and private sector (blue) responses to the question of which of the approaches to modify meiotic behavior participants perceived to be the most relevant.

Figure 14 :

 14 Figure 14: Comparison of private (in blue) and public sector (orange) participant responses to the question "at what stages of the breeding cycle do you envision changes in meiotic behavior to be implemented?". The meiotic modifications listed were: A) Modifying genomewide crossover rates, B) Modifying genome-wide crossover distributions, C) Targeted crossover formation, D) Increasing crossovers between divergent chromosomes/regions.

  outside of the selection, a variety of responses were provided by both private and public sector participants, despite this section being optional. Interestingly, in both sectors, participants mentioned fixing of genetic material as an important outcome. It was mentioned in three out of the six responses provided by private sector participants, and in two out of the twelve public responses. Combined with the relative lack of recognition of the role that a reduction in the number of COs could play, these comments may simply indicate that those participants had in mind a variety of non-meiotic strategies based on genome elimination and/or haploid induction (reviewed in(Ishii, Karimi-Ashtiyani, and Houben 2016),(Thondehaalmath et al. 2021) and(Fiaz et al. 2021), respectively).

  and/or translational research of meiosis and meiotic modification strategies in crops. Hence the growing number of translational research avenues that are being pursued (reviewed in(Kuo, Da Ines, and Lambing 2021) and (A. Blary and Jenczewski 2019)), and my own research on targeting FIGL1 and HEI10 in Brassicaceae crops via mutagenesis.

Higgins,

  Buckling, et al. 2008) and occurring independently of class I CO formation, were successfully targeted to increase class II CO frequencies. The three main pathways involved in the regulation (i.e. limitation) of class II CO formations are the fanconi pathway (Crismani et al. 2012), the fidgetin pathway (Girard et al. 2015a) and the BTR pathway (Séguéla-Arnaud et al. 2015a). So far, different proteins in these pathways, such as RECQ4 (Séguéla-Arnaud et al. 2015b), and FANCM (Girard et al. 2014) have been successfully targeted in Arabidopsis as

aforementioned

  FIGL1 sequences were also identified in the B. napus accession Drakkar by obtaining the sequence of the Drakkar reads aligning against the two FIGL1 loci on the B. napus pan genome browser (cbi.hzau.edu.cn/bnapus/PanBrowser/index.html). Next, we used the sequences extracted from the Brassica napus Darmor-bzh reference genome to explore the gene structure and level of divergence of BnaA.FIGL1 and BnaC.FIGL1. Sequences from the Darmor-bzh version 10 assembly were first prioritized, as it was the most contiguous assembly available at the time. However, due to an incorrect annotation of the version 10 BnaA.FIGL1 sequence resulting in a shortened amino acid sequence, the annotation of the Darmor assembly version 8 was used for BnaA.FIGL1 instead (see Figure 2). B. napus meiotic RNAseq data from a 2018 study by our lab (A. Lloyd et al. 2018) was used to validate the mRNA sequences of BnaA.FIGL1 and BnaC.FIGL1. These analyses also revealed that the two copies are almost equally transcribed during meiosis in two different varieties that are representative of two main B. napus gene pools (see Figure 3).

Figure 2 :

 2 Figure 2: Neighbor-joining phylogenetic trees generated from multiple sequence alignments of the Brassica napus FIGL1 sequences and the FIGL1 sequences of its progenitor species. A) Tree based on the amino acid sequences used in the generation of the phylogeny in Figure 1. B) Tree based on the genomic DNA sequences of the genes from which the protein sequences were obtained. The Brassica napus copies are BnaC02g36660g and BnaA02g28640g, the B. rapa copy is Bra032982g and the B. oleracea copy is Bol031140g.

Figure 3 :

 3 Figure 3: Pie charts representing the proportion of BnaA.FIGL1 and BnaC.FIGL1 transcription based on the transcriptomic data generated by Lloyd et al. Transcription was measured in three plants from two accessions: Darmor and Yudal, representative of two distinct B. napus gene pools. The gene IDs are from the previous version of the Darmor assembly.

Table 1 :Figure 4 :

 14 Figure 4: Amino acid sequence alignments of BnaA.FIGL1 and BnaC.FIGL1 and AtFIGL1. Alignment was generated using the CLUSTAL O function (1.2.4) on the BioEdit software. The AAATPase domain is marked by a dashed line.

Figure 5 :

 5 Figure 5: Schematic overview of the gene structures of BnaA.FIGL1 (top) and BnaC.FIGL1 (bottom) in Brassica napus, with exons represented as boxes and intronic regions as lines. The green and blue colorations of the exons represent the conserved AAA ATPase and VPS4 domains, respectively. The blue arrows represent the approximate locations to which the Cas9 was targeted via the sgRNA sequences.

Figure 6 :

 6 Figure 6: Summary of the location of the selected mutations and the changes brought about in the amino acid sequences of BnaA.FIGL1 (top) and BnaC.FIGL1 (bottom) via CRISPR/Cas9 mutagenesis. Exons are represented as boxes and intronic regions as lines. The top amino acid sequence in each region represents an excerpt of the wild-type sequence and the bottom represents mutant sequence in the corresponding region. A) Summary of the mutations in the two selected Drakkar individuals. B) Summary of the mutations in the selected Westar mutant.

Figure 7 :

 7 Figure 7: Schematic representation of the genealogy of plants used to generate the population of plants to be analyzed. A) In total, two Drakkar and 6 Westar T1 individuals with mutationspredicted to lead to premature stop codons or frame shifts were selected to obtain the next generation of T2 plants via selfing and backcrossing to generate cas9-free mutants in all families. Westar individuals still containing the construct were selfed and backcrossed to the wild-type, while the two Drakkar mutants (Dk1_1 and Dk1_2) were crossed with each other, as one of them was already cas9-free. While a cas9-free double mutant was already identified among the selfed progeny of one of the Westar lines in the T2 generation (54 -the progeny of T1 plant W1_22), the Drakkar plants still required an additional round of crossing against the wild-type to generate the cas9 free double heterozygotes required to generate the segregating hybrid population. In the end, two cas9-free Drakkar mutants (11 and 16) heterozygous for two mutations on the FIGL1 A copy (on the same allele) and one mutation on the C were identified in the T3 generation. B) These individuals were crossed to a cas9-free T2 Westar plant (54) heterozygous for one mutation on the A copy and one mutation on the C copy to generate the final segregating population of T4 hybrids.

Figure 8 :FIGL1

 8 Figure 8: Schematic diagram of the segregating population and the genotypes expected within it. 60 individuals were produced from the cross between Drakkar plant 11 and the Westar plant 54, and 83 from Drakkar plant 16 crossed with 54. plants 11 and 16 were selfed and 43 and 46 offspring respectively

Figure 9 :

 9 Figure 9: Photos of some of the growth defects observed in the mutant population. A) A dwarf plant (left, 49; genotype: A+A+C+C-) next to its sibling (right, 50, genotype: A+A-C+C-) that displays the wild-type phenotype. B) In addition to being a dwarf, the plant referred to as 49 had curled leaves and displayed aberrant branching. C) Progeny of a selfed Drakkar parent (11), with an A+A+C+C-genotype displaying an aberrant branching phenotype caused by a loss of apical dominance; this is one of the more common defects observed in the population. D) Another leaf deformity in an individual with an A+A-C-C-genotype. E) Another progeny of the selfed Drakkar plant 11 featuring a fused stem and aberrant branching (genotype: A+A-C-C-). F) A dwarf with a unique "cup" leaf deformity (genotype: A-A-C+C-).

Figure 10 :

 10 Figure 10: Examples of flow cytometry histograms for estimating DNA content featuring two notable individuals and their corresponding wild-type controls. The 2C and 4C peaks in each histogram are labeled with the fluorescence intensity given at the highest point of the peak, and blue lines were added to illustrate the approximate position of the peak tips produced by the mutant individuals relative to the peaks in the wild-type histograms. A) Example of slightly shifted peaks and an additional peak (marked by a black arrow) observed in "Cup leaf" (bottom row), the individual with growth defects introduced in Figure 9F (genotype: A-A-C+C-), compared to the diploid wild-type control plant (top). B) One of the measurements produced by what appears to be a haploid individual (bottom), with peaks matching the wild-type haploid control (top). The 4C peak of both haploids matches the intensity of the 2C peak of the diploid control (A).

Figure 11 :

 11 Figure 11: A) Pie chart of average A02:C02 ratios generated by the wild-type control, alongside a schematic representation of the equal balance of A02 and C02 copies expected to generate such readings. The green segments on the lower chromosome arms represent the regions containing FIGL1 targeted by the pyrosequencing primers. Note that the diagram represents entire chromosomes, but the pyrosequencing results only provide information on signal ratios in the targeted regions, which might not necessarily be present on entire chromosomes. B) Proportion of 21 individuals sampled from the segregation population featuring aberrant C02:A02 ratios significantly different from the wild-type control plants (accessions used as controls: Drakkar, Westar, Drakkar x Westar). C) Comparison of ratios of A02:C02 signal between a sterile individual genotyped as a wild-type, a fertile individual genotyped as a null mutant and the wild-type Westar control plant. All measurements were taken from the same run. Error bars represent the standard deviation of the biological replicates. D) Pie chart of average A02:C02 measurements in a sterile individual, along with a schematic diagram of the chromosomal configuration likely to produce the aberrant 33:66

Figure 12 :

 12 Figure 12: Graphic representation of the distribution of selected high-quality markers along the 19 chromosomes of Brassica napus. The individual markers are represented as black bands and chromosome lengths are given in megabases (Mb).

