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"It is not enough to have knowledge, one must also apply it. It is not enough to have wishes, one must also accomplish." Early DSB repair events are altered in cand1 Chromosome axis is not altered in cand1 ZMMs are required for residual chiasma formation in cand1 

Johann Wolfgang von Goethe (1808)
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Foreword

Sexual reproduction is based on the formation of new individuals by a combination, through fertilization, of two haploid sex cells (called gametes), each coming from one of the diploid parents. This type of reproduction allows great genetic variability, because each individual is the result of a fusion between the two parents DNA (each parent gives half of the genetic material), and also because long before fertilization, recombining parental haplotypes segregate independently in the reductional division of meiosis. Meiotic recombination plays a central role in this step, being absolutely required for mixing genetic information and also for the correct segregation of chromosomes through the formation of crossovers (CO).

Crossovers are reciprocal exchange of large chromosomal fragments between homologous chromosomes. Several mechanisms have already been described to regulate crossover formation, but many are still poorly understood. In my work, I was able to highlight a new pathway regulating the localisation of these events. 

I. Introduction

I.1 Meiosis

Meiosis is essential to all sexually reproducing eukaryotes. This specialized cell division which produces gametes with half of the somatic cellular chromosome complement, enables the restoration of the somatic cellular chromosome complement after fusion between gametes from each parent rather than doubling the chromosome complement. At the same time, meiosis generates new combinations of chromosomes, as well as new combination of alleles through homologous recombination and the reductional segregation.

Meiosis is characterised by two successive chromosomal divisions following one single round of chromosome replication in S phase, during which two exact copies of the maternal and paternal versions of each homolog chromosome are created (Figure 1). These copies are called sister chromatids and they are connected to each other by cohesin proteins.

During the first division (meiosis I), also called reductional division, homologous chromosomes recombine and then segregate from each other. The second division (meiosis II), also called equational, resembles a mitotic division (Figure 2), in which the sister chromatids of each chromosome separate from each other. Thus, each diploid cell produces four haploid cells, each with a single, complete, haploid set of chromosomes. This is contrary to mitosis, in which ploidy level is maintained after division, so that the two daughter cells have exactly the same chromosome content of the mother cell. Ploidy level (n) and DNA content (C) are represented for each cell. In mitosis, only one cell division occurs to separate sister chromatids. There is no homologous chromosome association as in meiosis.

Mitosis generates two diploid daughter cells genetically identical to the mother cell.

The separation of homologous chromosomes at meiosis I or sister chromatids at meiosis II is termed disjunction. Abnormal segregation (nondisjunction) can occur either at meiosis I or meiosis II. This results in the production of aneuploid gametes which have either supernumerary copie(s) of a chromosome (trisomy) or absence of a chromosome (monosomy) (Figure 3). Aneuploidy is the cause of several medical conditions in humans, like miscarried embryos (approximately one-third of all are aneuploid), developmental disabilities and mental retardation (reviewed in [START_REF] Biancotti | Human embryonic stem cells as models for aneuploid chromosomal syndromes[END_REF]. Approximately 0.3% of liveborns are aneuploid, with the most common abnormalities being trisomy 21 and sexchromosome trisomies [START_REF] Chelysheva | AtREC8 and AtSCC3 are essential to the monopolar orientation of the kinetochores during meiosis[END_REF]XXX,[START_REF] Chelysheva | AtREC8 and AtSCC3 are essential to the monopolar orientation of the kinetochores during meiosis[END_REF]XXY and 47,XYY) (reviewed in [START_REF] Hassold | To err (meiotically) is human: the genesis of human aneuploidy[END_REF]. In addition to the meiotic segregation errors, whole chromosome aneuploidies might also result from mitotic nondisjunction events that occur during embryonic stage divisions [START_REF] Vanneste | Chromosome instability is common in human cleavage-stage embryos[END_REF].

In order to avoid aneuploidy, the successful segregation of homologues and sister chromatids in meiosis requires at least three main features (Figure 4). First, recombination enables homologs to connect to one another enabling the spindle apparatus to mediate segregation to opposite poles. The reciprocal exchange of genetic material (crossing-overs) between sisters of each homolog creates physical connections between homologs. These connections are seen cytologically as chiasmata. The structure resulting of this association is called "bivalent" (Bishop and Zickler, 2004). Second, there is a fine regulation of cohesion between sister chromatids, with a stepwise loss of cohesion through meiotic divisions (for further details, see section I. . In meiosis I, there is elimination of the cohesion along chromosome arms enabling the separation of homologous chromosomes.

Then, in meiosis II, centromeric cohesion is eliminated allowing the correct segregation of sister chromatids [START_REF] Sakuno | Studies of meiosis disclose distinct roles of cohesion in the core centromere and pericentromeric regions[END_REF]. Third, the orientation of kinetochores is crucial to achieve a proper separation of chromosomes. Kinetochores are multiprotein complexes localised to centromeres. On the metaphase I spindle, sister kinetochores are oriented to the same direction (mono-oriented). In this way, microtubules can tract sister kinetochores to the same spindle pole allowing then separation of homologs. However, during the second meiotic division, sister kinetochores orientation becomes opposite one to another (bipolar or bi-oriented), so each sister chromatid can migrate towards the opposite poles of the cell, generating four equilibrate haploid spores [START_REF] Kleckner | Meiosis: how could it work?[END_REF]. behave as a single unit and attach to microtubules (thin lines) issued from a spindle pole (not shown).

Exchange of chromosome arms between homologous chromosomes yields chiasma. Modified from [START_REF] Neale | Clarifying the mechanics of DNA strand exchange in meiotic recombination[END_REF].

I.2 Chronology and cytological aspects of meiosis

The study of the chromosomes structure in meiosis using cytology has started with the improvement of preparation methods and the development of microscopy techniques (Rhoades, 1961;[START_REF] Beasley | Meiotic Chromosome Behavior in Species, Species Hybrids, Haploids, and Induced Polyploids of Gossypium[END_REF][START_REF] Huskins | Meiotic Chromosome Structure in Trillium erectum L[END_REF][START_REF] Gillies | Synaptonemal complex and chromosome structure[END_REF]. The use of light microscopy (for fixed and stained chromosome preparations) enabled to define the meiotic processes at the chromosomal level and to divide it in basic stages. Each meiotic division was then subdivided in four phases: prophase, metaphase, anaphase and telophase. Prophase I is the longest and the most complex phase of meiosis and it is classified in five stages depending on the state of the chromatin and structure of chromosomal axes (Figure 5). These stages have been called, in chronological order, leptotene, zygotene, pachytene, diplotene and diakinesis (reviewed by Wettstein, Rasmussen, & Holm, 1984;[START_REF] Zickler | The leptotene-zygotene transition of meiosis[END_REF].

Virtually identical stages are found in all organisms. At pachytene, homologous chromosomes are fully synapsed. The SC depolymerises at diplotene, and chiasma can be observed at diakinesis.

I.2.1 Preprophase

Before the beginning of meiosis in G1/G0, nucleus expands in preparation for cell division (Rhoades, 1961). Then, at the meiotic S-phase, DNA synthesis occurs and there is formation of intersister associations by the cohesin complexes which keep sister chromatids together. This stage is characterised by diffuse chromatin within which strongly staining regions are often seen corresponding to heterochromatin. Meiotic S-phase is much longer than the mitotic S-phase (reviewed in [START_REF] Zickler | The leptotene-zygotene transition of meiosis[END_REF]. At this stage, chromosomes undergo a cycle of compaction more or less pronounced in many organisms (reviewed in Stack & Anderson, 2001). After the S phase, at the G2 phase, cell synthesizes proteins and continues to increase in size.

I.2.2 Leptotene and the axial element

The leptotene stage comes from the greek "leptos" which means thin. At this stage, chromosomes can be visualized as thin filaments (figure 6A-B). In leptotene, chromosomes are organized as arrays of multiple sister chromatin loops anchored along a common axial element (AE), which is structured and organized by several axial proteins (reviewed in Stack & Anderson, 2001) (Figure 7). This structure is dynamic during meiotic prophase with axis expansion and contraction (reviewed in [START_REF] Zickler | Integrating Structure and Function[END_REF]. These chromatin loops have variable size dependent on the species. For example, in budding yeast, chromatin loops have approximately 20kb, whereas in some insects, they can reach 2500kb. Even if the size of chromatin loops is variable, it seems that the density of loops along pachytene axis is stable in several different organisms, in the order of 20 loops per micron of axis length. Consequently, differences in total genome size are accompanied by differences in loop size or total axis length but not variations in the density of loops in different species (reviewed in Nancy Kleckner, 2006;Page & Hawley, 2004b;[START_REF] Zickler | Integrating Structure and Function[END_REF].

Immuno-labelling of some axial proteins, like Hop1 of S. cerevisiae [START_REF] Schwacha | Identification of joint molecules that form frequently between homologs but rarely between sister chromatids during yeast meiosis[END_REF] and its homolog, ASY1 in Arabidopsis [START_REF] Caryl | A homologue of the yeast HOP1 gene is inactivated in the Arabidopsis meiotic mutant asy1[END_REF] enables the visualization of chromosome axis (Figure 6C). It was shown that the first steps of meiotic recombination, DSB formation and initial DSB repair, occur at this stage. DSB formation in S. cerevisiae takes place at DNA sequences in the loops that are not associated with the chromosome axis. However, several proteins required for DSB formation are located on chromosome axes [START_REF] Blat | Physical and functional interactions among basic chromosome organizational features govern early steps of meiotic chiasma formation[END_REF][START_REF] Kumar | Functional conservation of Mei4 for meiotic DNA double-strand break formation from yeasts to mice[END_REF][START_REF] Panizza | Spo11-accessory proteins link double-strand break sites to the chromosome axis in early meiotic recombination[END_REF]. This topic will be discussed in section I. 4.3 (DSB localisation). 

I.2.3 The leptotene-zygotene transition and the bouquet formation

In this manuscript, the term "pairing", or "homolog juxtaposition" is used to refer as to the rapprochement of homologs during meiotic prophase. The term "synapsis" is used to refer as to the formation of SC detected by immunocytology.

During late leptotene, homologs come in contact, recognize each other and start to pair (with a distance superior than 300nm). Each sister pair begins to develop a shared kinetochore during this period. It's in the leptotene to zygotene transition that the formation of the chromosomal bouquet occurs in a majority of species. At this time point, chromosome ends group in a polarized fashion and anchor on the inner surface of the nuclear envelope forming a bouquet "design" [START_REF] Zickler | The leptotene-zygotene transition of meiosis[END_REF][START_REF] Scherthan | A bouquet makes ends meet[END_REF] (Figure 8). In some species, the bouquet formation may be very transient, while in others it may persist longer. In all species, the bouquet configuration disappears at pachytene when telomeres detach from the nuclear envelope. In Arabidopsis thaliana, there is no "classical" bouquet formation. Instead, telomeres cluster around the nucleolus until late leptotene, when the paired telomeres abandon their association with the nucleolus and became widely dispersed [START_REF] Armstrong | Nucleolus-associated telomere clustering and pairing precede meiotic chromosome synapsis in Arabidopsis thaliana[END_REF]. In several organisms, like Arabidopsis and Malva sylvestris, there is another structure suggested to be equivalent to the bouquet, which differs only in the degree of chromatin compactness: the synizetic knot. Moreover, in budding yeast both structures are observed (reviewed in [START_REF] Zickler | The leptotene-zygotene transition of meiosis[END_REF].

Figure 8: Bouquet formation

Early in prophase, centromeres move away from the pole while telomeres attach to the nuclear membrane and move to a small area adjacent to the spindle pole, forming the bouquet. Then, in the beginning of zygotene, chromosomes move out of the bouquet as the synaptonemal complex forms.

Modified from [START_REF] Dresser | Chromosome mechanics and meiotic engine maintenance[END_REF].

Another feature of the leptotene-zygotene transition is the coupling of centromeres, which in budding yeast is independent of chromosomal homology but dependent on Zip1 protein [START_REF] Tsubouchi | A synaptonemal complex protein promotes homologyindependent centromere coupling[END_REF], a feature that seems to facilitate homolog pairing, by holding chromosomes together while homology is being assessed. In Arabidopsis, homologous centromere pairing seems to depend on recombination [START_REF] Da Ines | Differing requirements for RAD51 and DMC1 in meiotic pairing of centromeres and chromosome arms in Arabidopsis thaliana[END_REF].

The molecular mechanism that mediates pre-synaptic pairing between partner chromosomes is still unclear. In some organisms, there is complete alignment of homologs on their entire length before synapsis formation; such is the case of Sordaria and Neurospora. In many other organisms, the synaptonemal complex acts as a link between homology recognition and stabilisation of chromosomal partnerships. It's known that in some species, SC begins to form at some aligned regions, whereas not the entire length of the chromosomes is paired. In plants, ultra-structural chromosome studies have shown that homologs interact preceding SC formation, as it is also the case for budding yeast (reviewed in [START_REF] Zickler | Integrating Structure and Function[END_REF].

I.2.4 Zygotene

In zygotene (from the greek "zygos", which means pair), chromosomes are shorter and "fatter" (Figure 9). In Arabidopsis, telomeres exhibit a semi-polarized non-clustered distribution such that they are loosely confined to one hemisphere of the nucleus. Proteins from the central element of the SC assemble between two homologous AEs and, by extension, complete the synapsis of homologs (Figure 10). The intervening space between homologs has an overall width of about 100 nm and a complex substructure that includes transverse filaments. This structure is called central element (CE) of the SC. Now the central element is in place and axial elements are referred to as lateral elements. Together, these structures form the tripartite ladder-like SC [START_REF] Page | The genetics and molecular biology of the synaptonemal complex[END_REF]. Formation of the SC stabilizes the close association of paired homologs. and their subsequent association as a consequence of the polymerisation of the synaptonemal complex, which is visualised by transverse filament protein polymerisation. Synaptonemal complex formation initiates at zygotene and is complete at pachytene.

There are also two other types of dense structures in the central region of the SC, called early nodules (EN), and late nodules (LN). Early nodules are proteinaceous complexes which are found in association with the axial elements and the synaptonemal complex. ENs have variable size from small and round (50 × 50 nm) to large and ellipsoidal (250 × 290 nm) with almost every size in between. They are distributed homogenously along chromosomes [START_REF] Anderson | The distribution of early recombination nodules on zygotene bivalents from plants[END_REF][START_REF] Stack | Crossing over as assessed by late recombination nodules is related to the pattern of synapsis and the distribution of early recombination nodules in maize[END_REF] (Figure 11). In plants, early nodules can be observed at zygotene, whereas they appear later in Sordaria and Neurospora. Several proteins involved in homologous recombination such as RAD51 and DMC1 are known EN components [START_REF] Anderson | RecA-like proteins are components of early meiotic nodules in lily[END_REF][START_REF] Moens | The time course and chromosomal localization of recombination-related proteins at meiosis in the mouse are compatible with models that can resolve the early DNA-DNA interactions without reciprocal recombination[END_REF]. Moreover, ENs remain associated with SCs through zygotene into pachytene. 

I.2.5 Pachytene

At pachytene (from greek, "pachus" for thick), homologous chromosomes are synapsed through all their length (Figure 12A). The tripartite structure of the SC can be easily observed in the microscope (Figure 12B-D). This stage is the longest of prophase I [START_REF] Zickler | Integrating Structure and Function[END_REF]. In Arabidopsis, it lasts 15.3 hours, which corresponds to 2/3 of the entire prophase I and approximately ½ of meiosis [START_REF] Armstrong | A meiotic time-course for Arabidopsis thaliana[END_REF].

In early pachytene, ENs abruptly detach from SCs, leaving one to a few late recombination nodules (LNs) on each SC [START_REF] Anderson | Recombination nodules in plants[END_REF]. In plants, late nodules (also called recombination nodules (RN)) are observed associated with the central element of SCs from early pachytene through early diplotene. These nodules are larger and more regular in size and shape. The number of LNs per SC is low compared to ENs, but each bivalent has at least one LN and some bivalents have several [START_REF] Anderson | The distribution of early recombination nodules on zygotene bivalents from plants[END_REF]) (Figure 13). LNs are thought to be the molecular machinery of crossover formation, implying that they represent the majority of CO sites [START_REF] Carpenter | Electron microscopy of meiosis in Drosophila melanogaster females: II. The recombination nodule--a recombination-associated structure at pachytene?[END_REF], as in many organisms, the number and position of LNs correlate well with chiasmata [START_REF] Zickler | Integrating Structure and Function[END_REF]. 

I.2.6 Diplotene and diakinesis

Breakdown of the synaptonemal complex and chromosome decompaction marks the beginning of diplotene ("diploos" means double) when chromosomes adopt a diffuse organization (Figure 14A-B). Chromosomes shortened in late diplotene. At this step, homologues lose the connections along their length while sister chromatid cohesion maintains chiasmata. In diakinesis (from the Greek, "kinesis" means movement), chromosomes continue to shorten and compact (Figure 14C-D). 

I.2.7 Metaphase, anaphase and telophase I

At metaphase I, chromosomes are short and at maximum compaction. Cohesion still holds sister chromatids together at this stage, and each bivalent has at least one chiasma. Bivalents are subject to mechanic tension from the microtubules which, at this point, connect to the kinetochores. Bivalents then align on the metaphase plate (Figure 15A-B). At anaphase I, cohesion is lost on chromosome arms. Both kinetochores from a sister chromatid pair are oriented towards the same cellular pole. In consequence from the microtubule traction, homologs can be separated and migrate to opposite poles of the cell (Figure 15C-D).

However, sister chromatids remain associated by centromere regions. In telophase I, the two batches of chromosomes partially decondense without achieving the full interphase condition. A nuclear membrane encircles each group of chromosomes. 

I.2.8 Meiosis II

In meiosis II, more precisely at metaphase II (Figure 16A-B), microtubules connect to bipolar kinetochores. Centromeric cohesion is then lost on anaphase II (Figure 16C), enabling the separation of sister chromatids. Four haploid spores are obtained at telophase II, which sometimes remain associated forming tetrads (Figure 16D). 

I.3 The meiotic chromosome structure

I.3.1 Chromosome axis structure

The meiotic chromosome axis is composed of axial element (AE) proteins and cohesin complex proteins [START_REF] Petronczki | Un Ménage à Quatre[END_REF]Pelttari et al., 2001a) (for further details, see page 16 and Figure 7).

I.3.1.1 Axial proteins

Meiosis is an evolutionarily conserved process. The succession of molecular events occurring during budding yeast meiosis is often shared by higher eukaryotes. However, the amino acid sequence of meiotic proteins can be highly variable between yeast and higher eukaryotes. This is illustrated by the difficult isolation of key meiotic genes and proteins in plants and animals based on sequence homology, especially for genes that have a role in synapsis. However, a good example of conservation of function is the Homolog Pairing 1 (HOP1) isolated from S. cerevisiae [START_REF] Hollingsworth | HOP1: a Yeast Meiotic Pairing Gene[END_REF]Schwacha and Kleckner, 1995).

Hop1 contains a HORMA domain (Hop1, Rev7 and MAD2 homology domain), which can also be found in DNA repair proteins and in cell-cycle-checkpoint proteins [START_REF] Aravind | The HORMA domain: a common structural denominator in mitotic checkpoints, chromosome synapsis and DNA repair[END_REF]. HORMA domain-containing proteins regulate interactions between homologous chromosomes during meiosis in a wide range of eukaryotes. Apart from budding yeast, HORMA domain-containing proteins have also been identified in fission yeast (Rec10) [START_REF] Lorenz | S. pombe meiotic linear elements contain proteins related to synaptonemal complex components[END_REF], plants (ASY1 and PAIR2) [START_REF] Caryl | A homologue of the yeast HOP1 gene is inactivated in the Arabidopsis meiotic mutant asy1[END_REF]ARMSTRONG et al.;[START_REF] Nonomura | PAIR2 is essential for homologous chromosome synapsis in rice meiosis I[END_REF][START_REF] Nonomura | The novel gene HOMOLOGOUS PAIRING ABERRATION IN RICE MEIOSIS1 of rice encodes a putative coiled-coil protein required for homologous chromosome pairing in meiosis[END_REF], nematodes (HIM-3, HTP-1 and HTP-2 [START_REF] Zetka | Synapsis and chiasma formation in Caenorhabditis elegans require HIM-3, a meiotic chromosome core component that functions in chromosome segregation[END_REF][START_REF] Couteau | HTP-1 coordinates synaptonemal complex assembly with homolog alignment during meiosis in C. elegans[END_REF], and mammals (HORMAD1 and HORMAD2) [START_REF] Wojtasz | Mouse HORMAD1 and HORMAD2, two conserved meiotic chromosomal proteins, are depleted from synapsed chromosome axes with the help of TRIP13 AAA-ATPase[END_REF][START_REF] Fukuda | A novel mammalian HORMA domain-containing protein, HORMAD1, preferentially associates with unsynapsed meiotic chromosomes[END_REF]. However, there are other axis proteins which are not well-conserved among species. That's the case for mouse SYCP3 and C. elegans HTP-3 [START_REF] Severson | The axial element protein HTP-3 promotes cohesin loading and meiotic axis assembly in C. elegans to implement the meiotic program of chromosome segregation[END_REF]. Also, the Red1 protein from S. cerevisiae has limited similarity with the SYCP2 protein from M. musculus [START_REF] Offenberg | SCP2: a major protein component of the axial elements of synaptonemal complexes of the rat[END_REF]. Axial element proteins are involved in SC formation and meiotic recombination.