Figure 13 :

 13 Figure 13: Examples of GOGG visualization in Microsoft Excel featuring a selection of genotyped samples as columns and the re-ordered, filtered SNPs as rows. Each row/column represents one SNP/sample. Each color represents a genotype determined based on the control samples. Yellow indicates a sample features a Drakkar genotype, blue cells represent a Westar genotype and green cells represent a heterozygous genotype. Blank cells represent no genotype call, presumably due to a low or distorted signal. The labels at the top of the spreadsheet represent the sample category. The majority of samples are the Westar and Drakkar hybrids, followed by a selection of four progeny of the selfed Drakkar mutant (a), two wild-type Drakkar control individuals (b), and two Westar control individuals (c). The white boxes on the left-hand side indicate which chromosome the SNPs are on. A) Segment of the distal end of chromosome C07, in which CASH of both parental genotypes can be seen. One individual with a Drakkar stretch and one with a Westar stretch have been marked with a red box. The many horizontal yellow and blue lines represent SNPs that are either monomorphic within the hybrid population, or the result of a missing SNP in the hybrid control genotype. These blocks were omitted in the CASH identification process. B) An example of Drakkar stretches over two SNPs in length present among all individuals in the segregating population, but not in the Westar control or the hybrid control (not pictured). These blocks were omitted from genotypic evaluation.

Figure 14 :

 14 Figure 14: Examples of different SNP graphs generated by GenomeStudio displaying the SNP genotypes among all samples. Each dot represents a sample, and is colored according to its genotype, red is one allele (referred to by Genome Studio as AA), blue the other (BB), while purple represents samples featuring a mix of signals from both alleles (AB). The genotype each allele is associated with is given on top of the graph, as is the name of the specific SNP for which the data is shown. Note that the AA allele can be a Westar or Drakkar genotype depending on the SNP. The numbers directly under the plot represent the number of samples in each genotype cluster. The Y-axis represents the normalized R value of a SNP for a sample (based on fluorescence intensity), while the X-axis represents the normalized Theta value for the SNP (based on B allele frequency). The ovals represent clusters as detected by GenomeStudio. A) An example of a well-behaved SNP for which all individuals of the segregating population are heterozygous, with only the control plants and selfed progenies falling into the other two genotype clusters. B) An example of SNP for which a sizable proportion of hybrid individuals feature a Drakkar genotype, and a handful feature a Westar genotype (see Figure 13 A for a corresponding GOGG visualization). C) An example of a SNP from a Drakkar stretch, in which all individuals except the hybrid control (middle) and the Westar controls (right) feature a Drakkar genotype (see Figure 13 A for a corresponding GOGG visualization). D) Example of a SNP for which some individuals have the parental genotypes, while those falling into the heterozygous category appear to form two distinct clusters, which do not affect the genotype calls.

Figure 15 :

 15 Figure 15: Overview of the regions where all hybrids in the entire population only featured the Drakkar alleles. The Drakkar stretches are marked as dark yellow blocks (Dk) along chromosomes and the chromosome lengths are given in megabases (Mb).

Figure 16 :

 16 Figure 16: A) Bar chart summarizing the frequencies of the number variations (CASH) detected per plant. B) Summary of total variations (CASH) identified per chromosome.

Figure 18 :

 18 Figure 18: Graphical summary of the different CASH affecting segments of chromosomes, detected in individuals of the hybrid population through changes in marker genotype. A) Summary of CASH of Westar alleles, represented as dark blue regions (W). B) Summary of CASH of Drakkar alleles, represented as yellow regions (Dk). Chromosome lengths are given in megabases (Mb).

  Figure 19.

Figure 19 :

 19 Figure19: A) Graphical representation of the basic principle of CNV detection based on Log R ratio (LRR) and B-allele frequency (BAF), taken from Nandolo et al[START_REF] Nandolo | Misidentification of Runs of Homozygosity Islands in Cattle Caused by Interference with Copy Number Variation or Large Intermarker Distances[END_REF]. The dots along the plots represent alleles. LRR and BAF are detected in Illumina arrays and represent the observed versus expected signal intensity of a probe at a marker, and the proportion of the B-allele (non-reference allele) hybridizing to the probe, respectively. In combination, these values can be used to identify different kinds of CNV. For instance, deletions tend to lower LRR values. A double deletion (far left) will have random BAF values, while a single deletion will have BAF values that skew either high or low. Duplications (second from the right) will lead to an increase in LRR, with the level of BAF skewing dependent on the numbers of additional copies. Lastly, a segment featuring a run of heterozygosity (right) might falsely be identified as a deletion and vice versa based on alleles alone if LRR and BAF are not taken into consideration. B) Examples of the BAF and LRR signal intensities observed in a stretch of around 10 Mb on chromosome A03 in a member of the segregating population ("GS132"), in which PennCNV detected a single copy deletion (CN=1). The region of the detected CNV is marked in red. C) Example of the BAF and LRR signal intensities observed in a stretch of around 15 Mb on chromosome C06 in the aforementioned individual in which PennCNV detected a single copy duplication (CN=3), marked in red. D) Schematic diagram featuring examples of how the different CNV states may be interpreted, with the differently coloured blobs representing the Drakkar (yellow) and Westar (blue) parental alleles of the hybrid population. The diagrams are schematic and do not represent every single possible allelic combination that could result in a CNV call. In the whole deletion (CN=0) scenario, there are no alleles from either parent. In the single deletion scenario, one parental allele is missing (in the example it is the Drakkar allele), the BAF genotype in this region will be either A or B. The 2 copy or "neutral" scenario represents the signals expected when both parental copies are present; these regions are not detected as CNVs and can be homozygous or heterozygous (BB, AB or AA). A single duplication (CN=3), will feature an additional copy which can come from either parent (BBB, ABB, AAB, AAA). The double duplication (CN=4) will feature double the amount of copies, thereby increasing the overall LRR signal. There are 5 different states of a four copy CNV PennCNV can detect: BBBB (only the B allele), ABBB, AABB, AAAB and AAAA (K.[START_REF] Wang | PennCNV: An Integrated Hidden Markov Model Designed for High-Resolution Copy Number Variation Detection in Whole-Genome SNP Genotyping Data[END_REF]).

Figure 20 :

 20 Figure 20: A) Bar chart summarizing the number of CNVs detected per plant. B) Bar chart summarizing the number of CNV calls per chromosome.

Figure 21 :

 21 Figure 21: Graphical summary of the different unique CNVs detected across the B. napus genome by PennCNV in individuals of the hybrid population. Single duplications (CN=3) are represented as pink blocks, single deletions (CN=1) are light blue, double duplications (CN=4) are purple, and double deletions (CN=0) are dark blue. Chromosome lengths are given in megabases (Mb). A) Summary of all CNV types detected in the population and their location on the genome. B) Summary of all unique duplications detected in the population. C) Summary of all unique deletions detected in the population.

  CNVs detected by PennCNV: two on A02, one on C02 and two on C07. Despite having the same starting position, all CNVs and CASH differed in length. Apart from the large 52 Mp single copy duplication detected on C02, CNVs detected by PennCNV tended to be substantially shorter than the CASH detected via genotype evaluation, with no whole chromosome duplications or deletions being detected by PennCNV but numerous times as CASH in form of genotype stretches.

Figure 22 :

 22 Figure 22: Bar chart comparing the frequencies of variations identified per chromosome the segregating population through genotypic variation and through PennCNV. The frequencies of CASH detected through the genotyping datasets are represented in blue, while the frequencies of CNVs detected by PennCNV are represented in orange. A) Comparison of the total number of variations identified through each method. B) Comparison of the proportion of total calls identified per chromosome for each method.

Figure 23 :

 23 Figure 23: Side-by-side visualization of the size and location of unique CNVs detected by PennCNV and unique CASH identified in the genotype calls across the B. napus genome in individuals of the hybrid population. Matching chromosomes are depicted side-by-side, withCNV calls on the left and CASH visualized on the right. The variations detected were divided into multiple categories to reduce the complexity of the visualization. Stretches of Drakkar alleles (Dk) are represented as yellow blocks, Westar stretches (W) are represented in blue. Single duplications (CN=3) are represented as pink blocks, single deletions (CN=1) are light blue, double duplications (CN=4) are purple, and double deletions (CN=0) are dark blue. Chromosome lengths are given in megabases (Mb). A) Comparison of unique dulications detected by PennCNV types detected to Drakkar CASH. B) Comparison of unique deletions detected by PennCNV to Drakkar CASH. C) Comparison of unique dulications detected by PennCNV types detected to Westar CASH. D) Comparison of unique deletions detected by PennCNV to Westar CASH.

Figure 24 :

 24 Figure 24: Levels of pollen viability in different FIGL1 genotypes visualized via Alexander staining of pollen grains extracted from anthers in mature flowers. Round pollen grains with a purple-red color are viable, while smaller, green grains are not. A) Pollen in the Drakkar x Westar wild-type control unrelated to the segregating population. B) Pollen belonging to an individual with wild-type FIGL1 alleles from the segregating population C) Pollen of a figl1 null mutant. D) Pollen in an individual with an A+A-C-C-genotype. E) Pollen in an individual with an A-A-C+C-genotype. Scale bars = 200 µm.

Figure 25 :

 25 Figure 25: Bar graph comparing proportion of viable pollen between the different mutant phenotypes from the segregating population and the wild-type control. The error bars represent the standard deviations of each category.

Figure 26 :

 26 Figure 26: Photos a set of dried siliques from A) a fertile individual carrying a full set of wildtype alleles and B) Siliques of a sterile figl1 null mutant.

  A). Synapsis is gradually broken up throughout diplotene (Figure 27 B), leaving sets of 19 condensed bivalents visible at diakinesis (Figure 27 C). At this stage, the bivalents are held together only by chiasmata, visible manifestations of meiotic crossovers. At metaphase I (Figure 27 D), these bivalents, still connected via chiasmata, align along the equatorial plane and the homologues are pulled apart to opposite poles at anaphase I (Figure 27 E), resulting in two pools of 19 sets of sister chromatids visible at telophase I (Figure 27 F). The second round of meiotic division involves the subsequent separation of the sister chromatids into four pools of 19 chromosomes that form a pollen tetrad (data not shown).Initial observations of the figl1 knock-outs revealed that early prophase stages did not appear to differ from those observed in the wild-type (Figure27 G), with the progression of synapsis appearing to be unaffected. However, from diplotene (Figure27 H) onwards, a strong defective phenotype became evident, with abnormally shaped, heavily fragmented, entangled chromosomes linked by many chromosome bridges being observed in all PMCs (see below).The heavy fragmentation was especially apparent during metaphase I and anaphase I (Figures 27 J and 27 K), with distorted chromosomes and their fragments seemingly splattered across the meiocyte in Jackson Pollock-esque manner. Chromosomes appeared to have issues aligning along the equatorial plane and then separating to opposite ends of the cell, with many lagging fragments visible at anaphase I. During these stages, it was difficult to make out bivalents or individual chromosomes or due to their abnormal shapes, chromosome bridges and the high number of fragments present. While telophase I was recognizable in the null mutant (Figure27 L), there were no distinct sets of 19 chromosomes. After telophase I, it became difficult to distinguish the different stages of the second meiotic cell division from one another, however, fragmentation and the presence of lagging chromosomes were observed until the tetrad stage. By contrast, there appeared to be no difference between somatic cells surrounding the meiocytes in the wild-type and the mutant.

Figure 27 :

 27 Figure 27: Comparative DAPI spreads of meiotic progression in the wild-type Drakkar x Westar hybrid (A-F) and the figl1 null mutant (G-L). Pachytene (A and G), Diplotene (B and H) Diakinesis (C and I), Metaphase I (D and J), Anaphase I (E and K), Telophase I (F and L). Scale bars = 5 µm.

Figure 28 :

 28 Figure 28: Selection of metaphase I images of figl1 null mutants, showcasing the Jackson Pollock-esque splatter phenotype with high levels of fragmentation and entanglement of chromosomes and fragments through bridges. Scale bars = 5 µm.

Figure 29 :

 29 Figure 29: Examples of the three categories used to evaluate levels of meiotic defects. A) A "wild-type-like" metaphase I featuring no fragmentation. B) A metaphase I with light fragmentation in which two fragments are visible, indicated by white arrows. C) A metaphase I featuring heavy fragmentation with more than three fragments visible. Categories A) and C) were used for the quantification of meiotic defects, while PMCs falling into category B) were treated as qualitative observations. Scale bars = 5 µm.

Figure 30 :

 30 Figure 30: Example of the wild-type meiotic progression observed in the A+A+C+C+ (FIGL1 wild-type) genotype of the segregating hybrid population. A) Pachytene B) Diplotene C) Diakinesis D) Metaphase I E) Anaphase F) Telophase I. Scale bars = 5 µm.

Figure 31 :

 31 Figure 31: Bar charts graph comparing the different frequencies of fragmentation between the selected genotypes (summarized in Table 5). A) Summary of the PMCs falling under the tree categories as proportions of the total number of PMCs counted for each genotype. The proportion of cells featuring heavy fragmentation is represented in dark gray, the proportion of cells categorized as lightly fragmented is shaded in diagonal lines and the "wild-type-like" category is light gray. B) Summary of the percentage of PMCs with high levels of fragmentation observed in the different genotypes and the wild-type control. The error bars represent the standard deviation between the measurements in different individuals of the same genotype, hence there are no error bars for A+A-C-C-and A-A-C+C-, as only one individual for each genotype was evaluated.

Figure 32 :

 32 Figure 32: Schematic representation of the genealogy of plants used to generate the segregating hybrid population of FIGL1 mutants (see Figure 6 for more context). The plants with the red "Genotyping" label, are the individuals that are awaiting genotyping. Plants 11 (Drakkar) and 54 (Westar) were the parental plants of the segregating population. Drakkar plant 16, the other Drakkar parent, was sent for genotyping but did not pass the quality control.

Figure 33 :

 33 Figure 33: Side-by-side visualization of unique CNVs detected by PennCNV (left) and the distribution of selected high-quality markers along the 19 chromosomes of Brassica napus. Individual SNPs are represented as black bands and chromosome lengths are given in megabases (Mb). A) Comparison of unique duplications detected by PennCNV compared to the SNP distributions.Double duplications (CN=4) are purple and single duplications (CN=3) are represented as pink blocks. B) Comparison of unique deletions detected by PennCNV to SNP distributions. Single deletions (CN=1) are light blue and double deletions (CN=0) are dark blue.

FIGL1

  FIGL1 mutants. It is known that polyploids require additional mechanisms to ensure a diploidlike behavior during meiosis and ensure meiotic stability, which involves the suppression of CO formation between homeologous chromosomes. It has recently been shown that certain meiotic genes, such as MSH4 affect non-homologous crossover levels in B. napus in a dosage dependent manner. It was shown that MSH4 knock-downs with a single functional copy featured lower levels of non-homologous recombination in allohaploid B. napus lines compared

FIGL1

  FIGL1 homologues were identified through BLASTing the Arabidopsis protein sequence against the Brassica napus reference genome Darmor-bzh version 10 (www.genoscope.cns.fr/projet_CCM/cgi-bin/webBlat). This led to the identification of A02p35110.1_BnaDAR on chromosome A02 (position 28089632 to 28093259) of the A subgenome inherited from Brassica rapa, and C02p53750.1_BnaDAR on chromosome C02 (position 53764593 to 53769148) of the C subgenome inherited from Brassica oleracea. Both FIGL1 sequences produced the highest scoring hits with an identity of 90% or higher and a length of over 3000 bp. No other such hits were produced. As the Darmor version 10 annotation of BnaA.FIGL1 was shorter than annotations in all other Brassicaceae species and accessions queried, the amino acid sequence based on the Darmor version 8 annotation was used, as, apart from the annotation, the sequence was identical to the version 10 sequence.

  purposes and omitted from the analysis (see Figure34for examples of removed SNPs). As mentioned in the results section, CASH were scored when individuals featured a Drakkar or Westar genotype instead of the expected hybrid genotype of the Drakkar x Westar control in a segment more than two SNPs in length.

Figure 34 :

 34 Figure 34: Example of the kinds of SNPs that were omitted from the genotype evaluation. The headers represent a selection of control genotypes, a Drakkar plant (DK3), a Westar plant (W3), and a Drakkar x Westar hybrid (DkxW12). Each row is a different SNP. Top row: twoomitted SNPs for which one of the parental alleles, in this case the Westar allele, is heterozygous like the hybrid allele, making it difficult to determine the origin of the genotypes in the hybrid population. Middle row: a "typical" SNP behaving as expected that is retained for genotype evaluation, bottom row: a SNP that is monomorphic in all genotypes that is also omitted.

Figure S1 :

 S1 Figure S1: Schematic diagram of the genotyping-by-restriction that was employed to identify selected mutations in the two plant lines and later the segregating hybrid population. BnaA.FIGL1 and BnaC.FIGL1 are represented as orange and blue boxes labeled "A" and "C", respectively. Amplicons containing the mutation regions are represented as blocks on top of the genes. Red arrows represent an approximate cutting site of the restriction enzymes, which all cut in the wild-types sequence. The orange amplicon represents a shortened amplicon due to a large deletion in BnaC.FIGL1 mutation in the Westar line. A) Overview of the different regions of interest and potential restriction sites in the Drakkar (yellow box) and Westar lines (blue box). Only one allele is shown but there would normally be two. B) Overview of how a true null mutant is detected in a hybrid. The red boxes represent corresponding Westar and Drakkar alleles amplified by copy specific primers, and the pictures on the right represent gel images of the expected bands produced by the digestion, along with one Sanger sequence.The top row features the mutant sequence in the Drakkar BnaA.FIGL1 copy, which is not cut by the restriction enzyme, while the wild-type Westar sequence is, producing two bands. The second row shows the sgRNA1 region, in which both lines feature a mutation. As there were issues with the restriction enzyme BseMII at this stage, the amplicons were Sanger sequenced to differentiate between the genotypes. The screenshot represents a peak signature of a double mutant in this region. The third row represents the sgRNA2 region of the C copy, in

Figure S2 :

 S2 Figure S2: Schematic demonstration how the aforementioned genotyping-by-restriction strategy mentioned in figureS1was unable to account for aneuploidy and structural variation, leading to inaccurate genotype calls. A) Demonstration of how an individual with a deletion on chromosome A02 from the Drakkar parent could be incorrectly genotyped as a wild-type using the aforementioned system. The restriction enzyme will cut in the wild-type sequence (just imagine the red arrows representing the restriction sites are in this diagram), and the Sanger sequence will feature the wild-type sequence. For both of these methods, there is no way of verifying if the signal detected came from two alleles or only one. The identification of the mutations in the C-copy remains accurate, as these regions are not affected by a rearrangement. B) This scenario represents how an individual with a duplication on chromosome A02 coming from the Drakkar parent could be incorrectly identified as a null mutant. Looking at row one, there are now two wild-type sequences, the expected one coming

Figure S3 :

 S3 Figure S3: Graphs summarizing the quality statistics of the samples genotyped through the Illumina array with outlier samples labeled. Samples 124, 100 and 117 were removed from the analysis due to their poor performance. A) Graph of plotted call rates for all genotyped samples. Call rates represent the percentage of SNPs for which a genotype was called based on their GenCall score being higher than the specified threshold. B) The 10th percentile GenCall score over all SNPs for each sample (p10GC) plotted against the sample call rate.