I.3.1.1.1 Budding yeast

Saccharomyces cerevisiae Hop1 is a component of the axial element [START_REF] Hollingsworth | HOP1: a Yeast Meiotic Pairing Gene[END_REF]. Before synaptonemal complex formation, the yeast Hop1 protein interacts and colocalise with Red1 at the axial element (AE). With synapsis progression, the Hop1-Red1 interaction is still present (de los [START_REF] De Los Santos | Red1p, a MEK1-dependent phosphoprotein that physically interacts with Hop1p during meiosis in yeast[END_REF][START_REF] Woltering | Meiotic Segregation, Synapsis, and Recombination Checkpoint Functions Require Physical Interaction between the Chromosomal Proteins Red1p and Hop1p[END_REF]. The Hop1-Red1 interaction is regulated by Mek1, a serine-threonine protein kinase (de los Santos and [START_REF] De Los Santos | Red1p, a MEK1-dependent phosphoprotein that physically interacts with Hop1p during meiosis in yeast[END_REF]. Red1 is necessary to the AE formation [START_REF] Rockmill | Meiosis in Asynaptic Yeast[END_REF]. During early prophase, it was shown by immunolocalisation that Red1 accumulates at numerous discrete foci on meiotic chromosomes, disappearing at the end of pachytene (de los [START_REF] De Los Santos | Red1p, a MEK1-dependent phosphoprotein that physically interacts with Hop1p during meiosis in yeast[END_REF][START_REF] Smith | The Yeast Red1 Protein Localizes to the Cores of Meiotic Chromosomes[END_REF].

I.3.1.1.2 Plants

The ASY1 protein from Arabidopsis is homologous to the N-terminus (at the HORMA domain) of the yeast Hop1 protein [START_REF] Caryl | A homologue of the yeast HOP1 gene is inactivated in the Arabidopsis meiotic mutant asy1[END_REF][START_REF] Schwacha | Identification of joint molecules that form frequently between homologs but rarely between sister chromatids during yeast meiosis[END_REF]. It localises to the axial element like Hop1 (ARMSTRONG et al.), and it was also shown to be required for synaptonemal complex assembly and synapsis [START_REF] Caryl | A homologue of the yeast HOP1 gene is inactivated in the Arabidopsis meiotic mutant asy1[END_REF]ARMSTRONG et al.). Another axial chromosome protein is known in Arabidopsis: ASY3 (Ferdous et al., 2012). Immunolocalisation studies have revealed that ASY1 (ARMSTRONG et al.) is detected since G2 on meiotic chromosomes: at leptotene, ASY1 signals can be seen throughout the entire chromosome length. These signals persist until diplotene; however, they diminish with synapsis progression. The same dynamics was observed for the ASY3 protein (ARMSTRONG et al.;Ferdous et al., 2012), and also for the rice PAIR2 protein [START_REF] Nonomura | PAIR2 is essential for homologous chromosome synapsis in rice meiosis I[END_REF].

It has been suggested that ASY3 is a structural analogue of budding yeast Red1, mammals SYCP3/SCP3 and rice PAIR3, even if their level of sequence identity is limited (16.4% between ASY3 and Red1 and 25.6% between ASY3 and PAIR3) (Ferdous et al., 2012). Loss of Red1 and ASY3 proteins results in disruption of Hop1 and ASY1 localisation respectively, during prophase I [START_REF] Smith | The Yeast Red1 Protein Localizes to the Cores of Meiotic Chromosomes[END_REF].

I.3.1.1.3 Mammals

SYCP2/SCP2 and SYCP3/SCP3 (for synaptonemal complex protein 2 and 3 respectively) are major protein components of mammals AEs/LEs [START_REF] Schalk | Localization of SCP2 and SCP3 protein molecules within synaptonemal complexes of the rat[END_REF][START_REF] Offenberg | SCP2: a major protein component of the axial elements of synaptonemal complexes of the rat[END_REF][START_REF] Yuan | The Murine SCP3 Gene Is Required for Synaptonemal Complex Assembly, Chromosome Synapsis, and Male Fertility[END_REF][START_REF] Yuan | Female germ cell aneuploidy and embryo death in mice lacking the meiosis-specific protein SCP3[END_REF]Pelttari et al., 2001b;Kolas et al., 2004[START_REF] Kolas | Localization of MMR proteins on meiotic chromosomes in mice indicates distinct functions during prophase I[END_REF]. Both proteins are present from leptotene to diplotene in preparations of spermatocytes [START_REF] Schalk | Localization of SCP2 and SCP3 protein molecules within synaptonemal complexes of the rat[END_REF]. SYCP3 plays a crucial role on the SYCP2 localisation to axial chromosome cores (Pelttari et al., 2001a;[START_REF] Yuan | The Murine SCP3 Gene Is Required for Synaptonemal Complex Assembly, Chromosome Synapsis, and Male Fertility[END_REF]. On the other hand, SYCP2 is required for the incorporation of SYCP3 into the SC (Yang et al., 2006a). Two HORMA-domain encoding genes, HORMAD1 and HORMAD2 have been identified recently in murine meiotic cells [START_REF] Wojtasz | Mouse HORMAD1 and HORMAD2, two conserved meiotic chromosomal proteins, are depleted from synapsed chromosome axes with the help of TRIP13 AAA-ATPase[END_REF]. HORMAD1 and HORMAD2 proteins are specifically expressed during meiosis; they are closely related to one another and both of them have human homologs. In accordance with the roles of other HORMAD-domain protein, HORMAD1 and HORMAD2 were shown to play a role in promoting early recombination events and synapsis [START_REF] Shin | Hormad1 mutation disrupts synaptonemal complex formation, recombination, and chromosome segregation in mammalian meiosis[END_REF][START_REF] Kogo | HORMAD2 is essential for synapsis surveillance during meiotic prophase via the recruitment of ATR activity[END_REF][START_REF] Wojtasz | Meiotic DNA double-strand breaks and chromosome asynapsis in mice are monitored by distinct HORMAD2-independent anddependent mechanisms[END_REF].

Immunolocalisation studies have shown that there is an inverse correlation between SC formation and HORMAD1/2 localisation at chromosomes axes [START_REF] Wojtasz | Mouse HORMAD1 and HORMAD2, two conserved meiotic chromosomal proteins, are depleted from synapsed chromosome axes with the help of TRIP13 AAA-ATPase[END_REF], as synaptonemal complex formation results in HORMAD1/2 depletion from chromosome axes. This suggests that, as in yeast, HORMA-domain proteins play a role in a surveillance system that monitors synapsis and that activate a prophase checkpoint [START_REF] Fukuda | A novel mammalian HORMA domain-containing protein, HORMAD1, preferentially associates with unsynapsed meiotic chromosomes[END_REF][START_REF] Kogo | HORMAD2 is essential for synapsis surveillance during meiotic prophase via the recruitment of ATR activity[END_REF][START_REF] Wojtasz | Meiotic DNA double-strand breaks and chromosome asynapsis in mice are monitored by distinct HORMAD2-independent anddependent mechanisms[END_REF][START_REF] Daniel | Meiotic homologue alignment and its quality surveillance are controlled by mouse HORMAD1[END_REF].

I.3.1.2 Cohesins and Sister Chromatid Cohesion (SCC)

The cohesin multi-subunit complex is conserved from yeast to man and consists of four highly conserved proteins: a heterodimer of two SMC ("Structural Maintenance of Chromosomes") proteins: SMC1 and SMC3; and two non-SMC proteins: the kleisin SCC1/REC8 and SCC3. The mitotic cohesin complex contains SSC1, whereas meiotic cohesin complex contains the related REC8 protein. SMC proteins are long polypeptides that fold back on themselves by anti-parallel coiled-coil interactions to yield molecules with a 'hinge' domain at one end and a globular ATPase 'head' at the other. The hinge domains of SMC1 and SMC3 bind tightly whereas the SMC heads are connected by the α-kleisin SCC1/REC8 [START_REF] Mehta | Cohesin: functions beyond sister chromatid cohesion[END_REF] (Figure 17), probably with the aid of SCC3, which is thought to bind SCC1 [START_REF] Nasmyth | Segregating sister genomes: the molecular biology of chromosome separation[END_REF]. The cohesin complex is known to ensure sister chromatid cohesion (SCC) by its ability to hold together two DNA segments within its ring-shaped structure.

Cohesins act together with the axial proteins in generating the axis-loop structure of meiotic chromosomes (see Figure 7).

Cohesin complexes were shown to play a role in the correct segregation of meiotic bivalents [START_REF] Panizza | Spo11-accessory proteins link double-strand break sites to the chromosome axis in early meiotic recombination[END_REF][START_REF] Lightfoot | Loading of meiotic cohesin by SCC-2 is required for early processing of DSBs and for the DNA damage checkpoint[END_REF][START_REF] Lin | Scc2 regulates gene expression by recruiting cohesin to the chromosome as a transcriptional activator during yeast meiosis[END_REF]Bannister et al., 2004;Cai et al., 2003;[START_REF] Watanabe | Cohesin Rec8 is required for reductional chromosome segregation at meiosis[END_REF][START_REF] Schubert | Cohesin gene defects may impair sister chromatid alignment and genome stability in Arabidopsis thaliana[END_REF][START_REF] Klein | A central role for cohesins in sister chromatid cohesion, formation of axial elements, and recombination during yeast meiosis[END_REF]. The involvement of REC8 in axis structure (or linear elements, as it is the case in S. pombe) has been shown in various organisms like yeast [START_REF] Klein | A central role for cohesins in sister chromatid cohesion, formation of axial elements, and recombination during yeast meiosis[END_REF], S. pombe [START_REF] Molnar | Linear element formation and their role in meiotic sister chromatid cohesion and chromosome pairing[END_REF], A. thaliana (Chelysheva et al., 2005) and mouse [START_REF] Llano | Meiotic cohesin complexes are essential for the formation of the axial element in mice[END_REF]. Cohesin complexes also play a role in the faithful homologous recombination-mediated repair in mitosis [START_REF] Xu | Rad21-cohesin haploinsufficiency impedes DNA repair and enhances gastrointestinal radiosensitivity in mice[END_REF][START_REF] Sjögren | Sister chromatid cohesion is required for postreplicative doublestrand break repair in Saccharomyces cerevisiae[END_REF][START_REF] Heidinger-Pauli | Systematic reduction of cohesin differentially affects chromosome segregation, condensation, and DNA repair[END_REF][START_REF] Watrin | The cohesin complex is required for the DNA damage-induced G2/M checkpoint in mammalian cells[END_REF]. Recently, their roles in regulating additional aspects of chromatin biology, such as organization of DNA replication factories, V(D)J recombination and transcription has been suggested (reviewed in [START_REF] Remeseiro | Cohesin, a chromatin engagement ring[END_REF]. 

I.3.1.2.1 Loss of cohesion

Cohesin complexes are loaded on chromosome axes during the S phase of meiosis and mitosis. In mitosis, sister chromatids lose cohesion and separate to opposite poles of the dividing cell. This equational division guarantees correct chromosome segregation (figure 18A). This situation is different in meiosis, where cohesion is lost only from the chromosomes arms at the metaphase I/anaphase I transition. It is only in meiosis II that centromere cohesion is lost and that sister chromatids can separate as it happens in mitosis (Figure 18B).

At anaphase I, the release of cohesion and the subsequent separation of homologs are triggered in most organisms by the Separase protein, a cysteine protease, which specifically cleaves REC8 (SCC1 in mitosis). However, this cleavage only takes place if REC8 is phosphorylated. This was shown in S. cerevisiae [START_REF] Buonomo | Disjunction of Homologous Chromosomes in Meiosis I Depends on Proteolytic Cleavage of the Meiotic Cohesin Rec8 by Separin[END_REF], A. thaliana [START_REF] Liu | Arabidopsis separase AESP is essential for embryo development and the release of cohesin during meiosis[END_REF][START_REF] Yang | Arabidopsis separase functions beyond the removal of sister chromatid cohesion during meiosis[END_REF] and mammals [START_REF] Terret | The Meiosis I-to-Meiosis II Transition in Mouse Oocytes Requires Separase Activity[END_REF][START_REF] Kudo | Resolution of chiasmata in oocytes requires separase-mediated proteolysis[END_REF].

In order to better control cohesion elimination, there is a mechanism that inhibits the Separase until anaphase. Securin is the protein responsible for Separase inhibition, and when chromosomes are correctly attached to the fuseau, securin is degraded by APC/C in order to free the Separase and to allow homologous segregation.

Centromeric cohesion is maintained until metaphase II, when sister chromatids segregate. This occurs due to protection of centromeric cohesion by proteins that recruit PP2A at centromeres to dephosphorylate REC8, making it resistant to Separase cleavage [START_REF] Ishiguro | Shugoshin-PP2A counteracts caseinkinase-1-dependent cleavage of Rec8 by separase[END_REF][START_REF] Katis | Rec8 phosphorylation by casein kinase 1 and Cdc7-Dbf4 kinase regulates cohesin cleavage by separase during meiosis[END_REF]. Then, at anaphase II, REC8 is unprotected and can be cleaved by the Separase to liberate sister chromatids. Several proteins play a role in the protection of centromeric cohesion, like SPO13 in S. cerevisiae [START_REF] Klein | A central role for cohesins in sister chromatid cohesion, formation of axial elements, and recombination during yeast meiosis[END_REF][START_REF] Shonn | Spo13 protects meiotic cohesin at centromeres in meiosis I[END_REF], BUB1 in S. pombe [START_REF] Bernard | Fission yeast Bub1 is essential in setting up the meiotic pattern of chromosome segregation[END_REF] and SGO1 in S. cerevisiae [START_REF] Marston | A genome-wide screen identifies genes required for centromeric cohesion[END_REF], in S. pombe [START_REF] Kitajima | The conserved kinetochore protein shugoshin protects centromeric cohesion during meiosis[END_REF][START_REF] Rabitsch | Two fission yeast homologs of Drosophila Mei-S332 are required for chromosome segregation during meiosis I and II[END_REF], in A. thaliana [START_REF] Zamariola | SGO1 but not SGO2 is required for maintenance of centromere cohesion in Arabidopsis thaliana meiosis[END_REF] and its homolog, MEI-S332, in D. melanogaster [START_REF] Watanabe | Sister chromatid cohesion along arms and at centromeres[END_REF]. Recently in A. thaliana, SGO2, a duplication of the SGO1 gene, was shown to be also required for the protection of centromeric cohesion during meiosis I (Cromer et al., 2013). In addition, this work also revealed the requirement of a new protein, PATRONUS (PANS1) for centromeric cohesion protection at a later stage, during interkinesis. PANS1 was suggested to be a regulator and also a target of APC/C in Arabidopsis, as it interacts directly with two APC/C subunits, CDC20.1 and CDC27b (Cromer et al., 2013). 

I.3.1.2.2 Cohesin complex in A. thaliana

The cohesin complex in A. thaliana is composed of SMC1, SMC3, SCC3 and an α-kleisin, which can be REC8 (in meiosis) or SYN2/SYN3 (mainly in meristematic tissues).

Immunolocalisation studies in the A. thaliana meiosis showed that REC8 cohesin is loaded at the S-phase. In prophase, a linear signal can be observed at the entire length of chromosomes. In metaphase I, REC8 localises at chromosome arms, until the metaphase I/anaphase I transition when the signal reduces drastically. Despite its clear role in centromere cohesion, REC8 signal cannot be detected in centromeres at metaphase I (Cai et al., 2003;Chelysheva et al., 2005;Cromer et al., 2013). In Arabidopsis and Oryza sativa REC8 inactivation leads to the bi-orientation of sister kinetochores as well as to SCC and axis defects during meiosis I (Chelysheva et al., 2005;[START_REF] Shao | OsREC8 is essential for chromatid cohesion and metaphase I monopolar orientation in rice meiosis[END_REF]. The same was observed for SCC3 reduction in Arabidopsis (Chelysheva et al., 2005), which in addition caused several mitotic defects, indicating that SCC3 plays a role also in mitosis. Moreover, SCC3-depletion was shown to lead to embryo lethality (Chelysheva et al., 2005).

I.3.1.3 Condensins

Most eukaryotic species have two different types of condensin complexes, known as condensin I and condensin II [START_REF] Hirano | Condensins: universal organizers of chromosomes with diverse functions[END_REF]. These complexes share the same pair of SMC2/CAP-E and SMC4/CAP-C subunits, which belongs to the SMC family of chromosomal ATPases [START_REF] Hirano | At the heart of the chromosome: SMC proteins in action[END_REF]. Each condensin complex has, however, a unique set of three non-SMC subunits: CAP-D2, CAP-G and CAP-H for condensin I [START_REF] Hirano | Condensins, Chromosome Condensation Protein Complexes Containing XCAP-C, XCAP-E and a Xenopus Homolog of the Drosophila Barren Protein[END_REF][START_REF] Sutani | Fission yeast condensin complex: essential roles of non-SMC subunits for condensation and Cdc2 phosphorylation of Cut3/SMC4[END_REF][START_REF] Freeman | The Condensin Complex Governs Chromosome Condensation and Mitotic Transmission of rDNA[END_REF][START_REF] Kimura | Chromosome condensation by a human condensin complex in Xenopus egg extracts[END_REF] and CAP-D3, CAP-G2, and CAP-H2 for condensin II [START_REF] Ono | Differential contributions of condensin I and condensin II to mitotic chromosome architecture in vertebrate cells[END_REF][START_REF] Yeong | Identification of a subunit of a novel Kleisin-beta/SMC complex as a potential substrate of protein phosphatase 2A[END_REF]. The condensin protein complexes have a two-armed structure with a hinge largely closed (Figure 19). This resembles the cohesin complex structure apart from the fact that the hinge of cohesin is wide open. However, in both complexes, the non-SMC subunits associate with the catalytic end domains of the SMC dimer and not with the hinge domain [START_REF] Anderson | Condensin and cohesin display different arm conformations with characteristic hinge angles[END_REF]. Both condensin complexes seem to be conserved among species. These complexes fulfil non-overlapping functions and are subjected to differential regulation during mitosis and meiosis [START_REF] Hirano | Condensins: universal organizers of chromosomes with diverse functions[END_REF]. Interestingly unlike the other eukaryotes, C. elegans has a third condensin complex, condensin I DC that is part of a larger protein complex involved in dosage compensation [START_REF] Csankovszki | Three Distinct Condensin Complexes Control C. elegans Chromosome Dynamics[END_REF].

Condensin I DC differs from the canonical condensin I complex by only one subunit.

Condensin has the ability to reconfigure DNA structure in an ATP-hydrolysis-dependent manner. Condensin complexes are known to play a role in promoting restructuring of global chromosome architecture, as well as X chromosome dosage compensation and accurate chromosome segregation during mitosis and meiosis [START_REF] Hagstrom | C. elegans condensin promotes mitotic chromosome architecture, centromere organization, and sister chromatid segregation during mitosis and meiosis[END_REF]. Correct meiotic chromosome segregation involves the remodelling, by condensing complexes, of each pair of homologous chromosomes around the site of crossover into a highly condensed structure [START_REF] Chan | Condensin restructures chromosomes in preparation for meiotic divisions[END_REF]. Conversely, condensin was shown to play a role, together with the pololike kinase Cdc5, in the removal of cohesin from chromosomes in budding yeast [START_REF] Yu | Chromosome morphogenesis: condensin-dependent cohesin removal during meiosis[END_REF]. This seems to happen through the dissolution/resolution of links between homologous chromosomes after recombination in yeast [START_REF] Yu | Chromosome morphogenesis: condensin-dependent cohesin removal during meiosis[END_REF] and Drosophila, [START_REF] Hartl | Condensin II resolves chromosomal associations to enable anaphase I segregation in Drosophila male meiosis[END_REF]. Recently, condensins were also shown to play a role in the distribution of DNA DSBs and to alter crossover frequency by regulating the structure of chromosomes [START_REF] Mets | Condensins regulate meiotic DNA break distribution, thus crossover frequency, by controlling chromosome structure[END_REF] (discussed further in section I.5.3 Chromosome structure versus recombination).