Figure S5 :

 S5 Figure S5: R-script used to generate graphs visualizing data along chromosomes using the idiogramFISH R-package. The specific script was used to generate the graph from Figure 13, however the scripts are the same for all the other graphs except for the position input
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 2 Figure 2: A) Maximum likelihood tree based on the HEI10 amino acid sequences of various angiosperm species and outgroups. The colored disks represent WGDs of different ages, which are indicated in the legend on the bottom left. Branch colors match the WGD the duplicates originated from. Pink triangles represent tandem duplicates. Long arrows connecting branches associate duplicates originating from the same WGD which have been misplaced in the phylogeny due to factors such as sequence fractionation, as well as the correction of evolutionary relationships. B) a. Bar charts summarizing the number of species carrying one to six complete copies of genes encoding different ZMM proteins in a selection of angiosperm species. Only full copies were scored. b. Pie charts breaking down the age of the retained duplicates based on the last WGD they could be attributed to. The legend on the right indicates what colors represent which WGD age. Duplicates originating from WGD of unknown age or small-scale duplications marked in gray. Autopolyploid duplicates are excluded from the analysis.

Figure 3 :

 3 Figure 3: Schematic diagram of the variation in HEI10 duplicate retention between the Brassica rapa accessions R-o-18, Z1 and Chiifu. The three distinct HEI10 orthologues are color-coded, with boxes representing exons. Transparent boxes represent exons that could not be detected in the gene sequence due to partial fractionation of the copy.Copies where all exons are transparent represent duplicates are presumed to be lost as they could not be detected in the assembly. The yellow triangle on exon 5 of the HEI10 copy on chromosome 5 of the Z1 accession represents a mutation encoding a premature stop codon at this position.

Figure 4 :

 4 Figure4: Phylogenetic tree generated using the cDNA sequences of the HEI10 orthologues detected in B. napus and its progenitor species. Each sequence is labeled with its species name, followed by the gene abbreviation and accession name. The numeric values represent Chi 2 -based parametric values returned by the approximate likelihood ratio test. Note that the Chiifu sequence was used for the A06 B. rapa copy, but using the Z1 sequence did not alter the phylogenetic relationships depicted.

Figure 5 :

 5 Figure 5: Pie charts representing the proportion of HEI10 transcription in B. napus from different copies based on the transcriptomic data generated by Lloyd et al. (2018). Transcription was measured in Darmor (A), and Yudal (B), two accessions representative of distinct gene pools.

Figure 6 :

 6 Figure 6: Schematic overview of the bioinformatics pipeline. A) General overview of the different stages and potential components of the analysis. B) More detailed but putative overview of the variant calling component of the pipeline and outline of the general tools used at the different stages.First, a custom script combining grep and awk (Linux) allowed for the generation of custom gff and bed files from the original reference genome gff file by using a custom list of IDs as an input file. The generated bed file can then be used by bedtools to extract the gene sequences and their flanking regions from the original reference genome fasta file, producing a custom fasta assembly. Raw reads can then be aligned against the custom reference genome and its corresponding gff file can be provided as an additional input. The resulting BAM file can be processed by a variant calling tool such as GATK to produce a vcf file that allows for variant annotation and quantification through further tools. So far, the pipeline has been developed and tested up to the alignment stage.

Figure 7 :

 7 Figure7: A conceptual diagram to illustrate how alignments can be used for detection of structural and copy number variation through read depth using an assembly with one full reference per gene. In this case, the three HEI10 orthologues are depicted as theoretical examples. Gray lines represent aligned reads. Regions with double the read depth of the assembly-wide average are indicative of a duplication (illustrated as an example on A08), while sequences featuring reads mapping to certain areas but not the entirety of the gene represent partial copies. For this reason, it was important to identify and use the most complete version of each gene as a reference. The right alignment parameters will then allow me to distinguish between copies that are full, partial, or completely absent.

Figure 10 :

 10 Figure 10: Schematic diagram of the creation of the segregating population of BnA06/BnC06 deletion mutants and the genotypes expected within it. The same principle was applied to the two duplication lines. So far, the F1 double heterozygotes have been identified and selfed, so their offspring should feature genotypes ranging from double mutants to individuals featuring a full set of wild-type alleles, with all possible combination in between.

Figure 11 :

 11 Figure 11: Overview of regions in Brassica oleracea (var. DH1012) targeted by sgRNAs.Boxes represent exons. The guides are not copy-specific. The first sgRNA targets the conserved RING finger domain and the second and third target the coiled coil domain. The fourth guide targets the end of the gene on exon 7, which is the only region in which a mutation was detected. Yellow triangles represent regions in which there is a complete match with the sgRNA sequence, red triangles represent sequences that feature a mismatch at the distal end of the sgRNA, which should still allow for targeting. As the CN copy is missing the first four exons, there is no target for sgRNA1 in this region, which is represented by the transparent triangle.

Figure 12 :

 12 Figure 12: Schematic overview of the regions of the Camelina sativa HEI10 copies targeted by the 4 sgRNAs. Boxes represent exons and the yellow arrows represent the approximate target region. As all 4 sgRNAs target all three HEI10 copies on chromosomes 3, 14 and 17, only one sequence is depicted.

Figure 14 :

 14 Figure 14: Comparison of two metaphase I spreads between the null mutant (A06-/-, A05-/-, A08-/-) (A), and individual with a full set of functional alleles (A06+/+, A05+/+, A08+/+) (B). In the case of the null mutant, around 12 univalents and four bivalents can be observed, while the metaphase I spread of the individual with functional alleles appears to feature 10 bivalents. Scale bars represent 5 μm.

Figure 15 :

 15 Figure 15: Comparison between the different knock-outs for individual HEI10 copies. Scale bars represent 5 μm. A) Metaphase I of an A08 knock-out (A06+/+, A05+/+, A08-/-), featuring what appear to be 10 bivalents. B) Metaphase I of an A05 knock-out, featuring 9 bivalents and 2 univalents (A06+/+, A05-/-, A08+/+). C) Metaphase I of an A06 knock-out, featuring 7 bivalents and 6 univalents (A06-/-, A05+/+, A08+/+). D) Graph comparing average bivalent frequencies of the individual knock-outs to the individual with the full set of functional alleles as well as the full knock-out. The error bars represent the standard deviation in genotypes where more than one plant was sampled.

Figure 15 :

 15 Figure 15: Comparison between individuals with single functional alleles of different HEI10 copies. Scale bars represent 5 μm. A) Metaphase I of an individual with a functional A08 allele (A06-/-, A05-/-, A08+/-), featuring what appear to be 5 bivalents and 10 univalents. B) Metaphase I of an individual with a functional A05 allele (A06-/-, A05+/-, A08-/-), featuring 4 bivalents and 12 univalents. C) Metaphase I of an individual with a single A06 allele (A06+/-, A05-/-, A08-/-) featuring what appear to be 10 bivalents. D) Graph comparing average bivalent frequencies of mutants with different single functional alleles to the individual with the full set of functional alleles as well as the full knock-out. Error bars represent the standard deviation in genotypes where more than one plant was sampled.

  net) was used to identify potential sgRNA sequences targeting the open reading frame of the HEI10 copies. Off target hits were screened against version 10 of the Darmor assembly. Further selection criteria include: a high, homogeneous score for the Doench, Mor-Mateos and Xu parameters, a GC content between 45% and 60% along the length of the guide and, where possible >50% in the six nucleotides upstream of the PAM and no more than 3Ts. In combination with a U6 promoter, guides need to start with a G (or have the first base replaced by a G).Verification of IDs and sequence lengths for use in the reference assemblyTo construct the reference genomes, I made use of a list of meiotic genes that my supervisor had cultivated over the years to get a hold of the names and IDs of meiotic genes identified in Arabidopsis thaliana, along with the IDs of their Brassica rapa, Brassica oleracea and Brassica napus orthologues. In the original table, the IDs from B. rapa were taken from version 1.5 of the Chiifu assembly, while the capitata(Liu et al. n.d.) and T-o-1k (Parkin et al. 2014) IDs were provided for the B. oleracea orthologues. In B. napus, IDs for Darmor version 3 and 5 were available. I decided to add the IDs of the B. rapa Z1 accession (Belser et al. 2018), as the assembly was more recent and larger than Chiifu ver. 1.5. The most recent B. napus IDs for Darmor version 10 (Rousseau-Gueutin et al. 2020) were also added. I decided to use the Darmor version 10, T-o-1000 and Z1 IDs as my primary references for use in the custom assemblies.

Figure 16 :

 16 Figure 16: Flow chart illustrating the selection process for what sequence to use in the final reference.This chart assumes that the sequence produces an annotated hit when queried using related sequences (such as the Arabidopsis amino acid sequence), and that the sequence does not map onto other genes with a higher score than the target.

Figure S1 :Figure S2 :

 S1S2 Figure S1: Clustal Omega alignment between the protein sequences of Arabidopsis HEI10 and the three C. sativa HEI10 copies on chromosomes 3, 14 and 17.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  discovery of the PrBn locus in 2003 represents a notable development in allopolyploid meiosis research. PrBn was first characterized in the allohaploid context (AC, n = 19), by comparing the meiotic behavior of B. napus allohaploids generated from different accessions with different numbers of univalents

Table 1 :

 1 Summary of the percentage of participants from the two sectors who selected "important" or "very important" in response to a modification approach.

	% positive answers: "important" + "very important" ("very important")	
		private	public
	Increasing genome wide	63% (8%)	78% (27%)
	crossover (CO) rates		
	Introducing CO in otherwise	75% (21%)	92% (53%)
	cold (e.g: pericentromeric)		
	regions		
	Promoting alien	67% (38%)	94% (63%)
	introgressions		
	Reducing the size of pre-	67% (58%)	82% (53%)
	existing introgressions		
	Targeting of COs to specific	88% (46%)	90% (65%)
	regions of the genome		
	Decreasing genome-wide	38% (8%)	55% (12%)
	COs to fix material		

Table 2 :

 2 Complete summary of the responses given by public and private sector participants on which plant species they believed would benefit most from modification of meiotic properties.

	Species	Private	Public
	wheat	4	20
	any/all	6	9
	rice	0	8
	tomato	2	5
	cereals	2	5
	maize	3	5
	oilseed rape	4	4
	barley	0	4
	polyploids	1	3
	potato	1	2
	cassava	0	2
	soybean	0	2
	clonally propagated plants	0	1
	vegetable crops	1	1
	orphan crops	0	1
	crops with large cold regions	0	1
	don't know	2	1
	species with long generation times	1	1
	trees	0	1
	large genome crops	0	1
	beet	1	0
	allogamic species	1	0
	allium species	1	0

Table 2 :

 2 Summary of unique mutations identified in the Westar and Drakkar lineages.

Table 3 :

 3 Overview of mutations featured in final selection to generate cas9 free mutants for further crossing and analysis.

Table 5 :

 5 Summary of SNP coverage across the B. napus genome. Chromosome lengths were obtained from the Darmor version 10 assembly.

  ). A total of 202 unique CNVs were identified out of 329 total calls. The largest CNV detected was a 52,084,571 bp single copy duplication spanning most of C02, while the smallest CNV was a 395 bp single copy deletion on C07. The average CNV size was 1,396,177 bp. There were 15 individuals in which no CNVs were detected, and 12 individuals in which there was only one. The highest number of CNVs detected in one individual was 21. On average, there were around 3.76 CNVs per individual.

	50% of CNVs called (164 calls) were duplications featuring an additional allele (e.g: Figure 19
	D, CN=3), with single-allele (Figure 19 D; CN=1) loss representing the second most common
	class of CNV with 42% of calls (

  knock-outs were sterile. While only one functional allele was necessary to safeguard fertility, meiotic stability in the knock-down mutant was still impaired, leading to genomic rearrangements in the offspring. Therefore, FIGL1 is not a suitable target to generate a hyper recombinant Brassica napus line, as the role it plays in maintaining genomic integrity in the gametes is too important and mutations have the potential to adversely affect growth and fertility, something which is undesirable from a plant breeding standpoint. Taking into consideration that Brassica napus is the closest relative of Arabidopsis in which this gene has been targeted in so far, and that most crop genomes are substantially larger than the Arabidopsis genome, it is very unlikely that FIGL1 will represent a useful target for any kind of modification of meiotic behavior in other crop species, considering what was observed in B. napus and the diploid figl1 mutants. It is likely that similar effects on genome stability could occur if FIGL1 is targeted in other polyploid crops such as wheat. This study therefore vindicates the caution of plant breeders, who generally do not take results obtained on model species for granted and require further validation on crop species (see the survey results in chapter 2).If there is one thing that can be learned from previous translational research exploring the effects of meiotic genes in crops, it is that polyploid meiosis can be specific and meiotic genes can often have additional effects on meiosis in ways that are hard to predict and that cannot be foreseen in diploid models. Additionally, novel mechanisms evolved independently after WGD events to safeguard meiotic stability in different polyploid species. Notable examples of this are the Ph1 and Ph2 loci in Triticum aestivum

Table S4 :

 S4 Primers and restriction enzymes used for the genotyping of selected FIGL1 mutations and to check for the presence of the cas9 construct in the Drakkar and Westar lines.

	Species Accession	Link	Publication
				Rousseau-
	Brassica	Darmor-bzh	www.genoscope.cns.fr/projet_CCM/cgi-	Gueutin et
	napus	version 10	bin/gbrowse/bnapus-bzh/	al. 2020
	Brassica			
	napus	ZS11		
	Brassica			
	napus	Gangan		
	Brassica			
	napus	Zheyou		
	Brassica			
	napus	Westar		
	Brassica			
	napus	Shengli		
	Brassica			
	napus	Tapidor		
	Brassica			
	napus	Quinta		
	Brassica			Song et al.
	napus	No2127	cbi.hzau.edu.cn/bnapus/	2020
	Brassica		https://www.genoscope.cns.fr/projet_BKK/cgi-	Istace et al.
	rapa	Z1	bin/gbrowse/brapa/	2021
	Brassica		https://www.genoscope.cns.fr/projet_BKK/cgi-	L. Zhang et
	rapa	Chiifu	bin/gbrowse/brapa/	al. 2018
	Brassica			Kim et al.
	oleracea Capitata		2014
	Brassica		https://www.genoscope.cns.fr/projet_BKL/cgi-	Parkin et
	oleracea T-o-1000	bin/gbrowse/boleracea/	al. 2014

Table S5 :

 S5 The nested primers used in the genotyping of the selected mutations in more detail.

	Nested Primers				
					Annealing	Extension
	Target	Name	Type	Sequence 5'-3'	temp (°C )	time
	sgRNA1 A FIGL1_1-nested_f forward	AGGAGCGATGAAAGCACGAT	56.9	1 minute
	sgRNA1 A FIGL1_1-nested_r reverse	ACGGAGTTCTGGAGGAAGGA		
	sgRNA2 A FIGL1_3_2A_fwd forward	AGATTGGCGAAGGTGAAAAGC	53.7	1 minute
	sgRNA2 A FIGL1_3_2A_rev	reverse	GAGAATTTGCTCACTGCCGC		
	sgRNA2 C FIGL1_4_2C_fwd forward	ACATACAGATTGGCGAAGGTGA 52.6	1 minute
	sgRNA2 C FIGL1_4_2C_rev	reverse	GCTGTGGCAAAGGGTGAAAG		

table .

 . 

	install.packages("idiogramFISH")
	#plotting of whole chr deletions
	dfMarkColor<-read.table("dfMarkColor.txt", header=TRUE) #legend color table
	fulldelpos<-read.table("fulldelpos.txt", header=TRUE) #table of positions
	of deletions
	plotIdiograms(dfChrSize, dfMarkColor=dfMarkColor, dfMarkPos=fulldelpos,

Table S7 :

 S7 Summary of average pollen viability scores in the selections of the different FIGL1 genotypes and the unrelated wild-type control along with the standard deviation (SD) of each category.

	genotype	no. of plants viability (%) SD (σ)
	A-A-C-C-	2	6.08	0.48
	A+A-C-C-	5	97.54	1.20
	A-A-C+C-	3	90.73	8.93
	A+A+C+C+ 2	97.25	1.77
	wt control 3	98.65	0.78

Table S8 :

 S8 Summary of meiotic phenotype scores in the different FIGL1 genotypes. The "wt control" category features the scores of the Drakkar x Westar F1 hybrids unrelated to the segregating population. Maria Luisa Chiusano, Maria Raffaella Ercolano, Giovanni Giuliano, Silvana Grandillo, and Luigi Frusciante. 2008. "Structural and Functional Genomics of Tomato." International Journal of Plant Genomics 2008: 820274. Berchowitz, Luke E., Kirk E. Francis, Alexandra L. Bey, and Gregory P. Copenhaver. 2007. "The Role of AtMUS81 in Interference-Insensitive Crossovers in A. Thaliana." PLoS Genetics.

	genotype	no. of	meiotic phenotype			
		plants				
			heavy	light	no	total
			fragmentation	fragmentation	fragmentation	meiocytes
	A-A-C-C-	4	253	16	0	269
	A+A+C+C+ 2	2	11	149	162
	A+A-C-C-	1	4	11	25	40
	A-A-C+C-	1	3	8	49	60
	wt control 3	0	5	156	161
	Works Cited					
	"Analysis of the Genome Sequence of the Flowering Plant Arabidopsis Thaliana." 2000. Nature 408 (6814):
	796-815.					
	Armstead, I. P., A. Bollard, I. P. King, J. W. Forster, M. D. Hayward, G. M. Evans, and H. M. Thomas. 1999.
	"Chromosome Pairing in Lolium Perenne × L. Temulentum Diploid Hybrids: Genetic and Cytogenetic
	Evaluation." Heredity. https://doi.org/10.1038/sj.hdy.6885730.		
	Barone, Amalia,					
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Table 1 :

 1 Summary of HEI10 copies identified in Camelina sativa.

	Gene Name	Location Status
	Csa03g060760 Chr 3	Complete
	Csa14g064060 Chr 13	Complete
	Csa17g093910 Chr 17	Complete

  ). Similar to what was observed in B. oleracea, the B. napus orthologue of BnCN was missing the first four exons in some accessions, but was complete in others. So far, no accession featuring an orthologue of the B.

	rapa HEI10 copy on chromosome 8 was identified in B. napus, although I was able to identify
	a fractionated remnant sequence of around 100 bp in length on chromosome A08 in multiple
	assemblies.

Table 2 :

 2 Overview of HEI10 copies identified in B. oleracea, B. rapa and B. napus and any variation detected in the selection of accessions surveyed so far, along with the location of each copy and the abbreviation that will be used to refer to it for the remainder of this text. For more details see TableS1in the supplementary section.