A. thaliana genome encodes all subunits of condensins I and II [START_REF] Hirano | Condensins: Organizing and Segregating the Genome[END_REF]. The SMC4 homologue has been shown to be encoded by only one gene, CAP-C, whereas two SMC2 proteins (the Chromosome Associated Protein subunit E, CAP-E1 and CAP-E2) seem to exist and to be functionally redundant [START_REF] Siddiqui | Mutations in Arabidopsis condensin genes disrupt embryogenesis, meristem organization and segregation of homologous chromosomes during meiosis[END_REF]. Loss of both SMC2 proteins leads to lethality. In addition, the segregation of meiotic homologous chromosomes seem to be defective in plants with reduced levels of CAP-E1 and CAP-E2. Recently, the condensin II complex of A. thaliana has been suggested to play a role in alleviating DNA damage, rather than being essential to mitosis [START_REF] Sakamoto | Condensin II alleviates DNA damage and is essential for tolerance of boron overload stress in Arabidopsis[END_REF]. This would imply that in Arabidopsis, only the condensin I complex is active in mitosis. 

I.3.2 The synaptonemal complex (SC) structure

The synaptonemal complex is a meiosis-specific proteinaceous structure that forms between homologous chromosomes along their entire lengths enhancing the close pairing of homologous chromosomes in prophase I.

The SC is formed when the two lateral elements (LEs) are linked to each other by the transverse filaments (TFs), which lie across the central region in a zipper-like appearance (Figure 20). As already explained, the outer part of this zipper-like structure is composed of chromatin loops that are anchored by the lateral elements (reviewed in Nancy Kleckner, 2006;Page & Hawley, 2004b;[START_REF] Zickler | Integrating Structure and Function[END_REF]. Considering the central region of the SC, at least two kinds of proteins exist: central element (CE) proteins and transverse filament (TF) proteins. Five different CE proteins have been recognized: SYCE1, SYCE2, SYCE3 and TEX12 in mice [START_REF] Schramm | A novel mouse synaptonemal complex protein is essential for loading of central element proteins, recombination, and fertility[END_REF][START_REF] Costa | Two novel proteins recruited by synaptonemal complex protein 1 (SYCP1) are at the centre of meiosis[END_REF][START_REF] Hamer | Characterization of a novel meiosis-specific protein within the central element of the synaptonemal complex[END_REF], and CONA in D.

melanogaster [START_REF] Page | Corona is required for higher-order assembly of transverse filaments into full-length synaptonemal complex in Drosophila oocytes[END_REF]. The amino-acid sequences of TF proteins are not conserved, apart from the fact that they all have a coiled-coil domain in the central region with globular domains at both ends, resulting in significantly similar structures [START_REF] Page | The genetics and molecular biology of the synaptonemal complex[END_REF].

TF proteins have been reported in many organisms, including budding yeast, Drosophila melanogaster, Caenorhabditis elegans, rice and mouse [START_REF] Storlazzi | Synaptonemal complex (SC) component Zip1 plays a role in meiotic recombination independent of SC polymerization along the chromosomes[END_REF][START_REF] Meuwissen | A coiled-coil related protein specific for synapsed regions of meiotic prophase chromosomes[END_REF][START_REF] Sym | ZIP1 is a synaptonemal complex protein required for meiotic chromosome synapsis[END_REF][START_REF] Heyting | Synaptonemal complexes: structure and function[END_REF][START_REF] De Vries | Mouse Sycp1 functions in synaptonemal complex assembly, meiotic recombination, and XY body formation[END_REF][START_REF] Page | c(3)G encodes a Drosophila synaptonemal complex protein[END_REF][START_REF] Colaiácovo | Synaptonemal Complex Assembly in C. elegans Is Dispensable for Loading Strand-Exchange Proteins but Critical for Proper Completion of Recombination[END_REF][START_REF] Macqueen | Synapsis-dependent and -independent mechanisms stabilize homolog pairing during meiotic prophase in C. elegans[END_REF]. There are two redundant TF proteins in Arabidopsis thaliana, ZYP1a and ZYP1b, together referred to as ZYP1 (Higgins et al., 2005;[START_REF] Osman | Chromosome synapsis in Arabidopsis: analysis of the transverse filament protein ZYP1 reveals novel functions for the synaptonemal complex[END_REF]. TFs are essential for the formation of COs in C. elegans and in Drosophila [START_REF] Macqueen | Synapsis-dependent and -independent mechanisms stabilize homolog pairing during meiotic prophase in C. elegans[END_REF][START_REF] Colaiácovo | Synaptonemal Complex Assembly in C. elegans Is Dispensable for Loading Strand-Exchange Proteins but Critical for Proper Completion of Recombination[END_REF][START_REF] Hillers | Crossover interference[END_REF]. In A. thaliana this subject is not fully understood, since a previous study has suggested that RNAi against ZYP1 resulted in only a small reduction in crossover formation, but also resulting in non-homologous recombination (Higgins et al., 2005). This work is, however, questionable, as the complete inactivation of both ZYP1 genes is not clear. In rice, the TF protein ZEP1 (the ZYP1 homologue) was shown not to be required for chiasma formation and successful homolog segregation (Wang et al., 2010) (for details about the SC function, see section I.4.8.2.1.2; SICs and recombination).

SC formation starts with pairing of the axial elements (AEs) of two homologous chromosomes (de Boer and Heyting, 2006). Then, TF proteins assemble, as parallel homodimers, with the N termini overlapping in the center of the SCs and the C termini connected to the lateral elements. In budding yeast, TFs first assemble at the sites of synapsis initiation complexes (SICs) and then stretch along the homologs. These SICs can be seen as foci and they are composed of proteins called ZMMs, as Zip1, Zip2, Zip3, Zip4, Msh4, Msh5, Spo16 and Mer3 (Fung et al., 2004;Tsubouchi et al., 2006;Lynn et al., 2007;[START_REF] Chua | Zip2, a Meiosis-Specific Protein Required for the Initiation of Chromosome Synapsis[END_REF]Shinohara et al., 2008;[START_REF] Agarwal | Zip3 provides a link between recombination enzymes and synaptonemal complex proteins[END_REF]. Several studies provide strong evidence for functional interplay between SC formation and recombination events. Recombination is required for correct SC formation in several organisms (for further details, see section I.4.8.2.1) (Lynn et al., 2007), with exceptions (Drosophila (McKim, 1998) and C. elegans [START_REF] Dernburg | Meiotic Recombination in C. elegans Initiates by a Conserved Mechanism and Is Dispensable for Homologous Chromosome Synapsis[END_REF]. The SC is absent in some species, like S. pombe, Aspergillus nidulans and Drosophila male meiosis (reviewed in [START_REF] Zickler | Integrating Structure and Function[END_REF].

Another important factor for SC formation is the process of chromosome condensation, which is required for the correct localisation of transverse filament proteins in yeast [START_REF] Klein | A central role for cohesins in sister chromatid cohesion, formation of axial elements, and recombination during yeast meiosis[END_REF][START_REF] Yu | Chromosome morphogenesis: condensin-dependent cohesin removal during meiosis[END_REF].

Studies in yeast and flies have shown that the SC persists at the centromeres long after the end of pachytene [START_REF] Gladstone | The synaptonemal complex protein Zip1 promotes bi-orientation of centromeres at meiosis I[END_REF][START_REF] Newnham | The synaptonemal complex protein, Zip1, promotes the segregation of nonexchange chromosomes at meiosis I[END_REF][START_REF] Takeo | Synaptonemal complex-dependent centromeric clustering and the initiation of synapsis in Drosophila oocytes[END_REF]. The same was recently shown in mice, where stretches of the SC persist at paired centromeres and also at sites of crossing over after the breakdown of synapsis along the chromosome arms at the end of pachytene [START_REF] Bisig | Synaptonemal complex components persist at centromeres and are required for homologous centromere pairing in mouse spermatocytes[END_REF][START_REF] Qiao | Interplay between synaptonemal complex, homologous recombination, and centromeres during mammalian meiosis[END_REF]. The presence of SC stretches was suggested to be important to facilitate the segregation of chromosomes when recombination is impaired [START_REF] Takeo | Rumors of its disassembly have been greatly exaggerated: the secret life of the synaptonemal complex at the centromeres[END_REF][START_REF] De La Fuente | Meiotic pairing and segregation of achiasmate sex chromosomes in eutherian mammals: the role of SYCP3 protein[END_REF][START_REF] Qiao | Interplay between synaptonemal complex, homologous recombination, and centromeres during mammalian meiosis[END_REF], but this issue still needs to be confirmed. 

I.4 Meiotic homologous recombination

Homologous recombination (HR) is a ubiquitous cellular pathway that performs templatedependent, high-fidelity repair of DNA damage including DSBs, DNA gaps and inter-strand crosslinks. Apart from its role in meiosis, HR is essential to preserve genomic stability and it also functions in telomere maintenance (reviewed in (Pâques and Haber, 1999;[START_REF] Sung | Rad51 recombinase and recombination mediators[END_REF][START_REF] Krogh | Recombination proteins in yeast[END_REF].

During meiosis, homologous recombination is a key step because it establishes physical links between homologous chromosomes through the formation of crossovers, which are visualised as chiasmata [START_REF] Bascom-Slack | Chiasmata, crossovers, and meiotic chromosome segregation[END_REF]. Crossovers result in reciprocal DNA exchanges between homologous chromosomes. In the absence of chiasmata, meiotic arrest can occur, leading to apoptosis; or homologs can segregate randomly, leading to aneuploidy.

There is also another product of homologous recombination, called non-crossover (NCO), which result in non-reciprocal DNA exchanges between homologous chromosomes.

I.4.1 DSB repair model

During meiosis, an excess of DSBs are generated; only a subset of these breaks are repaired to form crossovers, whereas the remainder are repaired as non-crossovers or on the sister chromatid (Youds and Boulton, 2011). However, it remains an enigma when the decision to form a crossover or a non-crossover is taken. In my work, the term "double Holliday junction" refers to the intermediate predicted in models, while the term "joint molecule" refers to the structure detected in experiments. In this first part of the chapter, I will present two DSB repair models that were suggested long prior to the beginning of my thesis. Then, subsequently, I will present new discoveries and new suggestions that arrived, and finally, at the beginning of the next chapter, I will suggest a new DSB repair model including all the data discussed in this part of the work.

Thirty years ago, the study of recombination intermediates has led to the proposition of a DSB repair model, in which a DNA structure called double Holliday junction (dHJ) was the central recombination intermediate [START_REF] Szostak | The double-strand-break repair model for recombination[END_REF][START_REF] Holliday | Recombination and meiosis[END_REF][START_REF] Holliday | The wrong way to think about gene conversion?[END_REF][START_REF] Holliday | THE INDUCTION OF MITOTIC RECOMBINATION BY MITOMYCIN C IN USTILAGO AND SACCHAROMYCES[END_REF]. This dHJ was supposed to yield COs and NCOs.

According to this model, invasion of the homolog by a single strand (ss) DNA led to the formation of a displacement loop (D-loop), which was subsequently stabilized by DNA synthesis until the second 3'ss DNA was reached, generating the second-end capture and the formation of a DNA heteroduplex (a four-stranded intermediate) called double Holliday junction (dHJ) [START_REF] Szostak | The double-strand-break repair model for recombination[END_REF]) (Figure 21A).

In 2001, Allers and Lichten have proposed some adaptation to the Szostak's DSB repair model. In their study, they observed that NCOs arose at the same time as joint molecules (JMs) and before COs, suggesting that contrary to the Szostak's model, NCOs and COs could not arise from the same dHJ intermediate [START_REF] Allers | Differential Timing and Control of Noncrossover and Crossover Recombination during Meiosis[END_REF]. They therefore proposed that during meiosis, NCO mostly arise from D-loops intermediates rather than from dHJs. The synthesis-dependent strand annealing (SDSA) model [START_REF] Nassif | Efficient copying of nonhomologous sequences from ectopic sites via P-element-induced gap repair[END_REF] (in which helicase activities can displace the invading strand from the D-loop, freeing the nascent strand to anneal to the other end of the DSB) was then incorporated in the DSB repair model giving rise to the actual revised model for meiotic recombination (Figure 21B) [START_REF] Allers | Differential Timing and Control of Noncrossover and Crossover Recombination during Meiosis[END_REF]Hunter and Kleckner, 2001).

Recently, Bzymek and colleagues have found that dHJ intermediates can also be detected during somatic DSB repair in S. cerevisiae [START_REF] Bzymek | Double Holliday junctions are intermediates of DNA break repair[END_REF]. However, their formation is distinctly regulated than in meiosis. In somatic cells, joint molecules between sister chromatids form in preference to those between homologs, while in meiotic recombination there is a mechanism that favours inter-homolog (IH) recombination (called the interhomolog bias) [START_REF] Bzymek | Double Holliday junctions are intermediates of DNA break repair[END_REF]). The explanation is that during meiosis, crossover recombinants are required for the correct segregation of homologous chromosomes; whereas in mitotic cells, intra-sister recombination is favoured in order to avoid loss of heterozygosity (LOH). These subjects will be treated on section I.4.7 (Inter-homolog Bias).

Figure 21: DSB repair model

A-DSB repair model based on the work from [START_REF] Szostak | The double-strand-break repair model for recombination[END_REF]. After DSB resection, there is formation of a D-loop, which gives rise to dHJs that can generate either COs or NCOs.

B-DSB repair model revised by [START_REF] Allers | Differential Timing and Control of Noncrossover and Crossover Recombination during Meiosis[END_REF]. In this model, D-loop originates either NCOs or dHJs. COs formation is suggested to occur in a second step.

I.4.2 DSB formation I.4.2.1 DSB proteins in budding yeast

The meiotic DSB formation mechanism has been studied in several species, but budding yeast is the main model organism which has provided most of the recent knowledge on this subject.

Meiotic recombination is initiated by the formation of programmed double strand breaks (DSBs) throughout the genome. DSB formation is catalysed by Spo11, an evolutionary conserved enzyme, in conjunction with a number of additional proteins (Keeney and Neale, 2006;[START_REF] Keeney | Mechanism and control of meiotic recombination initiation[END_REF]. The Spo11 protein is related to the topoisomerase 6A (Top6A) subunit of the archeal DNA topoisomerase type IIB [START_REF] Bergerat | An atypical topoisomerase II from Archaea with implications for meiotic recombination[END_REF][START_REF] Keeney | Meiosis-Specific DNA Double-Strand Breaks Are Catalyzed by Spo11, a Member of a Widely Conserved Protein Family[END_REF]. Top6 acts as an heterodimer Top6A-Top6B, in which Top6A

is the catalytic subunit that possesses a DNA-binding domain with the tyrosine required for DNA cleavage, while the Top6B subunit has an ATP binding and hydrolytic domain that is required for the activity of the Top6A subunit [START_REF] Bergerat | An atypical topoisomerase II from Archaea with implications for meiotic recombination[END_REF][START_REF] Corbett | Structure of the topoisomerase VI-B subunit: implications for type II topoisomerase mechanism and evolution[END_REF][START_REF] Buhler | DNA topoisomerase VI generates ATP-dependent double-strand breaks with two-nucleotide overhangs[END_REF].

Similarly, Spo11 has been suggested to act as a dimer to catalyse DSB formation via a transesterification reaction to generate a transient, covalent, protein-DNA intermediate [START_REF] Sasanuma | Meiotic association between Spo11 regulated by Rec102, Rec104 and Rec114[END_REF][START_REF] Keeney | Spo11 and the Formation of DNA Double-Strand Breaks in Meiosis[END_REF]. In addition, Spo11 also possesses a catalytic tyrosine. However, rather than simply reversing the reaction to reseal the DNA, as with topoisomerases, Spo11 is trapped on the DNA.

In budding yeast, there are nine additional proteins, which have been demonstrated to form four distinct subcomplexes: Spo11-Ski8, Rec102-Rec104, Rec114-Mer2-Mei4 (also called RMM complex), and MRX, Mre11-Rad50-Xrs2 [START_REF] Arora | Antiviral protein Ski8 is a direct partner of Spo11 in meiotic DNA break formation, independent of its cytoplasmic role in RNA metabolism[END_REF][START_REF] Jiao | Support for a meiotic recombination initiation complex: interactions among Rec102p, Rec104p, and Spo11p[END_REF][START_REF] Kee | Spatial organization and dynamics of the association of Rec102 and Rec104 with meiotic chromosomes[END_REF][START_REF] Li | Double-stranded DNA breaks and gene functions in recombination and meiosis[END_REF][START_REF] Maleki | Interactions between Mei4, Rec114, and other proteins required for meiotic DNA double-strand break formation in Saccharomyces cerevisiae[END_REF](Figure 22). The proteins Mer2, Mei4, Rec102, Rec104 and Rec114 are meiosis-specific, while Ski8 and the complex Mre11-Rad50-Xrs2 have roles in meiotic and mitotic cells [START_REF] Serrentino | The spatial regulation of meiotic recombination hotspots: are all DSB hotspots crossover hotspots?[END_REF]. A null mutation in any of these genes blocks DSB formation and meiotic recombination, resulting in chromosome nondisjunction at the first meiotic division. Nevertheless, the exact role of these additional proteins is still not well understood [START_REF] Keeney | Spo11 and the Formation of DNA Double-Strand Breaks in Meiosis[END_REF][START_REF] Kumar | Functional conservation of Mei4 for meiotic DNA double-strand break formation from yeasts to mice[END_REF].

The catalytic core of DSB cleavage reaction is composed of Spo11 [START_REF] Arora | Antiviral protein Ski8 is a direct partner of Spo11 in meiotic DNA break formation, independent of its cytoplasmic role in RNA metabolism[END_REF][START_REF] Jiao | Support for a meiotic recombination initiation complex: interactions among Rec102p, Rec104p, and Spo11p[END_REF], which associates with DSB sites throughout the genome on the chromatin loops, and can interact directly with the subcomplex containing Rec102-Rec104, which is localised near hot spots and also on chromatin loops [START_REF] Arora | Antiviral protein Ski8 is a direct partner of Spo11 in meiotic DNA break formation, independent of its cytoplasmic role in RNA metabolism[END_REF][START_REF] Kee | Spatial organization and dynamics of the association of Rec102 and Rec104 with meiotic chromosomes[END_REF][START_REF] Prieler | The control of Spo11 ' s interaction with meiotic recombination hotspots[END_REF]. These two subcomplexes are mutually dependent on each other for appropriate nuclear localization. The RMM subcomplex seems to interact via Rec114 with the Rec102-Rec104 subcomplex [START_REF] Maleki | Interactions between Mei4, Rec114, and other proteins required for meiotic DNA double-strand break formation in Saccharomyces cerevisiae[END_REF]. Mer2 is thought to be a key control point in the DSB formation mechanism as it localises at chromosomal axis sites and it seems to recruit other DSB subcomplexes. For example, Mer2 is important for the interaction of the RMM subcomplex with the Spo11-Ski8 catalytic subcomplex [START_REF] Kee | Spatial organization and dynamics of the association of Rec102 and Rec104 with meiotic chromosomes[END_REF][START_REF] Panizza | Spo11-accessory proteins link double-strand break sites to the chromosome axis in early meiotic recombination[END_REF][START_REF] De Massy | Initation of Meiotic Recombination: How and Where? Conversation and Specificities Among Eukaryotes[END_REF] and also for the recruitment of Mei4 and Rec114 to chromosome axis [START_REF] Panizza | Spo11-accessory proteins link double-strand break sites to the chromosome axis in early meiotic recombination[END_REF]. In addition, Mer2 (together with Mei4 and Rec114) also interacts with Mre11-Rad50-Xrs2 [START_REF] Kee | Spatial organization and dynamics of the association of Rec102 and Rec104 with meiotic chromosomes[END_REF][START_REF] Li | Double-stranded DNA breaks and gene functions in recombination and meiosis[END_REF][START_REF] Maleki | Interactions between Mei4, Rec114, and other proteins required for meiotic DNA double-strand break formation in Saccharomyces cerevisiae[END_REF]. Mer2 also provides a link between DNA replication and DSB formation (for further information, see section I.4.4, DSB control). detected in mitotic cells. In black, interaction detected only in meiotic cells. This two-hybrid-based interaction map is from [START_REF] Maleki | Interactions between Mei4, Rec114, and other proteins required for meiotic DNA double-strand break formation in Saccharomyces cerevisiae[END_REF]. The figure was modified from (de Massy, 2013).

I.4.2.2 Conservation of DSB proteins in other species

The Spo11 protein has conserved catalytic motifs that maintain a minimal level of sequence conservation, allowing the identification of orthologs throughout eukaryotic organisms. In animals and fungi only a single SPO11 exist [START_REF] Baudat | Chromosome Synapsis Defects and Sexually Dimorphic Meiotic Progression in Mice Lacking Spo11[END_REF][START_REF] Romanienko | The mouse Spo11 gene is required for meiotic chromosome synapsis[END_REF][START_REF] Evans | A WD Repeat Protein, Rec14, Essential for Meiotic Recombination in Schizosaccharomyces pombe[END_REF]. However, in humans and mice, two isoforms of SPO11 are produced (SPO11α and SPO11β), which differ by the presence of an additional exon in SPO11β compared with SPO11α [START_REF] Romanienko | The mouse Spo11 gene is required for meiotic chromosome synapsis[END_REF][START_REF] Metzler-Guillemain | Identification and characterization of an SPO11 homolog in the mouse[END_REF][START_REF] Baudat | Meiotic recombination in mammals: localization and regulation[END_REF]. While SPO11β is responsible for generating most of the DSBs [START_REF] Bellani | The expression profile of the major mouse SPO11 isoforms indicates that SPO11beta introduces double strand breaks and suggests that SPO11alpha has an additional role in prophase in both spermatocytes and oocytes[END_REF], SPO11α seems to play a role in sex chromosome recombination, even if its specific mechanism of action remains elusive [START_REF] Kauppi | Distinct properties of the XY pseudoautosomal region crucial for male meiosis[END_REF]. Plants on the other side have at least two meiotic active SPO11 proteins (SPO11-1 and SPO11-2). Both are essential for the initiation of meiotic DSBs in Arabidopsis thaliana, as plants lacking SPO11-1 and SPO11-2 are nearly sterile because random chromosome segregation occurring during meiosis (Hartung andPuchta, 2000, 2001; reviewed in [START_REF] Edlinger | Have a break: determinants of meiotic DNA double strand break (DSB) formation and processing in plants[END_REF]. SPO11-1 and SPO11-2 proteins probably form a heterodimer in order to perform meiotic DSB formation (Stacey et al., 2006 and Mathilde Grelon, personal communication). In addition, Arabidopsis thaliana has another SPO11 homologue, SPO11-3 and also a TOP6B gene [START_REF] Hartung | Not Present in Other Eukaryotes Is Indispensable for Cell Proliferation of Plants[END_REF][START_REF] Yin | A crucial role for the putative Arabidopsis topoisomerase VI in plant growth and development[END_REF]; both seem to be required for somatic endoreduplication (Grelon et al., 2001;Hartung andPuchta, 2000, 2001;[START_REF] Stacey | Arabidopsis SPO11-2 functions with SPO11-1 in meiotic recombination[END_REF]. Five Spo11 orthologs have been identified in rice (Oryza sativa) (An et al., 2011;[START_REF] Jain | Constitutive expression of a meiotic recombination protein gene homolog, OsTOP6A1, from rice confers abiotic stress tolerance in transgenic Arabidopsis plants[END_REF][START_REF] Shingu | The doublestranded break-forming activity of plant SPO11s and a novel rice SPO11 revealed by a Drosophila bioassay[END_REF], however, only OsSPO11-1 has been shown to act in meiosis so far (Yu et al., 2010).

The identification of orthologs of other S. cerevisiae DSB proteins has been very difficult due to their very poor sequence conservation, showing rapid divergence even among closely related species [START_REF] Kumar | Functional conservation of Mei4 for meiotic DNA double-strand break formation from yeasts to mice[END_REF][START_REF] Cole | Evolutionary conservation of meiotic DSB proteins: more than just Spo11[END_REF]. In fact, some DSB proteins were identified based on their secondary structure, as it is the case of mice and human Mei4 and Rec114 [START_REF] Kumar | Functional conservation of Mei4 for meiotic DNA double-strand break formation from yeasts to mice[END_REF]. After being identified, primary structure alignments of Mei4 and Rec114 were done, revealing short stretches of highly conserved sequence, which were termed signature sequence motifs (SSMs). Interestingly, mouse Mei4 and Rec114 orthologs have only 8% and 6% identity with budding yeast, respectively [START_REF] Kumar | Functional conservation of Mei4 for meiotic DNA double-strand break formation from yeasts to mice[END_REF].

A putative Rec114 ortholog has been identified in Arabidopsis and maize (PHS1) [START_REF] Pawlowski | Coordination of meiotic recombination, pairing, and synapsis by PHS1[END_REF][START_REF] Ronceret | PHS1 regulates meiotic recombination and homologous chromosome pairing by controlling the transport of RAD50 to the nucleus[END_REF]. In both organisms, a meiotic role was proposed for PHS1, but not necessarily compatible with a role in DSB formation. Both genes were suggested to be involved in pairing of homologous chromosomes [START_REF] Pawlowski | Coordination of meiotic recombination, pairing, and synapsis by PHS1[END_REF]Ronceret et al., 52 2009), suggesting that in plants, Rec114 has functions distinct from those in fungi and mammals, even if their precise roles remain to be clarified.

No orthologs of Rec102 and Rec104 have been found outside of Saccharomyces and closely related yeasts [START_REF] Borde | Programmed induction of DNA double strand breaks during meiosis: setting up communication between DNA and the chromosome structure[END_REF]. In this same line, Ski8 orthologs exist, but are not required for DSB formation outside of fungi [START_REF] Jolivet | Non conservation of the meiotic function of the Ski8/Rec103 homolog in Arabidopsis[END_REF][START_REF] Evans | A WD Repeat Protein, Rec14, Essential for Meiotic Recombination in Schizosaccharomyces pombe[END_REF]Arora et al., 2004;[START_REF] Tessé | Localization and roles of Ski8p protein in Sordaria meiosis and delineation of three mechanistically distinct steps of meiotic homolog juxtaposition[END_REF]. Rec114, Mer2 and Mei4 have orthologs in S. pombe (Rec7, Rec15 and Rec24, respectively). However, only Mei4 and Rec114 orthologs have been found in most eukaryotes based on second structure similarities, with exception of S. macrospora, D.

melanogaster and C. elegans (de Massy, 2013).

Other DSB proteins were identified using forward genetic screens, like the mouse MEI1 [START_REF] Libby | Positional cloning and characterization of Mei1, a vertebrate-specific gene required for normal meiotic chromosome synapsis in mice[END_REF], which appear to be conserved in A. thaliana as PRD1 [START_REF] De Muyt | AtPRD1 is required for meiotic double strand break formation in Arabidopsis thaliana[END_REF]. A forward genetic screen in A. thaliana has also allowed the identification of PRD2

(recognised as the Mei4 ortholog) and PRD3 (which is similar to the PAIR1 rice gene) (De Muyt et al., 2009;[START_REF] Nonomura | The novel gene HOMOLOGOUS PAIRING ABERRATION IN RICE MEIOSIS1 of rice encodes a putative coiled-coil protein required for homologous chromosome pairing in meiosis[END_REF][START_REF] Kumar | Functional conservation of Mei4 for meiotic DNA double-strand break formation from yeasts to mice[END_REF]. Other plant-specific proteins were identified, as the "Arabidopsis DSB formation" (DFO) [START_REF] Zhang | The Arabidopsis thaliana DSB formation (AtDFO) gene is required for meiotic double-strand break formation[END_REF] and the rice "Central Region Component 1" (CRC1), the latter recently suggested to act together with PAIR1 [START_REF] Miao | CENTRAL REGION COMPONENT1, a Novel Synaptonemal Complex Component, Is Essential for Meiotic Recombination Initiation in Rice[END_REF].

The MRX/N complex plays a role in DSB formation in S. cerevisiae [START_REF] Alani | Analysis of wild-type and rad50 mutants of yeast suggests an intimate relationship between meiotic chromosome synapsis and recombination[END_REF] and C.

elegans [START_REF] Chin | C. elegans mre-11 is required for meiotic recombination and DNA repair but is dispensable for the meiotic G(2) DNA damage checkpoint[END_REF], but this is not the case for other organisms like S. pombe [START_REF] Young | Conserved and nonconserved proteins for meiotic DNA breakage and repair in yeasts[END_REF], A. thaliana [START_REF] Bleuyard | Meiotic defects in the Arabidopsis rad50 mutant point to conservation of the MRX complex function in early stages of meiotic recombination[END_REF][START_REF] Puizina | Mre11 deficiency in Arabidopsis is associated with chromosomal instability in somatic cells and Spo11-dependent genome fragmentation during meiosis[END_REF], M. musculus [START_REF] Cherry | The Mre11 Complex Influences DNA Repair, Synapsis, and Crossing Over in Murine Meiosis[END_REF] and D. melanogaster [START_REF] Mehrotra | Temporal analysis of meiotic DNA double-strand break formation and repair in Drosophila females[END_REF] despite the fact that Rad50 and Mre11 are present throughout evolution. The conservation of DSB formation proteins in some organisms other than S. cerevisiae in presented in Table 1.

Table 1: DSB formation proteins

Comparative conservation of function of DSB proteins in different organisms. Gene products that are conserved but the involvement of which in the indicated DSB function has not been tested are in brackets. Modified from [START_REF] Borde | Programmed induction of DNA double strand breaks during meiosis: setting up communication between DNA and the chromosome structure[END_REF].

I.4.3 DSB localisation

DSBs are not uniformly distributed along the genome [START_REF] Lichten | The impressionistic landscape of meiotic recombination[END_REF]Pan et al., 2011;[START_REF] Smagulova | Genome-wide analysis reveals novel molecular features of mouse recombination hotspots[END_REF]. During meiosis, there is a tight control of the location and timing of DSB formation [START_REF] Lichten | The impressionistic landscape of meiotic recombination[END_REF][START_REF] Phadnis | New and old ways to control meiotic recombination[END_REF]. The location of DSBs can be influenced by the chromatin structure, the presence of histone modifications and, at some loci, the binding of sequence-specific transcription factors [START_REF] Petes | Meiotic recombination hot spots and cold spots[END_REF]Pan et al., 2011). Some genomic regions were shown to have less DSBs than others; in budding yeast, these regions comprise centromeres and pericentric regions, as well as telomeres. In consequence, these regions present less recombination activity [START_REF] Pan | A hierarchical combination of factors shapes the genome-wide topography of yeast meiotic recombination initiation[END_REF].

In S. cerevisiae, DSBs are preferentially formed in regions free of nucleosome structures, which are typically found in the areas upstream transcription start sites. In mammals (more precisely in Mus musculus), DSBs occur away from transcription start sites (TSS), usually in narrow intervals (from few hundred pb to few kb), and they are separated by 50-100kb [START_REF] Smagulova | Genome-wide analysis reveals novel molecular features of mouse recombination hotspots[END_REF]. In addition, DSB hotspots were observed in several species, where DSB frequency can be up to 100-fold above the genome average. COs and NCOs were shown to cluster around DSB sites in hotspots. Moreover, these hotspots are surrounded by great regions that present no recombinational activity [START_REF] Coop | High-resolution mapping of crossovers reveals extensive variation in fine-scale recombination patterns among humans[END_REF][START_REF] Myers | A fine-scale map of recombination rates and hotspots across the human genome[END_REF]Pan et al., 2011;[START_REF] Kauppi | Where the crossovers are: recombination distributions in mammals[END_REF][START_REF] De Massy | Distribution of meiotic recombination sites[END_REF].

As already explained, chromosomes are organised in a loop-axis fashion, where chromatin loops are anchored along a common axial element. In budding yeast, most DSBs occur in loop sequences [START_REF] Pan | A hierarchical combination of factors shapes the genome-wide topography of yeast meiotic recombination initiation[END_REF], whereas several recombination-specific proteins are located on chromosome axes [START_REF] Blat | Physical and functional interactions among basic chromosome organizational features govern early steps of meiotic chiasma formation[END_REF][START_REF] Kumar | Functional conservation of Mei4 for meiotic DNA double-strand break formation from yeasts to mice[END_REF][START_REF] Panizza | Spo11-accessory proteins link double-strand break sites to the chromosome axis in early meiotic recombination[END_REF]. Recently, a novel model of DSB formation has emerged in S. cerevisiae. In this model, Spp1 (SET1c, PHD finger Protein 1), a member of the histone H3K4 methyltranferase Set1C complex (also called COMPASS (Complex of Proteins Associated with Set1), has been shown to interact with H3K4me3 in loop sequences, which is thought to mark DSB sites in yeast [START_REF] Borde | Histone H3 lysine 4 trimethylation marks meiotic recombination initiation sites[END_REF][START_REF] Buard | Distinct histone modifications define initiation and repair of meiotic recombination in the mouse[END_REF] [START_REF] Sommermeyer | Spp1, a member of the Set1 Complex, promotes meiotic DSB formation in promoters by tethering histone H3K4 methylation sites to chromosome axes[END_REF]Acquaviva et al., 2013a). In addition to its interaction with recombination initiation sites, Spp1 also interacts with Mer2 (a protein absolutely required for DSB formation), co-localising with it on chromosome axes. In this way, Spp1 would regulate DSB formation and localisation by tethering potential DSB sites in the loop sequences to chromosome axis, allowing their subsequent cleavage by Spo11 [START_REF] Sommermeyer | Spp1, a member of the Set1 Complex, promotes meiotic DSB formation in promoters by tethering histone H3K4 methylation sites to chromosome axes[END_REF]Acquaviva et al., 2013a) (Figure 23A).

A similar mechanism has recently been suggested in S. pombe, in which DSB loop sequences are tethered to Spo11 (Rec12) accessory proteins on linear elements [START_REF] Miyoshi | A central coupler for recombination initiation linking chromosome architecture to S phase checkpoint[END_REF][START_REF] Miyoshi | Spatiotemporal regulation of meiotic recombination by Liaisonin[END_REF]. This seems to occur through the interaction of a bridging protein Mde2 with Rec14 (Ski8 homolog), which is located on DSB potential sites on loops, and with Rec15 (Mer2 homolog) on chromosome axes. Rec15 is part of the DSB catalytic core complex (composed of Rec6-Rec12-Rec15), absolutely required for the DNA cleavage reaction [START_REF] Miyoshi | A central coupler for recombination initiation linking chromosome architecture to S phase checkpoint[END_REF][START_REF] Miyoshi | Spatiotemporal regulation of meiotic recombination by Liaisonin[END_REF]. Consequently, the bridging activity of Mde2 is thought to be important to promote DSB formation. However, this model does not explain the choice of localisation of DSBs in the chromatin (Figure 23B).

Both models of DSB formation suggest that DSBs sites on loops are recognised by a protein (Spp1 or Rec14) that either is able to directly tether these loop sequences to axis (Spp1) or that recruits a bridging protein to do it (Rec14 through the action of Mde2), resulting in DSB formation. However, it is still uncertain if this model applies to other species.

In mammals as in S. cerevisiae, DSB hot spot position is correlated with the H3K4me3 mark [START_REF] Baudat | PRDM9 is a major determinant of meiotic recombination hotspots in humans and mice[END_REF][START_REF] Parvanov | Prdm9 controls activation of mammalian recombination hotspots[END_REF][START_REF] Myers | Drive against hotspot motifs in primates implicates the PRDM9 gene in meiotic recombination[END_REF]. PRDM9 binds specific DNA sequences through its multiples C2H2 zinc fingers and tri-methylates histone H3 on lysine 4 (H3K4me3) through its SET domain, leading to a local enrichment of H3K4me3, resulting in the recruitment of the recombination machinery [START_REF] Hayashi | A histone H3 methyltransferase controls epigenetic events required for meiotic prophase[END_REF][START_REF] Grey | Mouse PRDM9 DNA-binding specificity determines sites of histone H3 lysine 4 trimethylation for initiation of meiotic recombination[END_REF]. The PRDM9 zinc finger array is highly variable within and between species, both in terms of the number and identity of its zinc fingers [START_REF] Billings | DNA binding specificities of the long zinc-finger recombination protein PRDM9[END_REF]. DSB hotspots, which are enriched for H3K4me3, were shown to depend on PRDM9 [START_REF] Smagulova | Genome-wide analysis reveals novel molecular features of mouse recombination hotspots[END_REF][START_REF] Brick | Genetic recombination is directed away from functional genomic elements in mice[END_REF][START_REF] Grey | Mouse PRDM9 DNA-binding specificity determines sites of histone H3 lysine 4 trimethylation for initiation of meiotic recombination[END_REF][START_REF] Buard | Distinct histone modifications define initiation and repair of meiotic recombination in the mouse[END_REF][START_REF] Myers | Drive against hotspot motifs in primates implicates the PRDM9 gene in meiotic recombination[END_REF], suggesting that PRDM9 could determine where DSB occur based on its DNA binding specificity. PRDM9-dependent crossovers were shown to occur mainly in intergenic regions and introns, while exons presented the lowest amount of recombination [START_REF] Myers | A fine-scale map of recombination rates and hotspots across the human genome[END_REF][START_REF] Kong | Fine-scale recombination rate differences between sexes, populations and individuals[END_REF].

Recently, PRDM9 was shown to possess mono-di-and tri-methylation activities (Wu et al., 56 2013). Differently from budding and fission yeast, the location of DSBs in relation to the chromosome axis is not yet known in mice and humans.

Recently in A. thaliana, crossover hotspots were shown to be located at gene promoters and terminators, and to be associated with active chromatin modifications such as H3K4me3, H2A.Z, low nucleosome density (LND) and low DNA methylation [START_REF] Choi | Arabidopsis meiotic crossover hot spots overlap with H2A.Z nucleosomes at gene promoters[END_REF]. In addition, crossovers were more frequent over CTT-repeat motifs and H2A.Z nucleosomes.

Another study considered two different hotspot regions in Arabidopsis thaliana [START_REF] Drouaud | Contrasted Patterns of Crossover and Non-crossover at Arabidopsis thaliana Meiotic Recombination Hotspots[END_REF]; it has revealed that COs hotspots have up to 50 times more CO rates than the genome average. Finally, crossover hotspots in plants seem to be defined at least in some degree by genetic and epigenetic features, as it is the case in yeast and mammals.

Figure 23: DSB localisation models

A-In S. cerevisiae, after di-or tri-methylation of lysine 4 on histone H3, Spp1, which is localised to the chromosome axis through interaction with Mer2, is able to bind H3K4me3 (arrow). This promotes the tethering of the chromatin loop to the axis and Spo11 interaction with the RMM complex, resulting in DSB formation. Modified from (Acquaviva et al., 2013b;[START_REF] Sommermeyer | Spp1, a member of the Set1 Complex, promotes meiotic DSB formation in promoters by tethering histone H3K4 methylation sites to chromosome axes[END_REF][START_REF] Miyoshi | Spatiotemporal regulation of meiotic recombination by Liaisonin[END_REF].

B-In S. pombe, the SFT subcomplex and Mde2 are recruited cooperatively to DSB hotspots located on loop regions. This allows stabilisation of the SFT subcomplex at DSB sites as well as the interaction between axes and DSB sites on loops through the multiprotein complex formation. Then, SFT complex and Mde2 can recruit the active DSBC subcomplex to DSB sites, promoting DSB formation. Modified from [START_REF] Miyoshi | Spatiotemporal regulation of meiotic recombination by Liaisonin[END_REF].