	Species			
	Brassica oleracea (T-			
	o-1000)			
	Gene ID	Chromosome Status	Abbreviation
	Bo3g184060	3	complete	C03
	Bo00534s170	6	partial fractionation in some accessions CN
	Bo6g095330	6	complete	C06
	Brassica rapa (Z1)			
	Gene ID	Chromosome Status	Abbreviation
	BraA05t20718Z	5	partial fractionation in some accessions A05
	BraA06t23327Z	6	complete	A06
	BraA08t32208Z,	8	missing in some accessions, duplicated	A08_8Z,
	BraA08t32205Z		in others	A08_5Z
	Brassica napus			
	(Darmor v10)			
	Gene ID	Chromosome Status	Abbreviation
	A06p00990.1_BnaDAR	A06	complete	BnA06
	C06p09250.1_BnaDAR	C06	complete	BnC06
	A05p18220.1_BnaDAR	A05	complete	BnA05
	C06p14980.1_BnaDAR	C06	partial fractionation in some accessions BnCN
	C03p91550.1_BnaDAR	C03	complete	BnC03
	no A08 orthologue	A08	125 bp remnant found in some	BnA08
			accessions	

Table 3 :

 3 Final selection of sgRNAs and their targets.

	sgRNA sequence	!"#$% strand	targets
	GTGTCAGATGATGGAGCAAG	5	fwd	C06, A05, CN, C03
	GCAGTGTCGTCAGAAATGTGA	5	fwd	A06, C06, A05, CN
	GTGATCAAGTACTCTCCAAG	2	fwd	A06, C06, A05
	GTCTAGTCTAATGAAGCCTG	3	fwd	A06
	GCTTAGTCTAATGAAACCTG	3	fwd	C03
	GCAGTGCCGTCAGAAATGGGA	5	fwd	C03

Table 5 :

 5 Summary of genotypes of interest detected in the segregating population.

	Description	Genotype	no. of
			individuals
	full set of functional alleles	A06 +/+, A05 +/+, A08 +/+	1
	A05 knock-out	A06 +/+, A05 -/-, A08 +/+	5
	A06 knock-out	A06 -/-, A05 +/+, A08 +/+	1
	A08 knock-out	A06 +/+, A05 +/+, A08 -/-	1
	single functional A05 allele	A06 -/-, A05 +/-, A08 -/-	4
	single functional A06 allele	A06 +/-, A05 -/-, A08 -/-	3
	single functional A08 allele	A06 -/-, A05 -/-, A08 +/-	4
	single functional A05 copy	A06 -/-, A05 +/+, A08 -/-	0
	single functional A06 copy	A06 +/+, A05 -/-, A08 -/-	1
	single functional A08 copy	A06 -/-, A05 -/-, A08 +/+	4
	full knock-out	A06 -/-, A05 -/-, A08 -/-	2
	Preliminary Cytological Results	

Table 6 :

 6 Summary of average bivalents scored in the full KO and "full functional allele" genotypes.

	Description	Genotype	Average	Samples/PMC
			Bivalents	
	full KO	A06-/-, A05-/-, A08-/-	3.8	2; n=58, n=133
	full wild-type A06+/+, A05+/+, A08+/+	10	1; n=4

Table 7 :

 7 Summary of bivalent frequencies and the number of plants analyzed for different individual knock-out genotypes.

	Description	Genotype	Average	Samples/PMC
			Bivalents	
	A05 knock-out A06+/+, A05-/-, A08+/+	9.7	3; 35 n=17, n=6, n=12
	A06 knock-out A06-/-, A05+/+, A08+/+	8.3	1; n=26
	A08 knock-out A06+/+, A05+/+, A08-/-	10	1; n=5

Table 8 :

 8 Summary of bivalent frequencies and the number of plants analyzed for individuals with single functional alleles of different HEI10 copies.

	Description	Genotype	Average	Samples/PMC
			Bivalents	
	single A05 allele	A06-/-, A05+/-, A08-/-	4.4	1; n=56
	single A06 allele	A06+/-, A05-/-, A08-/-	10	2; n=37, n=10
	single A08 allele	A06-/-, A05-/-, A08+/-	5.4	1; n=48

Table S3 :

 S3 List of sgRNAs designed by Eric Jenczewski used to target HEI10 copies in B. oleracea. The guides were divided into two constructs.

	Target		Name		Type	Sequence
	C6/A6 polymorphism amplification	pC6A6_F1_b		forward	TGGGTCAATGTAAGTGGTTGAG
	C6/A6 polymorphism amplification	pC6A6_R1		reverse	TGGGAACGTTACAAAACTGGA
	C6/A6 polymorphism pyrosequencing pC6A6_S1		sequencing TAGCATCCTTGCGTAG
	C6/A6 polymorphism pyrosequencing (pyro)A5C3_F1_B	forward	GTGTCAGATGATGGAGCAAGAG
	C3/A5 polymorphism amplification	(pyro)A5C3_R1	reverse	TCTTGTTTATCCTTGGTCAAGTT
	C3/A5 polymorphism pyrosequencing (pyro)A5C3_S1	sequencing GTTTATCCTTGGTCAAGTT
	only targeting the C06 deletion	PA6C6DELonlyC6_F forward	GAAACTTGAGGAAGGTCATAGC
	only targeting the C06 deletion	PA6C6DELonlyC6_R reverse	TCTACACCATAGAAAAAGATGTC
	only targeting the C06 deletion	PA6C6DELonlyC6_S sequencing TTGAGGAAGGTCATAGC
	the A06 deletion and A08/C03 segment PA6A8C3_F		forward	GAAACTTGAGGAAGGTCATAGC
	the A06 deletion and A08/C03 segment PA6A8C3_R		reverse	TCTACACCATAGAAAAAGATGTC
	the A06 deletion and A08/C03 segment PA6A8C3_S		sequencing TTGAGGAAGGTCATAGC
	A06 duplication and C05 segment	PA6C5DUP_F		forward	GATCAGTGTCGGAGACATGTACG
	A06 duplication and C05 segment	PA6C5DUP_R		reverse	CAGCTCGGAATCTCAAGAACC
	A06 duplication and C05 segment	PA6C5DUP_S		sequencing TGTACGCAGAGGAAGA
	C06 duplication and A10 segment	PC6A10DUP_F		forward	AAACAGGTAAAGGCGGATCTGA
	C06 duplication and A10 segment	PC6A10DUP_R	reverse	ACTACCGTGTCACACACTTCCA
	C06 duplication and A10 segment	PC6A10DUP_S		sequencing AAAGGCGGATCTGAA
	Name	Sequence		Targets	Construct
	sgRNA1 (g1)	AGCAAGATTCTCAGTAATGA	C03	Construct 1
	sgRNA2 (g13) TGTTATCAGATGGCGATGGC	C06, C03, CN	Construct 1
	sgRNA3 (g4)	GCAAATAACTTCTATCCACG	C06, C03, CN	Construct 2
	sgRNA (g15)	CTATTAAACGCTCTCAGCTC	C06, C03, CN	Construct 2

A similar level of consensus was also observed in participants' responses to whether the manipulation of meiosis will become increasingly important because new traits will need to be selected to meet future challenges affecting crop productivity, with the majority of participants in both sectors agreeing (but not strongly agreeing) with the statement, although a higher proportion of private sector participants selected neutral responses (22% in the private sector versus 4% of neutral public sector responses). However, there was one notable exception to the general trend of agreement in the form of a public sector participant who appeared to emphatically disagree with the aforementioned statements, instead deeming the modification of meiosis in plant breeding to be "rather pointless" and disagreeing that it will play an important role in the future.

Evaluating Strategies to Modify Meiotic Behavior in Crops

In this section, participants were asked to evaluate different strategies through which meiotic behavior in crops could be modified (Figure 11).

How would you evaluate the feasibility/usefulness of the following strategies to modify meiotic behavior?

Evaluation of crop species that could benefit most from modification of meiotic properties

There was some consensus between the public and private sector responses regarding what kind of crops participants believe would benefit most from a modification of meiotic properties, but there were also some notable discrepancies (Figure 13 and Table 2). Wheat was the crop most frequently mentioned by public researchers, listed by 20 out of 48 respondents. This was followed by "any or all" crops, with 9 responses. Wheat was also one of the most popular crops in the private sector, along with oilseed rape, which were both mentioned by 4 out of 23 participants. However, with 6 mentions, "any or all crops" was the most popular response among private sector respondents. The next most popular crop following wheat and oilseed was maize with three mentions, followed by tomato, cereals in general and "don't know", which were all mentioned in 2 responses each. In the public sector, the third most popular crop after wheat and "any/all" was rice (9 mentions) followed by tomato

(5), cereals in general (5), maize (5) and then oilseed and barely (4 each). 

Supplementary Section

Figure S1: Transcript of the entire survey the way it appeared to survey participants.

Detection of Variation in the Genotyping Datasets

A general overview of the genotyping data set was generated by processing the genotype call report provided by TraitGenetics. Genome-ordered graphical genotypes (GOGGs) were visualized using Microsoft Excel as in [START_REF] He | Genome Structural Evolution in Brassica Crops[END_REF], and the raw report was filtered and re-ordered to match the optimized SNP selection. For each SNP, the genotype calls of the wild-type Westar, Drakkar and Westar x Drakkar hybrids were used to identify the corresponding genotypes in the hybrids of the segregating population (Figures 13 and14).

As expected, the vast majority of SNPs in the hybrid population were heterozygous, combining both the Drakkar and Westar alleles. However, even if the markers were first selected to be Chromosome C03 featured the most Drakkar segments, with 18, while there were no blocks detected on chromosomes A02, A05, A10, C01, C05 and C09. These regions most likely illustrate the fact that the Westar plants we used as controls were not exactly the same as the plants used for transformation at IGEPP. All aforementioned segments were discarded from the further stages of the genotyping analysis.

While there were a few SNPs with Westar alleles in all hybrids of the segregating population for which the control hybrids were heterozygous, none of these regions encompassed more than two SNPs (for more information on marker selection criteria, see Methods and Protocols" [START_REF] Pradillo | Plant Meiosis: Methods and Protocols[END_REF]. Copy specific primers were also used to amplify the regions around the sgRNAs in Drakkar and Westar (see Table S1 in the supplementary section for an overview of genotyping primers) to verify homology with the Darmor reference. In the end, three sgRNAs targeting three regions within both FIGL1

homeologues were selected (see Table S2 for overview of sgRNA sequences).