I.4.4 DSB control

The number of breaks catalysed per meiosis is developmentally programmed; in yeast or mammals, this number is approximately 150-250 per meiosis, whereas in Drosophila, it is about 25 [START_REF] Mancera | High-resolution mapping of meiotic crossovers and non-crossovers in yeast[END_REF][START_REF] Pan | A hierarchical combination of factors shapes the genome-wide topography of yeast meiotic recombination initiation[END_REF][START_REF] Lange | ATM controls meiotic double-strand-break formation[END_REF][START_REF] Buhler | Mapping meiotic single-strand DNA reveals a new landscape of DNA double-strand breaks in Saccharomyces cerevisiae[END_REF][START_REF] Joyce | Drosophila ATM and ATR have distinct activities in the regulation of meiotic DNA damage and repair[END_REF]. In Arabidopsis thaliana, DSBs are formed in the order of 150 [START_REF] Sanchez-Moran | ASY1 mediates AtDMC1dependent interhomolog recombination during meiosis in Arabidopsis[END_REF] to 250 (Chelysheva et al., 2007;[START_REF] Vignard | The interplay of RecA-related proteins and the MND1-HOP2 complex during meiosis in Arabidopsis thaliana[END_REF]. Additionally, DSB formation is restricted to a narrow time window during prophase, separating replication and chromosome segregation [START_REF] Padmore | Temporal comparison of recombination and synaptonemal complex formation during meiosis in S. cerevisiae[END_REF][START_REF] Cervantes | Meiotic DNA Breaks Associated with Recombination in S. pombe[END_REF].

Recently, the term "DSB homeostasis" was used to describe the ability of the meiotic cell to control the number of DSBs generated per meiosis [START_REF] Carballo | Budding Yeast ATM/ATR Control Meiotic Double-Strand Break (DSB) Levels by Down-Regulating Rec114, an Essential Component of the DSB-machinery[END_REF]. It was suggested that DSB level in S. cerevisiae is genetically determined in the meiotic program through regulation of Rec114 activity. As explained above, Rec114, together with Mei4 and Mer2, is part of the RMM complex proposed to link the DSB sites located on chromatin loops to the axial chromosome structure [START_REF] Panizza | Spo11-accessory proteins link double-strand break sites to the chromosome axis in early meiotic recombination[END_REF]. Carballo and colleagues showed that Rec114 is a direct target of Tel1/Mec1, the budding yeast ATM/ATR homologues. Upon DSB formation, Rec114 is phosphorylated by Tel1/Mec1, which down-regulates its interaction with DSB hotspots and leads to reduced levels of Spo11 catalysis. Besides, two additional means of regulating Rec114 were described. First, the timely degradation of Rec114 requires Ndt80. Second, it was already suggested that synapsis could promote the removal of Rec114 and its associated proteins Mei4 and Mer2 from chromosome axis. Indeed, the work from [START_REF] Carballo | Budding Yeast ATM/ATR Control Meiotic Double-Strand Break (DSB) Levels by Down-Regulating Rec114, an Essential Component of the DSB-machinery[END_REF] showed that synapsis dependent removal of RMM occurs independently of Tel1/Mec1 phosphorylation and Ndt80 which is consistent with an independent mechanism of down regulating DSB levels.

DSB homeostasis seems to have two main levels: first by a local negative feedback which would prevent repeated cleavage of the already broken chromatids near the successful break Post-translational modification of proteins also plays a role in the regulation of DSB formation. Precisely in budding yeast, the phosphorylation of Mer2 by cyclin-dependent kinase Cdc28 and Cdc7 was shown to control the timing of DSB formation by modulating interactions of Mer2 with other proteins required for break formation [START_REF] Henderson | Cyclin-dependent kinase directly regulates initiation of meiotic recombination[END_REF][START_REF] Sasanuma | Cdc7-dependent phosphorylation of Mer2 facilitates initiation of yeast meiotic recombination[END_REF]. Cdc28 is a cell-cycle regulator, which is responsible for exit from pachytene [START_REF] Shuster | Pachytene Arrest and Other Meiotic Effects of the Start Mutations in Saccharomyes cerevisiae[END_REF] and in collaboration with its B-type cyclin activators, Clb5 and Clb6, is responsible for pre-meiotic DNA replication [START_REF] Benjamin | Control of landmark events in meiosis by the CDK Cdc28 and the meiosis-specific kinase Ime2[END_REF][START_REF] Stuart | CLB5 and CLB6 are required for premeiotic DNA replication and activation of the meiotic S/M checkpoint[END_REF]. Cdc7 is a Ser/Thr kinase required in meiosis for timely and efficient replication and divisions. While Cdc28 (in association with the B-type cyclins Cbl5 and Clb6) targets Mer2 phosphorylation sites independently of Cdc7, Cdc7 (in interaction with Dbf4)

targets two different classes of Mer2 phosphorylation sites, one that is Cdc28-dependent and another that is not [START_REF] Wan | Cdc28-Clb5 (CDK-S) and Cdc7-Dbf4 (DDK) collaborate to initiate meiotic recombination in yeast[END_REF][START_REF] Murakami | Regulating the formation of DNA double-strand breaks in meiosis[END_REF]. This suggests that both proteins, Cdc28 and Cdc7, collaborate to initiate meiotic recombination in yeast through the coordination between pre-meiotic S-phase and DSB formation.

Mer2 is also controlled by transcription in meiosis. It is known to be present at low levels during vegetative growth and higher levels during meiosis. This happens due to the presence of an intron, which is spliced efficiently only during meiosis [START_REF] Henderson | Cyclin-dependent kinase directly regulates initiation of meiotic recombination[END_REF][START_REF] Li | Double-stranded DNA breaks and gene functions in recombination and meiosis[END_REF].

In S. pombe, Hsk1, the ortholog of Cdc7, was suggested to play a similar role of Cdc7 in the induction of meiotic DSBs, as Hsk1 is essential for DSB formation (Ogino et al., 2006) and is also required for Spo11 recruitment to DSB sites [START_REF] Sasanuma | Cdc7-dependent phosphorylation of Mer2 facilitates initiation of yeast meiotic recombination[END_REF]. Also in S. pombe, ATP-dependent chromatin remodelling factors (ADCRs) and histone acetyltransferases (HATs) were shown to up-regulate meiotic recombination at a DSB hotspot through changes in local chromatin structure [START_REF] Yamada | Roles of histone acetylation and chromatin remodeling factor in a meiotic recombination hotspot[END_REF]. DSB formation has also been connected to the DNA replication checkpoint in S. pombe. In fact, down-regulation of Mde2 by Rad3-Cds1, would lead to inhibition of loop-axis interaction at DSB hotspots [START_REF] Miyoshi | Spatiotemporal regulation of meiotic recombination by Liaisonin[END_REF]Ogino and Masai, 2006). Rad3 is known to play an essential role in coordination of DNA replication and cell division during both mitotic growth and meiosis (Murakami andNurse, 1999, 2000).

Examples above suggest that DSB formation is a tightly regulated mechanism, although some differences in the mechanisms and strategies for regulation are observed when comparing different species.

I.4.5 Spo11 removal and end resection

After DSB formation, the 5' ends of cleaved DNA are covalently linked to Spo11 protein, forming a transient intermediate. The removal of Spo11 from the DNA ends requires the endonuclease activity of the MRX (Mre11-Rad50-Xrs2) complex in S. cerevisiae (the MRN (Mre11-Rad50-Nbs1) complex in other species), in conjunction with SUMO activating enzyme 2 (Sae2 in S. cerevisiae; CtIP in mammals, COM1 in C. elegans and A. thaliana) [START_REF] Alani | Analysis of wild-type and rad50 mutants of yeast suggests an intimate relationship between meiotic chromosome synapsis and recombination[END_REF][START_REF] Mckee | A General Method for Identifying Recessive Diploid-Specific Mutations in Saccharomyces cerevisiae, Its Application to the Isolation of Mutants Blocked at Intermediate Stages of Meiotic Prophase and Characterization of a New Gene SAE2[END_REF][START_REF] Nairz | mre11S---a yeast mutation that blocks double-strand-break processing and permits nonhomologous synapsis in meiosis[END_REF][START_REF] Muzi-Falconi | DNA end resection: Many nucleases make light work[END_REF][START_REF] Neale | Endonucleolytic processing of covalent protein-linked DNA double-strand breaks[END_REF][START_REF] Milman | Meiotic DNA double-strand break repair requires two nucleases, MRN and Ctp1, to produce a single size class of Rec12 (Spo11)-oligonucleotide complexes[END_REF]. The endonucleolytic cleavage of the DNA strand bound to Spo11 leads to the release of DNA oligonucleotides covalently attached to Spo11 protein (also called Spo11 oligos) (Figure 24), as already detected in S. cerevisiae, M. musculus and S.

pombe [START_REF] Neale | Endonucleolytic processing of covalent protein-linked DNA double-strand breaks[END_REF][START_REF] Rothenberg | Ctp1 and the MRN-complex are required for endonucleolytic Rec12 removal with release of a single class of oligonucleotides in fission yeast[END_REF]. In S. cerevisiae, DSB ends with short 3'single-strand tails (3'ss overhangs) were shown to be further processed by the action of exonuclease 1 (Exo1), generating long ssDNA overhangs [START_REF] Farah | Ctp1 and Exonuclease 1, alternative nucleases regulated by the MRN complex, are required for efficient meiotic recombination[END_REF][START_REF] Manfrini | Processing of meiotic DNA double strand breaks requires cyclin-dependent kinase and multiple nucleases[END_REF][START_REF] Zakharyevich | Temporally and Biochemically Distinct Activities of Exo1 during Meiosis: Double-Strand Break Resection and Resolution of Double Holliday Junctions[END_REF]. Then, further DSB end processing by Sgs1, Exo1 and Dna2 occurs in S. cerevisiae. Modified from (Keeney and Neale, 2006).

Recently in S. cerevisiae, Mre11 was shown to collaborate with Exo1 to enable efficient ssDNA generation [START_REF] Garcia | Bidirectional resection of DNA doublestrand breaks by Mre11 and Exo1[END_REF]. This work has in addition provided in vivo evidence for bidirectional DSB end resection [START_REF] Garcia | Bidirectional resection of DNA doublestrand breaks by Mre11 and Exo1[END_REF], contrary to a previous work which suggested that DSB resection occurs unidirectionally (Pâques and Haber, 1999). Using a mre11 mutant with reduced exonucleases activity but normal endonuclease activity (called mre11-H59S), Garcia and colleagues observed a shift in the distribution of Spo11oligonucleotides, which differ from the wild type by the length of attached DNA. While in wild type there are two major classes of Spo11-oligonucleotides (one of 10 to 17 nucleotides in length and the other of 28 to 40 nucleotides in length), in mre11-H59S, classes were more heterogeneous and shifted towards higher molecular weight Spo11-oligos (the first class of 18 to 27 nucleotides in length and the second of 41 to 300 nucleotides in length) [START_REF] Garcia | Bidirectional resection of DNA doublestrand breaks by Mre11 and Exo1[END_REF]. They suggest that the endonucleolytic action of Mre11 would nick the strand to be resected up to 300 nucleotides from the 5' terminus of the DSB, which is more distally than first thought. This would allow Exo1 to play its 5'-3' exonucleolytic activity outwards away from the Spo11-mediated DSB, while Mre11 would play its exonucleolytic 3'-5' activity towards the Spo11 protein (Figure 25). They suggest that the DSB formation complex (composed of Spo11 and accessory proteins) would physically inhibit cleavage by the Mre11 protein, as it would act as a steric impediment. The final length of the Spo11-oligos would then refer to the amount of DNA covered (protected) by the proteins involved in Spo11-DSB formation. In addition, Mre11 would play an exonuclease activity and not only an endonuclease activity as thought. However, it seems that this model does not apply for all organisms, since in S. pombe only one class of oligonucleotide could be detected [START_REF] Milman | Meiotic DNA double-strand break repair requires two nucleases, MRN and Ctp1, to produce a single size class of Rec12 (Spo11)-oligonucleotide complexes[END_REF][START_REF] Rothenberg | Ctp1 and the MRN-complex are required for endonucleolytic Rec12 removal with release of a single class of oligonucleotides in fission yeast[END_REF]. Spo11 and may be protected from Mre11-dependent exonucleases degradation by a large metastable multisubunit complex, which is asymmetric, thereby generating the observed size distribution of Spo11-oligos. Modified from [START_REF] Garcia | Bidirectional resection of DNA doublestrand breaks by Mre11 and Exo1[END_REF].

I.4.6 Single-end invasion by recombinases

Following the maturation of 3'ssDNA tails by the DSB resection machinery, these ssDNA tails are bound by the heterotrimeric replication protein A (RPA) complex, which minimizes their secondary structure. This is a prerequisite for the loading of the strand exchange proteins related to bacterial RecA, Rad51 and its meiosis-specific homolog Dmc1 (disrupted meiotic cDNA1) [START_REF] Fanning | A dynamic model for replication protein A (RPA) function in DNA processing pathways[END_REF]. These two proteins are assembled forming a protein helix coating each single strand ends, resulting in nucleoprotein filament formation [START_REF] Fanning | A dynamic model for replication protein A (RPA) function in DNA processing pathways[END_REF]. These DNA-protein filaments play a role in finding complementary sequences.

They catalyse the pairing between 3'ssDNA tails and an homolog duplex in a process called single end invasion (Hunter and Kleckner, 2001), which generates the so called displacement loops (D-loops) recombination intermediates (Figure 26) (Pâques and Haber, 1999;Hunter and Kleckner, 2001;[START_REF] San Filippo | Mechanism of eukaryotic homologous recombination[END_REF]. Rad51 and Dmc1 were shown to have the same structure and the same biochemical proprieties in vitro [START_REF] Shinohara | Rad51 protein involved in repair and recombination in S. cerevisiae is a RecA-like protein[END_REF][START_REF] Benson | Purification and characterization of the human Rad51 protein, an analogue of E. coli RecA[END_REF][START_REF] Sung | Catalysis of ATP-dependent homologous DNA pairing and strand exchange by yeast RAD51 protein[END_REF][START_REF] Shinohara | Cloning of human, mouse and fission yeast recombination genes homologous to RAD51 and recA[END_REF][START_REF] Baumann | Human Rad51 Protein Promotes ATP-Dependent Homologous Pairing and Strand Transfer Reactions In Vitro[END_REF][START_REF] Masson | The Rad51 and Dmc1 recombinases: a non-identical twin relationship[END_REF][START_REF] Hong | Saccharomyces cerevisiae Dmc1 protein promotes renaturation of single-strand DNA (ssDNA) and assimilation of ssDNA into homologous supercoiled duplex DNA[END_REF][START_REF] Sehorn | Human meiotic recombinase Dmc1 promotes ATP-dependent homologous DNA strand exchange[END_REF][START_REF] Yu | Helical Filaments of Human Dmc1 Protein on Single-Stranded DNA: A Cautionary Tale[END_REF]. However, some differences between the two recombinases do exist.

Rad51 is widely conserved and was shown to be involved in intra-sister (IS) repair in both mitotic and meiotic recombination [START_REF] Bishop | RecA homologs Dmc1 and Rad51 interact to form multiple nuclear complexes prior to meiotic chromosome synapsis[END_REF]Shinohara et al., 1997a;[START_REF] Gasior | Assembly of RecA-like recombinases: distinct roles for mediator proteins in mitosis and meiosis[END_REF]Cloud et al., 2012a), while Dmc1 is essential to meiosis in many organisms and seems to have a specific role in recombination between homologs (Pâques and Haber, 1999). S. cerevisiae dmc1 mutants present the same phenotype as rad51 mutants, in which chromosome fragmentation is visible in metaphase I, indicating reduced or absent meiotic recombination [START_REF] Shinohara | Roles of RecA homologues Rad51 and Dmc1 during meiotic recombination[END_REF]. However, in A. thaliana, dmc1 mutants present only univalents on the metaphase I plate, suggesting that in DMC1-deficient cells, DSB repair is done in a RAD51-dependent pathway using sister chromatids as a template. Some organisms like D. melanogaster, C. elegans and Neurospora crassa present Rad51 but lack a Dmc1 ortholog (reviewed in [START_REF] Neale | Clarifying the mechanics of DNA strand exchange in meiotic recombination[END_REF].

I.4.7 Inter-homolog (IH) Bias

In meiosis, DNA repair is biased toward using the homolog as a substrate rather than the sister chromatid (reviewed in [START_REF] Zickler | Integrating Structure and Function[END_REF][START_REF] Kim | Sister cohesion and structural axis components mediate homolog bias of meiotic recombination[END_REF]. This bias is called "homolog bias" and it is specifically achieved with the help of chromosome structure components as sister chromatid cohesion and axis proteins (Kim et al., 2010a). This bias contrasts with mitotic cells, in which intra-sister (IS) repair is chosen in order to repair DNA damage without genetic information exchange [START_REF] Fabre | Gene conversion at different points in the mitotic cycle of Saccharomyces cerevisiae[END_REF]. DNA repair using the sister chromatid (Figure 27A) instead of the homologous chromosome (Figure 27B) would reduce CO formation and consequently, the correct chromosome segregation at the end of meiosis.

Inter-homolog (IH) bias is thought to work in several "layers". The first "layer" corresponds to the suppression of Rad51-dependent IS recombination. The second, to the promotion of IH repair, which could be actively promoted by the RecA protein Dmc1; and the third corresponds to differential modulation of RecA activities performed by several specific Rad51-and Dmc1-acessory proteins. A-Rad51 recombinase directs DSB repair towards the sister chromatid.

B-Dmc1, with the help of several other proteins, act at this step, favouring IH repair.

I.4.7.1 Suppression of intra-sister repair

In budding yeast, inter-homolog bias during meiosis requires not only Dmc1, but also four meiosis-specific proteins, Hop1, Red1, Mek1 and Hed1 (Schwacha andKleckner, 1994, 1997;[START_REF] Goldfarb | Frequent and efficient use of the sister chromatid for DNA double-strand break repair during budding yeast meiosis[END_REF][START_REF] Niu | Partner choice during meiosis is regulated by Hop1-promoted dimerization of Mek1[END_REF][START_REF] Wan | Mek1 kinase activity functions downstream of RED1 in the regulation of meiotic double strand break repair in budding yeast[END_REF]Tsubouchi and Roeder, 2006).

Red1 and Hop1 are axis-components (for details, see section I.3.1.1), whereas Mek1 is a serine-threonine protein kinase whose activation is dependent on DSB formation [START_REF] Niu | Mek1 kinase is regulated to suppress double-strand break repair between sister chromatids during budding yeast meiosis[END_REF]. As described above, Rad51-and Dmc1-deficient cells present the same meiotic phenotype in yeast. As Rad51 mediates IS repair in somatic cells, this indicates that there is a mechanism which inhibits the Rad51-dependent repair using sister chromatid as a template in dmc1 mutants. These dmc1-deficient cells arrest in prophase with unrepaired breaks as a result of triggered meiotic recombination checkpoint [START_REF] Bishop | DMC1: A meiosis-specific yeast homolog of E. coli recA required for recombination, synaptonemal complex formation, and cell cycle progression[END_REF][START_REF] Lydall | A meiotic recombination checkpoint controlled by mitotic checkpoint genes[END_REF].

This mechanism of IS inhibition was shown to be dependent on two different pathways. One pathway is dependent on the "high-copy suppressor of red1" (Hed1). Hed1 was shown to restrict the access of the Rad51 binding partner, Rad54, to presynaptic filaments of Rad51, reducing the formation of the complex Rad51-Rad54, which is necessary to IS repair [START_REF] Busygina | Hed1 regulates Rad51-mediated recombination via a novel mechanism[END_REF][START_REF] Niu | Regulation of meiotic recombination via Mek1-mediated Rad54 phosphorylation[END_REF]Tsubouchi and Roeder, 2006). Recently, Hed1 was shown to also stabilise the Rad51 presynaptic filament [START_REF] Busygina | Novel attributes of Hed1 affect dynamics and activity of the Rad51 presynaptic filament during meiotic recombination[END_REF]. The other parallel pathway of regulation of the Rad51-Rad54 complex is dependent on the Mek1 kinase [START_REF] Hollingsworth | Genetic Interactions Between HOP1, RED1 and MEK1 Suggest That MEK1 Regulates Assembly of Axial Element Components During Meiosis in the Yeast Saccharomyces cerevisiae[END_REF][START_REF] Thompson | Genetic Control of Recombination Partner Preference in Yeast Meiosis: Isolation and Characterization of Mutants Elevated for Meiotic Unequal Sister-Chromatid Recombination[END_REF]. Mek1 inhibits Rad51 through phosphorylation of Rad54, also resulting in IS inhibition. In the absence of Dmc1 and Mek1, a rapid repair of DSBs by Rad51/ Rad54 using sister chromatids as the template is achieved [START_REF] Niu | Partner choice during meiosis is regulated by Hop1-promoted dimerization of Mek1[END_REF][START_REF] Niu | Regulation of meiotic recombination via Mek1-mediated Rad54 phosphorylation[END_REF]. The same is observed for dmc1 and hed1 mutation (Tsubouchi and Roeder, 2006). Consequently, Hed1 and Mek1 are suggested to influence the choice of the DSB repair matrix [START_REF] Schwacha | Interhomolog bias during meiotic recombination: meiotic functions promote a highly differentiated interhomolog-only pathway[END_REF][START_REF] Terentyev | Evidence that MEK1 positively promotes interhomologue double-strand break repair[END_REF].

Mek1 kinase needs to be activated in order to inhibit IS repair. This activation is done by the Hop1-Red1 complex. First, Hop1 needs to be phosphorylated in a Spo11-dependent manner by Tel1 and Mec1 kinases [START_REF] Carballo | Phosphorylation of the axial element protein Hop1 by Mec1/Tel1 ensures meiotic interhomolog recombination[END_REF]. Additionally, phosphorylation of Red1 [START_REF] Bailis | Synaptonemal complex morphogenesis and sister-chromatid cohesion require Mek1-dependent phosphorylation of a meiotic chromosomal protein[END_REF] precedes the assembly of the Red1-Hop1-Mek1 protein complex [START_REF] Niu | Partner choice during meiosis is regulated by Hop1-promoted dimerization of Mek1[END_REF][START_REF] Hollingsworth | Genetic Interactions Between HOP1, RED1 and MEK1 Suggest That MEK1 Regulates Assembly of Axial Element Components During Meiosis in the Yeast Saccharomyces cerevisiae[END_REF], which is then able to activate Mek1 [START_REF] Wan | Mek1 kinase activity functions downstream of RED1 in the regulation of meiotic double strand break repair in budding yeast[END_REF][START_REF] Hunter | Hop1 and the meiotic DNA-damage response[END_REF][START_REF] Chuang | Mek1 stabilizes Hop1-Thr318 phosphorylation to promote interhomolog recombination and checkpoint responses during yeast meiosis[END_REF]. Recently, a study suggested that the Rec8 cohesin could play a role in promoting sister bias, thereby inhibiting establishment of homolog bias. This action is thought to be counterbalanced by Red1/Mek1 kinases, which ensure IH establishment (Kim et al., 2010a).

The role of Hop1 in IH repair could be conserved in other organisms. In plants, lack of the HORMA-domain protein ASY1, which is the Hop1 homologue, leads to intra-sister repair, in a RAD51-dependent manner [START_REF] Sanchez-Moran | ASY1 mediates AtDMC1dependent interhomolog recombination during meiosis in Arabidopsis[END_REF][START_REF] Caryl | A homologue of the yeast HOP1 gene is inactivated in the Arabidopsis meiotic mutant asy1[END_REF]. Interestingly, A.

thaliana dmc1 mutants also appear to repair meiotic DSBs using the sister chromatid as a template, differently from yeast dmc1 mutants [START_REF] Couteau | Random chromosome segregation without meiotic arrest in both male and female meiocytes of a dmc1 mutant of Arabidopsis[END_REF][START_REF] De Muyt | AtPRD1 is required for meiotic double strand break formation in Arabidopsis thaliana[END_REF][START_REF] Siaud | Brca2 is involved in meiosis in Arabidopsis thaliana as suggested by its interaction with Dmc1[END_REF]. Considering that the rad51 mutant fails to repair meiotic DSB (Li et al., 2004), this demonstrates a different regulation of IS repair in plants. In this case, the ASY1 protein does not act by suppressing IS repair, but rather coordinate the stabilisation of the DMC1 recombinase on the chromatin, favouring the IH repair [START_REF] Sanchez-Moran | ASY1 coordinates early events in the plant meiotic recombination pathway[END_REF], 2007). Similarly, in the absence of the C. elegans HIM-3 protein (the Hop1 homologue), chiasma formation and synapsis are reduced [START_REF] Zetka | Synapsis and chiasma formation in Caenorhabditis elegans require HIM-3, a meiotic chromosome core component that functions in chromosome segregation[END_REF][START_REF] Couteau | A component of C. elegans meiotic chromosome axes at the interface of homolog alignment, synapsis, nuclear reorganization, and recombination[END_REF]; in addition, RAD51 foci number and dynamics are unchanged, and no chromosome fragmentation is observed, suggesting that like in asy1 mutants, IS repair occurs [START_REF] Couteau | A component of C. elegans meiotic chromosome axes at the interface of homolog alignment, synapsis, nuclear reorganization, and recombination[END_REF]. Also in S. pombe, Hop1-and Mek1-deficient cells present enhanced sisterchromatid recombination together with CO reduction, suggesting that chromosome axis proteins play a role in IH bias [START_REF] Latypov | Roles of Hop1 and Mek1 in meiotic chromosome pairing and recombination partner choice in Schizosaccharomyces pombe[END_REF][START_REF] Mallela | Rec10-and Rec12-independent recombination in meiosis of Schizosaccharomyces pombe[END_REF]. All these data suggests that axis formation defects could lead to IS repair [START_REF] Yuan | Female germ cell aneuploidy and embryo death in mice lacking the meiosis-specific protein SCP3[END_REF]Kolas et al., 2004).

I.4.7.2 Promotion of inter-homologous repair

In budding yeast, mice and human, the promotion of inter-homologous repair is thought to be promoted by Dmc1 with the collaboration of its partner proteins Hop2 and Mnd1 [START_REF] Henry | Mnd1/Hop2 facilitates Dmc1-dependent interhomolog crossover formation in meiosis of budding yeast[END_REF][START_REF] Chen | Heterodimeric complexes of Hop2 and Mnd1 function with Dmc1 to promote meiotic homolog juxtaposition and strand assimilation[END_REF][START_REF] Zierhut | Mnd1 is required for meiotic interhomolog repair[END_REF][START_REF] Tsubouchi | The Mnd1 Protein Forms a Complex with Hop2 To Promote Homologous Chromosome Pairing and Meiotic Double-Strand Break Repair[END_REF][START_REF] Enomoto | Stimulation of DNA strand exchange by the human TBPIP/Hop2-Mnd1 complex[END_REF][START_REF] Petukhova | The Hop2 Protein Has a Direct Role in Promoting Interhomolog Interactions during Mouse Meiosis[END_REF][START_REF] Pezza | Hop2/Mnd1 acts on two critical steps in Dmc1-promoted homologous pairing[END_REF][START_REF] Petukhova | The Hop2 and Mnd1 proteins act in concert with Rad51 and Dmc1 in meiotic recombination[END_REF]. Hop2-Mnd1 complex stimulates DNA strand invasion by both Dmc1 and Rad51 and their absence leads to lack of dHJ [START_REF] Chen | Heterodimeric complexes of Hop2 and Mnd1 function with Dmc1 to promote meiotic homolog juxtaposition and strand assimilation[END_REF][START_REF] Petukhova | The Hop2 and Mnd1 proteins act in concert with Rad51 and Dmc1 in meiotic recombination[END_REF][START_REF] Pezza | Hop2/Mnd1 acts on two critical steps in Dmc1-promoted homologous pairing[END_REF][START_REF] Neale | Clarifying the mechanics of DNA strand exchange in meiotic recombination[END_REF]. Hop2-Mnd1 binds to either Dmc1 or Rad51, stabilizes the respective nucleoprotein filaments, and enhances the capture of double-stranded DNA (dsDNA) into filaments in a homology-independent manner [START_REF] Chi | Bipartite stimulatory action of the Hop2-Mnd1 complex on the Rad51 recombinase[END_REF][START_REF] Pezza | Hop2/Mnd1 acts on two critical steps in Dmc1-promoted homologous pairing[END_REF]. However, several studies have suggested that the Mnd1-Hop2 complex activation depends on a Dmc1-dependent pathway [START_REF] Tsubouchi | The Mnd1 Protein Forms a Complex with Hop2 To Promote Homologous Chromosome Pairing and Meiotic Double-Strand Break Repair[END_REF]Zierhut et al., 2004a). Furthermore, Dmc1 in only able to direct DSB repair to the homologous chromosome when Mnd1 is present (Zierhut et al., 2004a). Also, meiotic defects of dmc1, mnd1 or hop2 can be bypassed by overexpressing RAD51 [START_REF] Tsubouchi | The Importance of Genetic Recombination for Fidelity of Chromosome Pairing in Meiosis[END_REF]. In Arabidopsis, mutants of AHP2 (Hop2 homolog) and MND1 led to chromosome fragmentation similar to the rad51 mutant, indicating the failure to repair DSBs [START_REF] Schommer | AHP2 is required for bivalent formation and for segregation of homologous chromosomes in Arabidopsis meiosis[END_REF][START_REF] Kerzendorfer | The Arabidopsis thaliana MND1 homologue plays a key role in meiotic homologous pairing, synapsis and recombination[END_REF][START_REF] Domenichini | Atmnd1-delta1 is sensitive to gamma-irradiation and defective in meiotic DNA repair[END_REF][START_REF] Vignard | The interplay of RecA-related proteins and the MND1-HOP2 complex during meiosis in Arabidopsis thaliana[END_REF][START_REF] Panoli | AtMND1 is required for homologous pairing during meiosis in Arabidopsis[END_REF]. In addition, MND1-HOP2 complex is also suggested to play role in IH repair in A. thaliana (Ronceret et al., in press).

I.4.7.3 RAD51 and DMC1 accessory proteins

The activities of Rad51 and Dmc1 proteins are modulated by a range of accessory proteins in vivo and in vitro, which can function at many steps and serve to enhance or restrain catalytic efficiency of strand exchange activities [START_REF] Krogh | Recombination proteins in yeast[END_REF]reviewed in Sung et al., 2003;[START_REF] Neale | Clarifying the mechanics of DNA strand exchange in meiotic recombination[END_REF].

I.4.7.3. 1 RAD51 accessory proteins

Rad51 loading onto the single strand ends of DSBs requires Rad52, Rad55, Rad57 and Rad54 [START_REF] Symington | Role of RAD52 Epistasis Group Genes in Homologous Recombination and Double-Strand Break Repair[END_REF]. Rad55 and Rad57 act as a heterodimer on mitotic and meiotic homologous recombination [START_REF] Krogh | Recombination proteins in yeast[END_REF]. Rad52 role in meiotic recombination is not conserved in mice (Bannister and Schimenti, 2004), but could be conserved in A. thaliana, as mutation in the two RAD52 homologs identified (AtRAD52-1 and AtRAD52-2) lead to fertility reduction [START_REF] Samach | Identification of plant RAD52 homologs and characterization of the Arabidopsis thaliana RAD52-like genes[END_REF]. Also in Arabidopsis, recombination intermediate formation requires AtRAD51C and AtXRCC3 [START_REF] Bleuyard | Differing requirements for the Arabidopsis Rad51 paralogs in meiosis and DNA repair[END_REF].

Rad54 is a member of the Swi2/Snf2 family chromatin remodelling factors, together with Tid1/Rdh54. Rad54 performs multiple functions supporting the role of Rad51 in the early steps of homologous recombination, as homology search and stabilisation of Rad51-ssDNA filaments in D-loop and removal of Rad51 from DNA after heteroduplex formation (reviewed in [START_REF] Heyer | Rad54: the Swiss Army knife of homologous recombination?[END_REF][START_REF] Boulton | Rad54, the motor of homologous recombination[END_REF]. Rad54 has some functional redundancy with Rdh54/Tid1 [START_REF] Klein | RDH54, a RAD54 Homologue in Saccharomyces cerevisiae, Is Required for Mitotic Diploid-Specific Recombination and Repair and for Meiosis[END_REF]. Although Rad54 homologs exist in vertebrates (Bannister and Schimenti, 2004;[START_REF] Wesoly | Differential contributions of mammalian Rad54 paralogs to recombination, DNA damage repair, and meiosis[END_REF] and plants [START_REF] Osakabe | Isolation and characterization of the RAD54 gene from Arabidopsis thaliana[END_REF][START_REF] Klutstein | Functional conservation of the yeast and Arabidopsis RAD54-like genes[END_REF], they only play a role in somatic recombination.

I.4.7.3 .2 Other DMC1 accessory proteins

In S. cerevisiae, Dmc1 is loaded by a complex comprised of Mei5 and Sae3 [START_REF] Symington | Role of RAD52 Epistasis Group Genes in Homologous Recombination and Double-Strand Break Repair[END_REF][START_REF] Hayase | A Protein Complex Containing Mei5 and Sae3 Promotes the Assembly of the Meiosis-Specific RecA Homolog Dmc1[END_REF]. Unrepaired meiotic DSBs accumulate in mei5 and sae3 mutants, confirming a defect in strand exchange [START_REF] Hayase | A Protein Complex Containing Mei5 and Sae3 Promotes the Assembly of the Meiosis-Specific RecA Homolog Dmc1[END_REF][START_REF] Tsubouchi | The budding yeast mei5 and sae3 proteins act together with dmc1 during meiotic recombination[END_REF]).

The Mei5/ Sae3 complex have not been found in Arabidopsis [START_REF] Ray | Homologous recombination: ends as the means[END_REF]. In budding yeast, Rdh54/Tid1 was shown to act with Dmc1 in inter-homolog recombination during meiosis [START_REF] Klein | RDH54, a RAD54 Homologue in Saccharomyces cerevisiae, Is Required for Mitotic Diploid-Specific Recombination and Repair and for Meiosis[END_REF][START_REF] Arbel | Sister chromatid-based DNA repair is mediated by RAD54, not by DMC1 or TID1[END_REF]Shinohara et al., 1997b).

The tumour suppressor breast cancer susceptibility protein 2 (Brca2 in S. cerevisiae, BRCA2 in mammals and plants, BRC-2 in C. elegans, BRH2 in U. maydis) interacts with Dmc1 and was shown to be essential for its loading in many organisms [START_REF] Siaud | Brca2 is involved in meiosis in Arabidopsis thaliana as suggested by its interaction with Dmc1[END_REF][START_REF] San Filippo | Mechanism of eukaryotic homologous recombination[END_REF][START_REF] Edlinger | Have a break: determinants of meiotic DNA double strand break (DSB) formation and processing in plants[END_REF][START_REF] Thorslund | Interactions between human BRCA2 protein and the meiosis-specific recombinase DMC1[END_REF][START_REF] Sharan | BRCA2 deficiency in mice leads to meiotic impairment and infertility[END_REF]) [START_REF] Yang | The BRCA2 homologue Brh2 nucleates RAD51 filament formation at a dsDNA-ssDNA junction[END_REF][START_REF] Sharan | BRCA2 deficiency in mice leads to meiotic impairment and infertility[END_REF][START_REF] Siaud | Brca2 is involved in meiosis in Arabidopsis thaliana as suggested by its interaction with Dmc1[END_REF][START_REF] Kojic | BRCA2 homolog required for proficiency in DNA repair, recombination, and genome stability in Ustilago maydis[END_REF][START_REF] Martin | RAD-51dependent and -independent roles of a Caenorhabditis elegans BRCA2-related protein during DNA double-strand break repair[END_REF][START_REF] Thorslund | Interactions between human BRCA2 protein and the meiosis-specific recombinase DMC1[END_REF][START_REF] San Filippo | Mechanism of eukaryotic homologous recombination[END_REF][START_REF] Edlinger | Have a break: determinants of meiotic DNA double strand break (DSB) formation and processing in plants[END_REF]. Besides, the BRCA2 protein was suggested to substitute RAD52's role in mice and Arabidopsis homologous recombination [START_REF] Sharan | BRCA2 deficiency in mice leads to meiotic impairment and infertility[END_REF][START_REF] Siaud | Brca2 is involved in meiosis in Arabidopsis thaliana as suggested by its interaction with Dmc1[END_REF][START_REF] Dray | Interaction between Arabidopsis Brca2 and its partners Rad51, Dmc1, and Dss1[END_REF][START_REF] Thorslund | Interactions between human BRCA2 protein and the meiosis-specific recombinase DMC1[END_REF].

In A. thaliana, a cyclin-like protein (SDS) has been suggested to play a role with DMC1 in promoting inter-homolog recombination [START_REF] Azumi | Homolog interaction during meiotic prophase I in Arabidopsis requires the SOLO DANCERS gene encoding a novel cyclinlike protein[END_REF]De Muyt et al., 2009). SDSdeficient cells present phenotypes reminiscent of dmc1 and asy1 mutants, in which DSB repair is made by using RAD51, but presenting major homologous chromosome pairing defects, with formation of zero or very few COs [START_REF] De Muyt | AtPRD1 is required for meiotic double strand break formation in Arabidopsis thaliana[END_REF][START_REF] Siaud | Brca2 is involved in meiosis in Arabidopsis thaliana as suggested by its interaction with Dmc1[END_REF].

Additionally, both sds and asy1 mutants show localisation defects of DMC1, but not RAD51 [START_REF] Sanchez-Moran | ASY1 mediates AtDMC1dependent interhomolog recombination during meiosis in Arabidopsis[END_REF], 2008;De Muyt et al., 2009). Another gene, MCM8 has been demonstrated to play a role in A. thaliana meiosis, since mcm8 mutants presents a limited level of chromosome fragmentation, which is greatly increased in the absence of DMC1 [START_REF] Crismani | MCM8 is required for a pathway of meiotic double-strand break repair independent of DMC1 in Arabidopsis thaliana[END_REF]. MCM8 has been suggested to be involved with RAD51 in a backup pathway to repair DSBs when DMC1 pathway fails. Also in Arabidopsis, the RAD51 associated protein 1 (RAD51AP1), was recently suggested to play a role in meiosis by forming a complex with DMC1 to stimulate its activity [START_REF] Dray | Molecular basis for enhancement of the meiotic DMC1 recombinase by RAD51 associated protein 1 (RAD51AP1)[END_REF].

I.4.7.4 Are RAD51 and DMC1 loaded on different sides of a DSB?

As described above, Rad51 and Dmc1 loading onto RPA-coated ssDNA is supported by distinct sets of proteins [START_REF] Bishop | RecA homologs Dmc1 and Rad51 interact to form multiple nuclear complexes prior to meiotic chromosome synapsis[END_REF][START_REF] Gasior | Assembly of RecA-like recombinases: distinct roles for mediator proteins in mitosis and meiosis[END_REF][START_REF] Hayase | A Protein Complex Containing Mei5 and Sae3 Promotes the Assembly of the Meiosis-Specific RecA Homolog Dmc1[END_REF][START_REF] Lao | Rad52 Promotes Postinvasion Steps of Meiotic Double-Strand-Break Repair[END_REF].

This fact has been used to speculate that the two recombinases could be loaded on different ends of the same meiotic DSB [START_REF] Blat | Physical and functional interactions among basic chromosome organizational features govern early steps of meiotic chiasma formation[END_REF][START_REF] Goldfarb | Frequent and efficient use of the sister chromatid for DNA double-strand break repair during budding yeast meiosis[END_REF][START_REF] Storlazzi | Recombination proteins mediate meiotic spatial chromosome organization and pairing[END_REF]. Although Dmc1 and Rad51 foci normally co-localise in yeast, they have been suggested to localise side-by-side in the absence of Tid1/Rdh54, Rad24 or Rad17 and also in a subset of nuclei with expanded chromatin [START_REF] Shinohara | Tid1/Rdh54 promotes colocalization of Rad51 and Dmc1 during meiotic recombination[END_REF]. Like this, a Rad51 homooligomer and a Dmc1 homo-oligomer would assemble next to one another at the site of a single double-strand break (DSB) recombination intermediate (Shinohara et al., 1997a),

behaving differently: while one end could carry out the initial strand invasion, the other end would be captured in a separate reaction [START_REF] Neale | Clarifying the mechanics of DNA strand exchange in meiotic recombination[END_REF]. Similarly in Arabidopsis, RAD51 and DMC1 were shown to localise to opposite sides of a meiotic DSB, suggesting that DMC1 is able to function independently and spatially separated from RAD51 during meiosis [START_REF] Kurzbauer | The recombinases DMC1 and RAD51 are functionally and spatially separated during meiosis in Arabidopsis[END_REF]. These suggestions, however, need to be further evaluated.