Design and Synthesis of CRISPR-cas9 construct

The vector structure and the protocol detailing its construction are described in section 3.2.3 ("Vector Construction") of the book "Plant Meiosis: Methods and Protocols" [START_REF] Pradillo | Plant Meiosis: Methods and Protocols[END_REF]. Briefly, the construct was designed to contain the three sgRNAs, with each expression cassette featuring either the Arabidopsis or B. napus U6 promoter, followed by the sgRNA scaffold and the U6 terminator sequence, and was synthesized by a company called GeneArt. The construct featured integrated Gateway-vector specific sequences, which allowed for Gateway cloning into a pDe-Cas9 plasmid for Agrobacterium-mediated transformation.

Plant material and growth conditions

Plants of the B. napus varieties Westar and Drakkar were grown in standard greenhouse conditions with a long day light cycle. Plants were vernalized in a cold room with a short-day light cycle and a temperature of 4 degrees Celsius. Both Westar and Drakkar plants were vernalized for a minimum of 3 weeks.

Agrobacterium-mediated transformation of CRISPR-cas9 construct

Excised cotyledons of the B. napus varieties Westar and Drakkar were transformed with the Agrobacterium tumefaciens strain C58C1 following the protocol described in Pfalz et al. "Plant Meiosis: Methods and Protocols" (Pradillo and Heckmann 2020) (sections 3.2.4).

Genotyping of transformants

The T1 and T2 generations were genotyped by Sanger sequencing PCR products of primers specific to each target region in the two copies (see Table S1 for primer list). Once the target mutations had been selected, restriction markers were used to screen for their presence.

In some cases, nested PCRs were set up to facilitate the restriction. Amplicons were

CNV detection through PennCNV

PennCNV employs a hidden Markov model-based approach to identify copy number variation by incorporating readings of total signal intensity and the ratio of allelic intensity at each SNP along with SNP positions and allelic ratios at the population level (K. [START_REF] Wang | PennCNV: An Integrated Hidden Markov Model Designed for High-Resolution Copy Number Variation Detection in Whole-Genome SNP Genotyping Data[END_REF]. PennCNVs "split_illumina_report.pl" script was used to generate one file per sample listing the log R ratio and B-allele frequencies for each SNP. A custom shell script, "sorting_script.sh" was then used to filter the SNPs down to the selection of 4,216 high-quality, polymorphic SNPs and re-order them based on the order validated by BLASTing and genetic mapping (see section "Identification and selection of reliable SNPs for characterisation of rearrangements" for more details). Next, a pfb file listing the population frequencies of the B allele for each SNP was generated for the hybrid samples with the filtered SNP list using the "compile_pfb.pl" script. As the SNPs from the illumina array did not feature coordinates, the "snpposfile" option was used and a custom pfb file featuring the selection of 4,216 SNPs and their coordinates was provided for the "compile_pfb.pl" script to include the position information for each SNP. CNVs were then called on the filtered samples using the "detect-cnv.pl" script, which included the previously generated pfb file and the "hhall.hmm" file from the PennCNV library as inputs. The standard "hhall.hmm" file was used as this was the input file recommended for Illumina arrays by the software developers. The "rawcnv" files generated by the CNV detection script were then processed using the "clean_cnv.pl" script, which merged adjacent CNVs if the gap between them was less than 20% of their combined length. Low quality samples with a log R ratio standard deviation above 0.35 (the lowest recommended quality threshold) were removed and a quality report was generated using the "filter_cnv.pl" script. The resulting filtered CNV file was used for all subsequent analyses. Plots of CNV along different regions of the genome in selected individuals of interest were generated through the "visualize_cnv.pl" script. All scripts mentioned are summarized in Figure S4 of the supplementary data section.

Visualization of features and variation along chromosomes

The R package idiogramFISH (https://cran.r-project.org/web/packages/idiogramFISH/index.html)

was used to generate the diagrams visualizing SNPs, CASH and CNVs plotted along the B.

napus chromosomes. The figures generated by R were exported as PNG files and imported to Adobe Photoshop CS to generate interleaved, side-by-side comparisons between various graphs (the graphs were moved in Photoshop but their contents and labels were not altered).

The R script used to generate the figures can be found in the supplementary section (Figure S5).

Preparation of Spreads for Cytological Evaluation

Buds were sampled and immediately fixed in absolute ethanol:acetic acid (3:1) and then stored at 4°C. The 3:1 fixative was changed 2-3 times every few hours to remove all pigment from the samples. To prepare slides for cytological evaluation, buds of the appropriate size were first washed in water twice and then twice in citrate buffer (pH 4.5) and then incubated in a digestion mix (0.3% cellulase Onozuka R10 (Duchefa), 0.3% pectolyase Y-23 (MP Biomedicals), 0.3 % Driselase (Sigma), 0.1% sodium azide in 10 mM citrate buffer) at 37°C for 3 hours and 30 minutes. The digestion was stopped through rinsing with water.

Individual buds of around 1.4 -1.6 mm in length were selected for slide preparation to obtain spreads with the majority of meiocytes in late prophase I -metaphase I, although the phenotypic variation in the mutant population occasionally led to the identification of such meiocytes in buds outside of this size range. 1-2 anthers were placed on a slide and crushed with the tip of a dissection needle until a fine suspension was formed. 20 µl of acetic acid were added to the preparation and the slide was placed on a 45°C heat block for 5 minutes, with another 20 µl of acetic acid added after the first 2.5 minutes. The cells were then fixed onto the slide by adding a few drops of 3:1. The slides were left to dry and then cells were then suspended in 15 µl of DAPI (2ug/ml suspended in Vectashield antifade medium) and a cover slide was added.

Fluorescent microscopy

Images were obtained using a Zeiss Axio Imager 2 microscope and analyzed using the Zeiss Zen imaging software (both full edition and the lite edition), which was also used for adding scale bars and adjusting and creating multi-panel images. Phenotype evaluation criteria are described in the results section. The addition of labels in the form of letters was done through Adobe Photoshop CS.

Statistical tests

The Student T-test formula in Microsoft Excel was used to evaluate whether there was a significant difference between measurements of samples with different genotypes.

Supplementary Information

Table S1: Summary of the FIGL1 sequences obtained from the seven B. napus accessions and the progenitor species.

Table S2: Summary of the copy-specific primer sets used to verify the sequence of regions of the B. napus FIGL1 orthologues to which the sgRNAs are targeted, as well as primers targeting the cas9 sequence and kanamycin sequence of the transformation cassette to detect its presence.

Table S3: Summary of the three sgRNA sequences used for targeted CRISPR-cas9 mutagenesis in the FIGL1 orthologues. The HEI10 Project

Foreword and Rationale

As a reminder, the second aim of my project was to determine if CO frequencies can be increased in polyploid crops by over-expressing HEI10 without adversely affecting fertility and homeologous recombination rates. While I was able to generate and evaluate the figl1 mutants, I was not able to reach this point in the HEI10 project, which is why this section will be more of a report than a completed paper. This has two main reasons: the complexity of the HEI10 project itself as well as unforeseen setbacks in my research due to developments in the FIGL1 project and external factors, which I will elaborate on in this chapter.

In the upcoming section, I will provide a brief introduction of the HEI10 project, summarize the progress made in the generation of the different plant materials for this project, and outline the development of a bioinformatics pipeline representing a complementary computational analysis. I will present preliminary results of the cytological evaluation of a population of HEI10 mutants in Brassica rapa, along with complementary findings from a pilot run of my bioinformatics pipeline.

Plant Material

To explore the aims of my project, I worked with the economically important Brassicaceae crops Brassica napus, and its diploid progenitors Brassica rapa and Brassica oleracea, as well as the hexaploid crop Camelina sativa. As detailed in the introduction, the genome of the Brassiceae underwent a lineage-specific whole-genome triplication (WGT) ~17-20 million years ago (MYA) (X. Wang et al. 2011), (Arias et al. 2014). This event was followed by diploidization through substantial genome reshuffling and gene losses (Cheng et al. 2012), [START_REF] Tong | The Asymmetrical Evolution of the Mesopolyploid Brassica Oleracea Genome[END_REF].

Camelina sativa is an allohexaploid product of two rounds of hybridization. 

Preliminary Results of the Bioinformatics Pipeline

An alignment-based approach allows for the detection of variation in HEI10 retention I ran a preliminary test alignment using a reference consisting only of Brassica rapa HEI10 copies, against which I aligned sets of raw reads from 199 sequenced B. rapa accessions (Cheng et al. 2016). Unlike the methodology described in Figure 7, this reference contained different versions of each copy (Figure 8). For instance, it featured both A08

duplicates and the complete A05 sequence from the Z1 accession as well as the fractionated remnant of A08 and the incomplete A05 copy from the Chiifu accession. The only copy that was present as one version was A06, which was taken from Chiifu. I then used the BAM files produced for each accession to visually evaluate the alignments using the Integrative Genomics Viewer (https://software.broadinstitute.org/software/igv/IGV). Once again, this approach is outdated and will not be employed in the generation on the final dataset, which will use complete references for the HEI10 copies and will be computationally evaluated using specialized variant calling tools and pipelines.

Despite its drawbacks, this preliminary analysis provided a crude yet compelling summary of HEI10 variation in B. rapa. The results of the test run indicated that A06 is the most conserved copy, as complete alignments against the sequence (as seen in Figure 8)

were produced for all 199 accessions (Figure 9A). Interestingly, there is a fairly even split between accessions that feature either partial or complete A08 and A05 HEI10 copies (Figure 9A). Lastly, different combinations of HEI10 paleologue variation exist in fairly equal proportions (Figure 9B). However, it should be noted that the alignments against the two A05 references (partial copy missing the last two exons and the full Z1 copy), were not as easy to interpret as the A08 results. Often, reads would align against both the partial reference and first half of the complete copy.