I.4.7.5 RAD51 would play an accessory role in DMC1 strand-exchange

Recently, DMC1 was suggested to act independently of RAD51 in vivo in budding yeast and Arabidopsis [START_REF] Kurzbauer | The recombinases DMC1 and RAD51 are functionally and spatially separated during meiosis in Arabidopsis[END_REF][START_REF] Da Ines | Meiotic Recombination in Arabidopsis Is Catalysed by DMC1, with RAD51 Playing a Supporting Role[END_REF]Cloud et al., 2012a). The first evidence for the role of DMC1 alone was observed in A. thaliana. As described in section I.4.7.1, Arabidopsis dmc1 mutants are thought to repair DSBs in a RAD51-dependent manner, by using the sister chromatid as template [START_REF] Couteau | Random chromosome segregation without meiotic arrest in both male and female meiocytes of a dmc1 mutant of Arabidopsis[END_REF][START_REF] De Muyt | AtPRD1 is required for meiotic double strand break formation in Arabidopsis thaliana[END_REF][START_REF] Siaud | Brca2 is involved in meiosis in Arabidopsis thaliana as suggested by its interaction with Dmc1[END_REF]. In addition, rad51 mutants are incapable of repairing meiotic DSBs, as shown by their strong chromosome fragmentation (Li et al., 2004). The work from Kurzbauer and colleagues has demonstrated that introgressing the atr mutation in a rad51 mutant could restore chromosome pairing, synapsis and bivalent formation, indicating that DMC1 alone is able to repair DSBs [START_REF] Kurzbauer | The recombinases DMC1 and RAD51 are functionally and spatially separated during meiosis in Arabidopsis[END_REF]. In wild-type Arabidopsis, ATR signalling is thought to negatively regulate the formation of DMC1 nucleoprotein filament. In addition, RAD51 nucleoprotein filament formation seems to attenuate ATR signalling (Figure 28).

Consequently, in the absence of RAD51, ATR signalling would inhibit DMC1 nucleoprotein filament formation resulting in impaired DSB repair. Therefore, Kurtzbauer and colleagues suggest that in atrrad51 double mutants, there is no DMC1 inhibition and DSB repair can occur normally [START_REF] Kurzbauer | The recombinases DMC1 and RAD51 are functionally and spatially separated during meiosis in Arabidopsis[END_REF].

In addition, other works also have evidence that RAD51 plays only a supporting role for DMC1 in meiotic recombination in Arabidopsis [START_REF] Da Ines | Meiotic Recombination in Arabidopsis Is Catalysed by DMC1, with RAD51 Playing a Supporting Role[END_REF] and in budding yeast (Cloud et al., 2012a). In both cases, a modified catalytically inactive RAD51 protein was

shown to be sufficient to restore RAD51 function during meiotic recombination [START_REF] Da Ines | Meiotic Recombination in Arabidopsis Is Catalysed by DMC1, with RAD51 Playing a Supporting Role[END_REF][START_REF] Cloud | Rad51 is an accessory factor for Dmc1-mediated joint molecule formation during meiosis[END_REF][START_REF] Bishop | Rad51, the lead in mitotic recombinational DNA repair, plays a supporting role in budding yeast meiosis[END_REF]. Taken together, these data show that DMC1 alone is sufficient to promote full homologous pairing, crossing-over and DSB repair in Arabidopsis and yeast meiosis, while only the RAD51 presence (and not its strand-exchange activity) is absolutely required in meiosis. RPA loading is thought to inhibit or block DMC1 loading until RAD51 is loaded on one DNA strand.

This RAD51 loading seems to attenuate ATR signalling, resulting finally in DMC1 loading on the other end. Single-end invasion is now able to occur. Modified from [START_REF] Kurzbauer | The recombinases DMC1 and RAD51 are functionally and spatially separated during meiosis in Arabidopsis[END_REF].

I.4.8 Meiotic products I.4.8.1 Non-crossover (NCO)

Two main meiotic recombination products have been shown to exist in several organisms through the analysis of genetic markers segregation [START_REF] Szostak | The double-strand-break repair model for recombination[END_REF]) (see section I.4.1).

NCOs are non-reciprocal exchanges of DNA fragments between homologs, generating 3:1 marker segregation. NCOs can be generated by different mechanisms. Recently, NCOs were suggested not to arise from dHJs, which are thought to generate mainly COs [START_REF] Allers | Differential Timing and Control of Noncrossover and Crossover Recombination during Meiosis[END_REF]Hunter and Kleckner, 2001;Bishop and Zickler, 2004;Börner et al., 2004).

NCOs were shown to arise predominantly from SDSA [START_REF] Mcmahill | Synthesis-dependent strand annealing in meiosis[END_REF][START_REF] Martini | Genome-wide analysis of heteroduplex DNA in mismatch repair-deficient yeast cells reveals novel properties of meiotic recombination pathways[END_REF][START_REF] De Muyt | BLM helicase ortholog Sgs1 is a central regulator of meiotic recombination intermediate metabolism[END_REF][START_REF] Sourirajan | Polo-like kinase Cdc5 drives exit from pachytene during budding yeast meiosis[END_REF].

SDSA is a mechanism that consists of the displacement of a single strand end after limited amount of DNA synthesis and the subsequent anneal of this single strand end with other DSB end (figure 29A) (Pâques and Haber, 1999;[START_REF] Allers | Differential Timing and Control of Noncrossover and Crossover Recombination during Meiosis[END_REF][START_REF] Martini | Genome-wide analysis of heteroduplex DNA in mismatch repair-deficient yeast cells reveals novel properties of meiotic recombination pathways[END_REF][START_REF] Mcmahill | Synthesis-dependent strand annealing in meiosis[END_REF]. In several organisms, SDSA is performed by "anti-crossover" factors as the Bloom syndrome helicase (BLM in mammals, Sgs1 in budding yeast, RECQ4A in A.

thaliana and MUS309 in Drosophila) (reviewed in [START_REF] Andersen | Meiotic versus mitotic recombination: two different routes for double-strand break repair: the different functions of meiotic versus mitotic DSB repair are reflected in different pathway usage and different outcomes[END_REF]. The first evidence of BLM's role in SDSA came from studies in Drosophila, which have suggested BLM to promote SDSA in mitosis, probably by disrupting D-loops after DNA synthesis [START_REF] Adams | Drosophila BLM in double-strand break repair by synthesis-dependent strand annealing[END_REF][START_REF] Mcvey | Formation of deletions during double-strand break repair in Drosophila DmBlm mutants occurs after strand invasion[END_REF]; human BLM was indeed shown to promote SDSA in vitro [START_REF] Van Brabant | Binding and Melting of D-Loops by the Bloom Syndrome Helicase †[END_REF][START_REF] Bachrati | Mobile D-loops are a preferred substrate for the Bloom's syndrome helicase[END_REF]. Later, the role of S. cerevisiae Sgs1 in meiosis was demonstrated, by its action in suppressing the formation of multi-chromatid joint molecules, preventing then aberrant CO formation [START_REF] Oh | BLM Ortholog, Sgs1, Prevents Aberrant Crossing-over by Suppressing Formation of Multichromatid Joint Molecules[END_REF]. Alternatively, NCOs can be formed by dissolution of double Holliday junctions, in a process dependent on helicase and topoisomerase coupled activities [START_REF] Wu | The Bloom's syndrome helicase suppresses crossing over during homologous recombination[END_REF]. Some years ago, a protein complex consisting of Sgs1 in budding yeast et BLM in mammals, a topoisomerase 3 homologue (Top3 in yeast and TOPO3α in mammals) and the structural protein Rmi1 was shown to catalyse dHJ dissolution in vitro and in vivo, a process in which the two HJs are migrated toward one another and then decatenated [START_REF] Wu | The Bloom's syndrome helicase suppresses crossing over during homologous recombination[END_REF], generating only NCOs (Figure 29B) [START_REF] Gangloff | The yeast type I topoisomerase Top3 interacts with Sgs1, a DNA helicase homolog: a potential eukaryotic reverse gyrase[END_REF][START_REF] Wu | The Bloom's syndrome gene product interacts with topoisomerase III[END_REF][START_REF] Wu | The HRDC domain of BLM is required for the dissolution of double Holliday junctions[END_REF]Wu et al., , 2006)). Firstly, this complex has been shown to act in mitosis and to be conserved in plants; it is composed of RECQ4A helicase, TOP3α and RMI1 in Arabidopsis (Hartung et al., 2000;Hartung and Puchta, 2006). The three Arabidopsis genes of the RTR (RECQ4A, TOPO3α and RMI1) complex are involved in DNA repair and somatic recombination as it happens in yeast and mammals (Hartung et al., 2008). Later, the activity of the RTR complex was highlighted also in meiotic recombination. This was demonstrated by the sterility of top3α and rmi1 mutants, which presented DNA fragmentation at metaphase I and meiotic arrest at the end of meiosis I (Chelysheva et al., 2008;Hartung et al., 2008). The recq4a mutant does not display such phenotype, but was suggested to play a role in the removal of inter-chromosomal telomeric connections at meiosis [START_REF] Higgins | The RecQ helicase AtRECQ4A is required to remove inter-chromosomal telomeric connections that arise during meiotic recombination in Arabidopsis[END_REF].

However, besides its anti-crossover activity, BLM can also have pro-crossover activity. The first case has been suggested in fission yeast, where the BLM homologue, Rec Q helicase 1 (Rqh1) seems to act toward crossover formation, by extending DNA hybrids [START_REF] Cromie | The fission yeast BLM homolog Rqh1 promotes meiotic recombination[END_REF]. Also in C. elegans, HIM-6 (BLM homologue) deficient cells have decreased levels of COs [START_REF] Wicky | Multiple Genetic Pathways Involving the Caenorhabditis elegans Bloom ' s Syndrome Genes him-6 , rad-51 , and top-3 Are Needed To Maintain Genome Stability in the Germ Line[END_REF], and in Drosophila, mutations in the BLM homologue MUS309

reduce by half the meiotic recombination rates [START_REF] Mcvey | Multiple functions of Drosophila BLM helicase in maintenance of genome stability[END_REF].

Another possible anti-crossover factor is the C. elegans Srs2 homolog RTEL-1. It was suggested to promote NCOs by SDSA both in meiosis and mitosis by its ability to disrupt Dloop in vitro [START_REF] Barber | RTEL1 maintains genomic stability by suppressing homologous recombination[END_REF][START_REF] Youds | RTEL-1 enforces meiotic crossover interference and homeostasis[END_REF]. While wild-type worms have only one crossover per chromosome pair, rtel-1 mutants present multiple COs per chromosome.

Confirming this evidence, ZHP-3 (Zip3 homolog) foci number was increased when RTEL-1 was absent [START_REF] Youds | RTEL-1 enforces meiotic crossover interference and homeostasis[END_REF]. However, a recent study has shown that NCOs do occur in rtel-1 mutant background, suggesting that RTEL-1 is not strictly required for the NCO formation [START_REF] Rosu | Robust crossover assurance and regulated interhomolog access maintain meiotic crossover number[END_REF]. RTEL-1 was then proposed to act redirecting inter-homolog invasions toward inter-sister repair rather than driving them into NCO products. In addition to these roles, RTEL-1 was shown to act in inter-strand crosslink repair (ICR) in C. elegans and human cells; it was also shown to act in telomere length maintenance in mice [START_REF] Barber | RTEL1 maintains genomic stability by suppressing homologous recombination[END_REF][START_REF] Ding | Regulation of Murine Telomere Length by Rtel[END_REF]. Arabidopsis thaliana genome has homologues of both SRS2 and RTEL-1, but their role haven't been studied yet [START_REF] Knoll | The role of DNA helicases and their interaction partners in genome stability and meiotic recombination in plants[END_REF].

Recently, Fanconi anemia complementation group M (FANCM) orthologs were identified in S. pombe (Fml1) and in A. thaliana; both have been shown to play a role in meiotic recombination in these organisms. In Arabidopsis, two recent works have shown that FANCM is a major meiotic anti-crossover factor that directs recombination intermediates toward inter-homolog NCOs or repair towards the sister chromatid; these intermediates would, otherwise, become MUS81-dependent COs, since mutation of FANCM unleashed formation of MUS81 COs (Crismani et al., 2012;[START_REF] Knoll | The Fanconi anemia ortholog FANCM ensures ordered homologous recombination in both somatic and meiotic cells in Arabidopsis[END_REF]. In S. pombe, Fml1 was suggested to act with its accessory factors Mhf1 and Mhf2, in SDSA in competition with Mus81-Eme1 for processing the same type of recombination intermediate, probably a D-loop (Lorenz et al., 2012;Lorenz and Whitby, 2012). Human FANCM is well-known for its involvement in mitotic DNA repair. FANCM deficient individuals suffer from the genetic disorder Fanconi anemia, characterised by increased cancer susceptibility, anemia and developmental problems [START_REF] Neveling | Genotype-phenotype correlations in Fanconi anemia[END_REF]. Its role in meiotic recombination has not yet been demonstrated. The presence of a first class I CO event prevent others from occurring close by, in a distancedependent manner (Sturtevant, 1915;Muller, 1916) (Youds and Boulton, 2011;Berchowitz et al., 2007;Higgins et al., 2008a;[START_REF] Holloway | MUS81 generates a subset of MLH1-MLH3-independent crossovers in mammalian meiosis[END_REF][START_REF] Zakharyevich | Delineation of Joint Molecule Resolution Pathways in Meiosis Identifies a Crossover-Specific Resolvase[END_REF][START_REF] Whitby | Making crossovers during meiosis[END_REF][START_REF] De Muyt | BLM helicase ortholog Sgs1 is a central regulator of meiotic recombination intermediate metabolism[END_REF][START_REF] O'neil | Joint molecule resolution requires the redundant activities of MUS-81 and XPF-1 during Caenorhabditis elegans meiosis[END_REF][START_REF] Agostinho | Combinatorial regulation of meiotic holliday junction resolution in C. elegans by HIM-6 (BLM) helicase, SLX-4, and the SLX-1, MUS-81 and XPF-1 nucleases[END_REF][START_REF] Saito | Interplay between structure-specific endonucleases for crossover control during Caenorhabditis elegans meiosis[END_REF][START_REF] Zalevsky | Crossing Over During Caenorhabditis elegans Meiosis Requires a Conserved MutS-Based Pathway That Is Partially Dispensable in Budding Yeast[END_REF][START_REF] Kelly | Caenorhabditis elegans msh-5 Is Required for Both Normal and Radiation-Induced Meiotic Crossing Over but Not for Completion of Meiosis[END_REF][START_REF] Jantsch | Targeted gene knockout reveals a role in meiotic recombination for ZHP-3, a Zip3-related protein in Caenorhabditis elegans[END_REF][START_REF] Lhuissier | The mismatch repair protein MLH1 marks a subset of strongly interfering crossovers in tomato[END_REF].

I.4.8.2 CO pathways

I.4.8.2.1 Class I Crossovers

As explained above, class I COs are subjected to interference, and they are generated by a specific group of proteins called ZMM, which in budding yeast are represented by Zip1, Zip2, Zip3, Zip4, Msh4, Msh5, Spo16 and Mer3; in addition to Mlh1 and Mlh3 (Table 2).

MLH1 and MLH3 are not considered to be ZMM proteins, since their absence has less impact on the level of class I CO formation in yeast [START_REF] Argueso | Systematic Mutagenesis of the Saccharomyces cerevisiae MLH1 Gene Reveals Distinct Roles for Mlh1p in Meiotic Crossing Over and in Vegetative and Meiotic Mismatch Repair[END_REF] and also in Arabidopsis [START_REF] Jackson | Reduced meiotic crossovers and delayed prophase I progression in AtMLH3-deficient Arabidopsis[END_REF]. Mutants for ZMM proteins present the same phenotype in several species, which includes dramatic reductions in CO formation in conjunction with SEI and dHJ reduction, however without reduction in NCOs (Börner et al., 2004;Lynn et al., 2007;[START_REF] Chen | Global analysis of the meiotic crossover landscape[END_REF]. This indicates that ZMM proteins act in concert to form SEIs, dHJs and lately, COs. As NCO formation occurs normally in zmm mutants, ZMMs were suggested not to be required for the CO versus NCO decision, which is made prior to SEI (Hunter and Kleckner, 2001;Bishop and Zickler, 2004). 

I.4.8.2.1.1 Role of Class I CO proteins

Msh4 and Msh5 proteins are homologous to the bacterial MutS complex, conserved in eukaryotes like S. cerevisiae, C. elegans, mice and Arabidopsis (de [START_REF] De Vries | Mouse MutS-like protein Msh5 is required for proper chromosome synapsis in male and female meiosis[END_REF]Higgins et al., 2004a[START_REF] Higgins | AtMSH5 partners AtMSH4 in the class I meiotic crossover pathway in Arabidopsis thaliana, but is not required for synapsis[END_REF][START_REF] Hollingsworth | MSH5, a novel MutS homolog, facilitates meiotic reciprocal recombination between homologs in Saccharomyces cerevisiae but not mismatch repair[END_REF][START_REF] Kneitz | MutS homolog 4 localization to meiotic chromosomes is required for chromosome pairing during meiosis in male and female mice[END_REF][START_REF] Zalevsky | Crossing Over During Caenorhabditis elegans Meiosis Requires a Conserved MutS-Based Pathway That Is Partially Dispensable in Budding Yeast[END_REF][START_REF] Kelly | Caenorhabditis elegans msh-5 Is Required for Both Normal and Radiation-Induced Meiotic Crossing Over but Not for Completion of Meiosis[END_REF]. Msh4-Msh5 were shown to act as a heterodimer in yeast and humans [START_REF] Pochart | Conserved Properties between Functionally Distinct MutS Homologs in Yeast[END_REF]. The Msh4-Msh5 complex specifically binds JMs and subsequently stabilises them by acting as sliding clamps that embrace the recombining duplexes (Börner et al., 2004;[START_REF] Jessop | Meiotic chromosome synapsispromoting proteins antagonize the anti-crossover activity of sgs1[END_REF][START_REF] Snowden | hMSH4-hMSH5 recognizes Holliday Junctions and forms a meiosis-specific sliding clamp that embraces homologous chromosomes[END_REF]. In D. melanogaster Msh4-Msh5 are absent [START_REF] Sekelsky | Nucleotide excision repair endonuclease genes in Drosophila melanogaster[END_REF][START_REF] Blanton | REC, Drosophila MCM8, drives formation of meiotic crossovers[END_REF]; it has been suggested that this complex could be replaced by MCM proteins (REC/MCM8, MEI-217 and MEI-218), since MCMs deficient flies presented a reduction in CO formation which could be restored by mutation in the BLM ortholog [START_REF] Kohl | Evolution of an MCM complex in flies that promotes meiotic crossovers by blocking BLM helicase[END_REF]. It has been shown that the Rad1/XPF endonuclease ortholog MEI-9 acts in the same pathway as the MCM proteins [START_REF] Sekelsky | The Drosophila meiotic recombination gene mei-9 encodes a homologue of the yeast excision repair protein Rad1[END_REF][START_REF] Baker | GENETIC ANALYSIS OF SEX CHROMOSOMAL MEIOTIC MUTANTS IN DROSOPHILA MELANOGASTER[END_REF].

Mer3 is an helicase that promotes normal crossover frequencies in yeast [START_REF] Nakagawa | The Saccharomyces cerevisiae MER3 gene, encoding a novel helicase-like protein, is required for crossover control in meiosis[END_REF]. It has been shown to stimulate heteroduplex extension by Rad51, which helps to stabilise nascent D-loop structures to promote double Holliday junction formation and, ultimately, crossover formation [START_REF] Mazina | Saccharomyces cerevisiae Mer3 Helicase Stimulates 3 -5 Heteroduplex Extension by Rad51 : Implications for Crossover Control in Meiotic Recombination of Medicine[END_REF]. Homologues of Mer3 seem to be conserved across eukaryotes from mammals to plants, for example HFM1 in humans [START_REF] Tanaka | HFM1, the human homologue of yeast Mer3, encodes a putative DNA helicase expressed specifically in germ-line cells[END_REF], Mer3 in the protist Trichomonas vaginalis and in rice [START_REF] Wang | MER3 is required for normal meiotic crossover formation, but not for presynaptic alignment in rice[END_REF] and ROCK-AND-ROLLERS (RCK)/MER3 in Arabidopsis [START_REF] Chen | The Arabidopsis ROCK-N-ROLLERS gene encodes a homolog of the yeast ATP-dependent DNA helicase MER3 and is required for normal meiotic crossover formation[END_REF]Mercier et al., 2005).