. The number of accessions in each category is listed on the pie chart. Yellow segments represent a copy that is considered partial; due to the preliminary nature of this analysis, both completely and partially fractionated copies were grouped into this category.

The blue segments represent full-length copies which featured overlapping reads mapping along the entire length of the reference sequence. The gray segment represents ambiguous alignments that featured mapping patterns that were either too messy or too sparse to be categorized. B) Breakdown of the proportion of accessions featuring different combinations of HEI10 homeologue variation. Copies labeled as "fract." can either be completely absent or partial.

Identification of copy number variant mutants in gamma-irradiated B. napus lines

The alternative B. napus mutants were a set of lines from a panel of gamma-irradiated plants of the variety Maplus, which were kindly provided to us by Ian Bancroft and Lenka

Havlickova from the University of York (UoY). According to the genotyping dataset provided to us by the Bancroft lab, the selection encompassed lines with deletions in regions containing the HEI10 copies BnA06, BnC06, BnC03 and BnA05, and duplications in regions containing the BnA06 and BnC06 copies.

After verifying that regions affected by duplications and deletions did not feature any other major meiotic genes besides HEI10 (based on the coordinates of the affected regions provided to us by the UoY), I used pyrosequencing primers (Table S2) to screen the plants for copy number variation. Identified mutants were backcrossed to the wild-type Maplus plants to reduce the additional mutation load. Due to time constraints (Maplus is a winter type oilseed rape that requires ~3 months vernalization before it flowers, so it is hardly possible to produce more than 3 generations over two years), we decided to focus on the lines carrying duplications and deletions of the BnC06 and BnA06 copies (Table 4), based on the preliminary results of the computational analysis described above.

Working with these lines would also allow for the generation of knock-downs as well as mutants carrying duplicates, which could be studied as potential OE lines. After 3 generations involving one round of backcrossing, I was able to identify and cross heterozygous deletion mutants from the two separate lines to generate double heterozygous mutants that can be selfed to generate a segregating population of individuals with various levels of functional BnA06 and BnC06 alleles (Figure 10). This population can then be cytologically analyzed to evaluate the impact of different mutations. The same was done with the two duplication lines.

In total, I was able to identify 5 and 6 double heterozygotes in the deletion and duplication lines, respectively. What remains to be done by potential successors is to sow the selfed progeny of these individuals, screen it for different mutant genotypes, and evaluate the corresponding individuals cytologically. versions of these sequences are available. To evaluate the suitability of potential reference sequences, I decided to compare amino acid sequence lengths of the orthologues. To do this, I used a custom script to extract the amino acid lengths from each target gene using its ID and the peptide reference. The gene IDs and their lengths were added to the table of meiotic genes, which allowed for the comparison of amino acid sequence lengths between the Arabidopsis, B. rapa, B. oleracea and B. napus orthologues. Due to the recent release of the Brassica napus pan genome, we were also able to add the corresponding IDs and amino acid lengths for the eight other accessions included in the pan genome (Song et al. 2020).

Selection criteria for the sequence and annotation use in final reference genome

As stated in the previous sections, T-o-1000, Z1 and Darmor v10 were the sequences that were prioritized as the main references for use in the custom assembly. However, in certain cases, the sequences from these prioritized references were not suitable (Figure 16).

If the amino acid sequence length differed from the Arabidopsis sequence length by more than 50 amino acids while orthologues, either from an accession of the same species, or the corresponding subgenome featured a smaller difference, the available sequence with the smallest difference in size compared to the Arabidopsis sequence was chosen as the final reference. This was based on the assumption that it should be the most conserved. In the case where all orthologues featured a similar deviation from the Arabidopsis length (all within 100bp of each other), regardless of size, the initial reference was accepted as valid. Genes were completely omitted from the analysis in the case where no hits were produced for any accession when BLASTING the amino acid sequences of Arabidopsis and related species.

Sequences that produced multiple hits when BLASTing, including hits of unrelated genes with higher scores, were also omitted.

Preparation of Spreads for Cytological Evaluation

The preparation of DAPI spreads and their analysis through fluorescence microscopy follows the same methodology described in the FIGL1 section, with the notable difference that B. rapa buds were selected at around 1.1 mm in length to obtain meiocytes in the late prophase I -metaphase I stage.

Supplementary Information

Table S1: Complete overview of HEI10 orthologues identified across the publicly available Brassica assemblies and the lengths of their amino acid sequences. The table is divided into three segments, one for each set of related orthologues produced by the ancestral wholegenome triplication in the Brassicaceae lineage, which resulted in HEI10 duplicates from the LF, MF1 and MF2 ancestral subgenomes. The links to the assemblies are provided in the supplementary section of the FIGL1 chapter. 

Discussion and Concluding Remarks

Despite the title of my thesis, I was not, in fact, able to generate hyper-recombinant genotypes in Brassicaceae crops, at least not verifiably. However, the material and findings generated did provide important insights into how to implement such an approach as well as demonstrate the pitfalls that can be encountered when attempting to apply techniques characterized in Arabidopsis into a polyploid crop context.

Targeting FIGL1 in Brassica napus

Initially, the targeting of FIGL1 seemed like the more straightforward component of the project. The gene was only present in two copies in B. napus, mutants were readily available, and no abnormalities could be observed in the mutant population throughout the first few

generations. Yet this all changed with the emergence of growth defects and detection of aneuploidy in the final generation. Instead of using the hybrid individuals to generate offspring through which to genetically measure CO rates, I ended up genotyping the F1 hybrid population itself to characterize the rearrangements present within it. While no definitive conclusion regarding the source of these rearrangements can be made at this stage, there is very strong evidence that, although a single functional FIGL1 allele is sufficient to maintain fertility levels similar to the wild-type, it does not safeguard meiotic stability, resulting in a gradual accumulation of genomic rearrangements through the generations. Once the genotyping data of the primary transformant as well as the parental mutants from the previous generations arrives, we will hopefully be able to provide a more definitive answer to the origin of the rearrangements.

Either way, this genomic instability renders FIGL1 unsuitable as a target for meiotic manipulation in Brassica napus. It is also quite likely that attempting to target FIGL1 in other polyploids with multiple copies will result in similar outcomes, as FIGL1 appears to be evolutionarily and functionally conserved across plant species. This is not only evident in the results of the phylogenetic analysis but can also be observed in the current body of FIGL1

research. With the notable exception of Arabidopsis, knocking-out FIGL1 has consistently resulted in sterility in the diploid crop species it has been targeted in so far, ranging from Poaceae to Solanaceae (Zhang et al. 2017), (Mieulet et al. 2018). This level of "predictability" cannot be said for other anti-CO proteins. For instance, FANCM produced a variety of effects (including no effects at all) when targeted in different plant species (Ziolkowski et al. 2015a), (Blary et al. 2018), (Li et al. 2021a), (Ziolkowski et al. 2015b), (Li et al. 2021b), and variation in outcomes between species were also observed when targeting proteins of the BTR complex (Séguéla-Arnaud et al. 2017), (Mieulet et al. 2018),(Séguéla-Arnaud et al. 2017), (Maagd et al. 2020), (Whitbread et al. 2021).

analyses and running an improved version of the bioinformatics pipeline may conclude that aspect of the project, it only represents one part of the wider exploration of HEI10 duplicate retention in the Brassica lineage.

Combining the research in B. rapa with the projects in B. napus and B. oleracea would allow for a larger, more comprehensive overview of HEI10 evolution and retention.

Unfortunately, due to lack of mutations identified in the primary transformants of the B.

oleracea population, whether suitable mutant lines will ever be generated remains to be seen.

However, even in the absence of such lines, the results of the computational analysis should still allow for the identification of the most evolutionarily conserved copy in the B. oleracea background, which can still contribute to shaping the overall narrative of the project.

In the case of B. napus, we are very close to being able to perform a similar cytological analysis to what was conducted in B. rapa, as the material in form of a segregating population with different combinations of HEI10 alleles is ready to be sown, screened and sampled.

Furthermore, unlike in B. rapa, where I was only able to compare the effect of HEI10 allele loss, the irradiated lines will allow us to compare the effects of duplication as well as deletions of BnC06 and BnA06, which according to the accessions I have surveyed so far, appear to be the most conserved HEI10 orthologues, and are therefore likely to be the most functional.

Together with the Camelina sativa OE line, the material can be used to study the effects of HEI10 duplication and OE in a polyploid context, which has never been officially documented before.

Apart from performing cytological analyses such as bivalent scoring and HEI10/MLH1 immunolocalization on euploid PMCs, additional approaches such as the generation of mutant allohaploid plants through microspore culture, as described in Gonzalo et al (2019) could allow for the exploration of whether HEI10 dosage influences homoeologous recombination rates, which represents the second objective of the HEI10 project. The results of such analyses may be able to shed some light on the evolutionary reasons for HEI10 retention and whether these relate to a potential role of HEI10 in stabilizing allopolyploid meiosis.

Unlike the FIGL1 project, where unexpected developments in the plant material resulted in a change of strategy, the HEI10 projects have remained largely on course, with no adverse or unexpected developments observed in any of the mutant populations (apart from the lack of mutants in B. oleracea). So far, phenotypic effects such as sterility have only been observed in the B. rapa population, where they largely correlated with low levels of functional HEI10 alleles. Another aspect setting the HEI10 project apart from the FIGL1 research is that, as previously mentioned, the effect of HEI10 OE has not been explored in any plant outside of Arabidopsis (although a number of labs are currently working on translating it into other plant species). Furthermore, while the effect of meiotic gene dosage has been studied in the polyploid context, such as with MSH4 in Brassica napus (Gonzalo et al. 2019) and MSH7-3D