MLH1 and MLH3 are homologous to the bacterial MutL complex, and were described in S.

cerevisiae, mammals and Arabidopsis. One possible function of MLH1 is that it mediates the release of the MSH4 and MSH5 clamp [START_REF] Snowden | hMSH4-hMSH5 recognizes Holliday Junctions and forms a meiosis-specific sliding clamp that embraces homologous chromosomes[END_REF], thereby facilitating crossover completion. MLH1 was demonstrated to collaborate with and recruit other proteins that play a role in heteroduplex mismatch repair (MMR) during homologous recombination [START_REF] Surtees | Mismatch repair proteins: key regulators of genetic recombination[END_REF]. Recently, MLH1 was suggested to play another role by interacting with Exo1 and Sgs1 in S. cerevisiae and mammals. This complex would probably play a role in the resolution of recombination intermediates [START_REF] Wang | Supercomplex formation between Mlh1-Mlh3 and Sgs1-Top3 heterocomplexes in meiotic yeast cells[END_REF][START_REF] Dherin | Characterization of a highly conserved binding site of Mlh1 required for exonuclease I-dependent mismatch repair[END_REF][START_REF] Zakharyevich | Delineation of Joint Molecule Resolution Pathways in Meiosis Identifies a Crossover-Specific Resolvase[END_REF]. Some Class I CO proteins have been shown to mark CO sites, as MLH1 in mice [START_REF] Anderson | Distribution of Crossing Over on Mouse Synaptonemal Complexes Using Immunofluorescent Localization of MLH1 Protein[END_REF][START_REF] Baker | Involvement of mouse Mlh1 in DNA mismatch repair and meiotic crossing over[END_REF], human [START_REF] Barlow | Crossing over analysis at pachytene in man[END_REF][START_REF] Kolas | Novel and diverse functions of the DNA mismatch repair family in mammalian meiosis and recombination[END_REF], A

.thaliana (Chelysheva et al., 2010), Brassica [START_REF] Leflon | Crossovers get a boost in Brassica allotriploid and allotetraploid hybrids[END_REF], tomato [START_REF] Lhuissier | The mismatch repair protein MLH1 marks a subset of strongly interfering crossovers in tomato[END_REF] and chicken [START_REF] Pigozzi | Distribution of MLH1 foci on the synaptonemal complexes of chicken oocytes[END_REF]; also Zip2 and Zip3 in budding yeast [START_REF] Agarwal | Zip3 provides a link between recombination enzymes and synaptonemal complex proteins[END_REF] and ZHP-3 (Zip3 homologue) in C. elegans [START_REF] Bhalla | ZHP-3 acts at crossovers to couple meiotic recombination with synaptonemal complex disassembly and bivalent formation in C. elegans[END_REF][START_REF] Jantsch | Targeted gene knockout reveals a role in meiotic recombination for ZHP-3, a Zip3-related protein in Caenorhabditis elegans[END_REF], HEI10 (a Zip3-related protein) in A. thaliana [START_REF] Chelysheva | The Arabidopsis HEI10 is a new ZMM protein related to Zip3[END_REF], COSA-1 (also a Zip3related protein) in C. elegans [START_REF] Yokoo | COSA-1 Reveals Robust Homeostasis and Separable Licensing and Reinforcement Steps Governing Meiotic Crossovers[END_REF].

I.4.8.2.1.2 SICs and recombination

In budding yeast, ZMM proteins are not only required for maturation of recombination intermediates as COs, but also for synaptonemal complex assembly (Börner et al., 2004;Tsubouchi et al., 2006). It has been shown that the assembly of the SC is coordinated with the molecular recombination events. Zip2 and Zip3 were the first proteins suggested to be part of the Synaptonemal Initiation Complex (SIC) [START_REF] Agarwal | Zip3 provides a link between recombination enzymes and synaptonemal complex proteins[END_REF][START_REF] Chua | Zip2, a Meiosis-Specific Protein Required for the Initiation of Chromosome Synapsis[END_REF] but later, the other ZMMs were suggested to function with Zip2 and Zip3 at this initiation step, as their absence results in disruption of homologous pairing and SC formation, as well as reduction in inter-homolog COs and alteration of the pattern of CO distribution (Fung et al., 2004;Shinohara et al., 2008;Tsubouchi et al., 2006;Börner et al., 2004;[START_REF] Chen | Global analysis of the meiotic crossover landscape[END_REF]. The SIC is required for assembly of the central region of the synaptonemal complex, and it defines the sites where Zip1 polymerization initiates (SC nucleation sites) and then stretches along the homologs (Bishop and Zickler, 2004). A set of SICs foci correspond to centromeres, while the others are suggested to correspond to crossover recombination sites based on the SICs foci number and distribution along chromosome arms [START_REF] Tsubouchi | Initiation of meiotic chromosome synapsis at centromeres in budding yeast[END_REF]. For example, Zip2 foci were shown to assemble at specific CO sites and to present interference (Fung et al., 2004). Similarly, Zip3, Msh4, Msh5

and Zip1 foci also display interference (for interference levels among different SC proteins, see section I.5.2) (Fung et al., 2004;Tsubouchi et al., 2006;Lynn et al., 2007;[START_REF] Chua | Zip2, a Meiosis-Specific Protein Required for the Initiation of Chromosome Synapsis[END_REF]Shinohara et al., 2008;[START_REF] Agarwal | Zip3 provides a link between recombination enzymes and synaptonemal complex proteins[END_REF]. The observation that Zip3 foci corresponds to sites of SC initiation and also to CO sites lead to the idea that in budding yeast, SC would initiate at sites where CO have been generated [START_REF] Henderson | Tying synaptonemal complex initiation to the formation and programmed repair of DNA double-strand breaks[END_REF]. In this way, the SC formation would be a consequence of recombination. Other evidences for the link between homologous recombination and SC formation is provided by the fact that defects in homologous recombination can lead to abnormal morphogenesis of the SC not only in budding yeast, but also in Mus musculus [START_REF] Baudat | Chromosome Synapsis Defects and Sexually Dimorphic Meiotic Progression in Mice Lacking Spo11[END_REF], A. thaliana (Grelon et al., 2001), Sordaria macrospora [START_REF] Storlazzi | Meiotic doublestrand breaks at the interface of chromosome movement, chromosome remodeling, and reductional division[END_REF] and Coprinus cinereus [START_REF] Celerin | Multiple roles of Spo11 in meiotic chromosome behavior[END_REF]. The only known exceptions are Drosophila [START_REF] Mckim | Meiotic Synapsis in the Absence of Recombination[END_REF] and C. elegans [START_REF] Dernburg | Meiotic Recombination in C. elegans Initiates by a Conserved Mechanism and Is Dispensable for Homologous Chromosome Synapsis[END_REF]. However, the correspondence between ZMM foci and COs is not universal. For example in mouse and in Arabidopsis, the number of MSH4 foci is substantially greater than CO number, suggesting that in these species, MSH4 may participate in processing recombination intermediates that do not generate COs [START_REF] Moens | The time course and chromosomal localization of recombination-related proteins at meiosis in the mouse are compatible with models that can resolve the early DNA-DNA interactions without reciprocal recombination[END_REF]de Boer et al., 2006). Also in C. elegans, ZHP-3 (the Zip3 homologue) was shown to localise continuously along pachytene chromosomes [START_REF] Jantsch | Targeted gene knockout reveals a role in meiotic recombination for ZHP-3, a Zip3-related protein in Caenorhabditis elegans[END_REF], and not to form distinct foci as in budding yeast [START_REF] Agarwal | Zip3 provides a link between recombination enzymes and synaptonemal complex proteins[END_REF].

Interestingly, the role of ZMM proteins in SC formation does not seem to be conserved in A.

thaliana, as their absence, which results in great COs reduction, does not impair SC assembly [START_REF] Chelysheva | The Arabidopsis HEI10 is a new ZMM protein related to Zip3[END_REF]Osman et al., 2011;[START_REF] Macaisne | SHOC1, an XPF endonuclease-related protein, is essential for the formation of class I meiotic crossovers[END_REF]Chelysheva et al., 2007;Mercier et al., 2005;[START_REF] Macaisne | SHOC1 and PTD form an XPF-ERCC1-like complex that is required for formation of class I crossovers[END_REF]Higgins et al., 2004b[START_REF] Higgins | AtMSH5 partners AtMSH4 in the class I meiotic crossover pathway in Arabidopsis thaliana, but is not required for synapsis[END_REF]. Mutation in ZMM members does not affect either early events of recombination, as RAD51 and DMC1 protein markers are normally loaded in zmm mutants (Chelysheva et al., 2007[START_REF] Chelysheva | The Arabidopsis HEI10 is a new ZMM protein related to Zip3[END_REF][START_REF] Macaisne | SHOC1, an XPF endonuclease-related protein, is essential for the formation of class I meiotic crossovers[END_REF]. On the other side, mammals ZMMs proteins are probably required for SC formation, as shown for zip4/tex11 mice which present SC defects along with normal DMC1 foci but strong CO reduction (MLH1 foci) [START_REF] Adelman | ZIP4H (TEX11) deficiency in the mouse impairs meiotic double strand break repair and the regulation of crossing over[END_REF].

I.4.9.2.2 Class II Crossovers

The formation of class II CO depends at least on the dimer formed by Mus81 and Mms4/Eme1 in several species. In addition, crossovers formed by this pathway are interference-free (de los Santos et al., 2003;Berchowitz et al., 2007).

In agreement with several studies in budding yeast showing that Mu81-Mms4 nuclease was required only for the resolution of a minor fraction of JMs (de los Santos et al., 2003;Jessop and Lichten, 2008;[START_REF] Oh | RecQ helicase, Sgs1, and XPF family endonuclease, Mus81-Mms4, resolve aberrant joint molecules during meiotic recombination[END_REF][START_REF] Matos | Regulatory Control of the Resolution of DNA Recombination Intermediates during Meiosis and Mitosis[END_REF], recent studies have indeed demonstrated that Mus81-Mms4 nuclease acts redundantly with Yen1 and Slx1-Slx4 to resolve meiotic JMs in a secondary CO forming process that happens outside of the primary pathway for meiotic recombination [START_REF] De Muyt | BLM helicase ortholog Sgs1 is a central regulator of meiotic recombination intermediate metabolism[END_REF][START_REF] Zakharyevich | Delineation of Joint Molecule Resolution Pathways in Meiosis Identifies a Crossover-Specific Resolvase[END_REF]. The activity of the Mus81-Mms4 nuclease was shown to be stimulated by Cdc5 phosphorylation [START_REF] Matos | Regulatory Control of the Resolution of DNA Recombination Intermediates during Meiosis and Mitosis[END_REF]. Simultaneously, Cdc5 also stimulates the cleavage of cohesin at the G2/M transition, consequently coordinating the sequential elimination of all chromosomal interactions in preparation for chromosome segregation [START_REF] Matos | Cell-Cycle Kinases Coordinate the Resolution of Recombination Intermediates with Chromosome Segregation[END_REF]. Importantly, these JMs resolved by structure-selective nucleases (Mus81-Mms4, Yen1 and Slx1-Slx4)

produce both COs and NCOs, differently of JMs resolved by the main CO pathway which produces only COs [START_REF] De Muyt | BLM helicase ortholog Sgs1 is a central regulator of meiotic recombination intermediate metabolism[END_REF][START_REF] Zakharyevich | Delineation of Joint Molecule Resolution Pathways in Meiosis Identifies a Crossover-Specific Resolvase[END_REF].

In mice, MUS81 appears to be required for the repair of at least some meiotic DSBs, since mus81 male mice were shown to exhibit significant meiotic defects, like increased MLH1 foci number and persisting DSBs which are not repaired [START_REF] Holloway | MUS81 generates a subset of MLH1-MLH3-independent crossovers in mammalian meiosis[END_REF].

In S. pombe, which lacks both a synaptonemal complex and ZMM proteins, CO formation relies solely on the structure-specific endonuclease complex formed between Mus81 and the "essential meiotic endonuclease 1" (Eme1) [START_REF] Osman | Generating Crossovers by Resolution of Nicked Holliday Junctions[END_REF][START_REF] Boddy | Mus81-Eme1 Are Essential Components of a Holliday Junction Resolvase[END_REF][START_REF] Smith | Fission Yeast Mus81{middle dot}Eme1 Holliday Junction Resolvase Is Required for Meiotic Crossing Over but Not for Gene Conversion[END_REF]. Loss of Mus81 results in spore unviability due to meiotic chromosome segregation defects and a profound decrease in the frequency of COs [START_REF] Osman | Generating Crossovers by Resolution of Nicked Holliday Junctions[END_REF][START_REF] Boddy | Mus81-Eme1 Are Essential Components of a Holliday Junction Resolvase[END_REF]. Consistent with Mus81 being the major meiotic Holliday junction (HJ) resolvase in fission yeast, the meiotic chromosome segregation defects of Mus81 mutants can be rescued by the expression of the bacterial HJ resolvase RusA [START_REF] Boddy | Mus81-Eme1 Are Essential Components of a Holliday Junction Resolvase[END_REF] or by the expression of the human Holliday junction resolvase GEN1 [START_REF] Lorenz | The human Holliday junction resolvase GEN1 rescues the meiotic phenotype of a Schizosaccharomyces pombe mus81 mutant[END_REF].

As explained above, most COs are catalysed by the Mus81-related structure specific endonuclease MEI-9 in Drosophila, while MUS81 does not appear to play a role in the formation of COs [START_REF] Radford | Drosophila ERCC1 is required for a subset of MEI-9-dependent meiotic crossovers[END_REF][START_REF] Yildiz | Drosophila MUS312 Interacts with the Nucleotide Excision Repair Endonuclease MEI-9 to Generate Meiotic Crossovers[END_REF].

In C. elegans, it has been proposed that all COs are ZMM-dependent [START_REF] Zalevsky | Crossing Over During Caenorhabditis elegans Meiosis Requires a Conserved MutS-Based Pathway That Is Partially Dispensable in Budding Yeast[END_REF].

However, differently from what was thought, the study of rtel-1 anti-recombinase mutants revealed that there are two classes of COs in C. elegans: one which is dependent on ZMM proteins; and other which is ZMM-independent. This pathway was shown to require MUS-81 for resolution [START_REF] Youds | RTEL-1 enforces meiotic crossover interference and homeostasis[END_REF]. Later, it has been shown that other structure-specific endonucleases also play a role in CO formation in C. elegans, as loss of XPF-1 (XPF/MEI-9 ortholog) results in a decrease in the number of COs compared to wild type animals. In addition, some meiotic crossovers were shown to depend on SLX-1 and the Slx4 ortholog HIM-18 [START_REF] Saito | Caenorhabditis elegans HIM-18/SLX-4 interacts with SLX-1 and XPF-1 and maintains genomic integrity in the germline by processing recombination intermediates[END_REF]. Recently three other works demonstrated that, apart from the major ZMM pathway, two parallel meiotic recombination pathways exist in C. elegans, the MUS-81 pathway and the XPF-1 pathway [START_REF] Agostinho | Combinatorial regulation of meiotic holliday junction resolution in C. elegans by HIM-6 (BLM) helicase, SLX-4, and the SLX-1, MUS-81 and XPF-1 nucleases[END_REF][START_REF] O'neil | Joint molecule resolution requires the redundant activities of MUS-81 and XPF-1 during Caenorhabditis elegans meiosis[END_REF][START_REF] Saito | Interplay between structure-specific endonucleases for crossover control during Caenorhabditis elegans meiosis[END_REF]. In addition, early recombination intermediates are limited by the C. elegans BLM ortholog, HIM-6, and in the absence of HIM-6 by the structure specific endonuclease MUS-81, as in the absence of both MUS-81 and HIM-6, recombination intermediates persist, leading to chromosome breakage at diakinesis and unviable embryos [START_REF] O'neil | Joint molecule resolution requires the redundant activities of MUS-81 and XPF-1 during Caenorhabditis elegans meiosis[END_REF].

The MUS81 pathway is conserved in A. thaliana, where mus81 plants present a 10% reduction in CO formation (Berchowitz et al., 2007). It was demonstrated that in Arabidopsis, only one homologue of MUS81 exists, whereas two EME1 homologues were found, EME1a and EME1b. Both were shown to interact with MUS81 [START_REF] Geuting | Two distinct MUS81-EME1 complexes from Arabidopsis process Holliday junctions[END_REF]. In addition, the analysis of mus81msh4 double mutants provided evidence that MUS81 crossovers are not dependent on MSH4 or the ZMM proteins (Higgins et al., 2008a). MUS81 COs are still formed in the absence of MSH4, and in a msh4 mutant, the remaining CO are not interfering (Berchowitz et al., 2007). Importantly, even in the absence of MUS81 and MSH4, some COs still exist in a very small proportion of the wild type, suggesting that other alternative pathway would generate some COs in Arabidopsis, at least when the ZMM and the MUS81 pathway are disturbed (Higgins et al., 2008a). Importantly, this alternative pathway would also form non-interfering COs. The same could be observed in budding and fission yeast. In S. pombe, mus81 mutants do not completely abolish CO formation [START_REF] Smith | Fission Yeast Mus81{middle dot}Eme1 Holliday Junction Resolvase Is Required for Meiotic Crossing Over but Not for Gene Conversion[END_REF].

Similarly, S. cerevisiae mutants lacking both Msh4-Msh5 and Mus81-Mms4 still have some residual crossovers (de los Santos et al., 2003). This suggests that even if the paradigm of two meiotic crossover pathways helped to explain many observations, this model also had some weaknesses as not all meiotic crossovers fit into these two pathways.

As shown above, different DNA endonucleases were shown to play a role in class II crossover formation in several species. Their role in catalysing recombination intermediates vary according to their selectivity for various DNA joint molecules, including flaps, nicked or intact Holliday junctions, or double Holliday junctions [START_REF] Schwartz | Processing of joint molecule intermediates by structureselective endonucleases during homologous recombination in eukaryotes[END_REF].

Mus81-Mms4/EME1 is active on multiple structure-specific molecules: it cleaves flap structures and D-loops and has a very high affinity for nicked HJs in vitro [START_REF] Schwartz | Processing of joint molecule intermediates by structureselective endonucleases during homologous recombination in eukaryotes[END_REF]. Even if in vitro evidence for JMs processing by Mus81 were obtained, it could still process other substrates in vivo [START_REF] Boddy | Mus81-Eme1 Are Essential Components of a Holliday Junction Resolvase[END_REF]Jessop and Lichten, 2008;[START_REF] Oh | RecQ helicase, Sgs1, and XPF family endonuclease, Mus81-Mms4, resolve aberrant joint molecules during meiotic recombination[END_REF]. On the other hand, SLX1-SLX4 recombinant complexes from S. cerevisiae and human were shown to be able to cleave Y junctions, 5' flaps and HJs [START_REF] Fricke | Slx1-Slx4 is a second structure-specific endonuclease functionally redundant with Sgs1-Top3[END_REF][START_REF] Muñoz | Coordination of Structure-Specific Nucleases by Human SLX4/BTBD12 Is Required for DNA Repair[END_REF][START_REF] Svendsen | Mammalian BTBD12/SLX4 Assembles A Holliday Junction Resolvase and Is Required for DNA Repair[END_REF]. Yen1/GEN1 is a HJ-resolving endonuclease [START_REF] Ishikawa | DmGEN, a novel RAD2 family endo-exonuclease from Drosophila melanogaster[END_REF][START_REF] Furukawa | OsSEND-1: a new RAD2 nuclease family member in higher plants[END_REF][START_REF] Ip | Identification of Holliday junction resolvases from humans and yeast[END_REF], which is able to resolve via concerted symmetrical cleavages analogous to the prokaryotic RuvC resolvase [START_REF] Ip | Identification of Holliday junction resolvases from humans and yeast[END_REF]. Last, XPF1 was shown to cleave FLAP structures in the single-strand annealing DNA repair pathway [START_REF] Al-Minawi | The ERCC1/XPF endonuclease is required for efficient single-strand annealing and gene conversion in mammalian cells[END_REF].

The existence of a second class of COs was highlighted by the analysis of zmm mutants in different species, which showed a strong reduction in CO formation, but without complete extinction of COs, suggesting that another pathway could be required for the formation of these remaining COs. Recent findings in budding yeast have drawn the attention to the requirement of the overlapping activities of other structure-selective-nucleases (Yen1, Slx1-Slx4) in addition to Mus81-Mms4/Eme1 in the formation of the class II interference-free crossovers [START_REF] De Muyt | BLM helicase ortholog Sgs1 is a central regulator of meiotic recombination intermediate metabolism[END_REF][START_REF] Zakharyevich | Delineation of Joint Molecule Resolution Pathways in Meiosis Identifies a Crossover-Specific Resolvase[END_REF]. This suggests that class II CO formation is governed by more players than earlier thought, which are able to compensate for each other, minimizing the impact of inactivating a single resolvase.

I.5 Regulation of meiotic recombination

Several different mechanisms regulate the meiotic homologous recombination; most of them are still poorly understood. A first layer of control deals with DSB formation control. This includes the generation, the positioning and the intensity (frequency) of DSBs, topics that were already discussed in section I.4.3 (DSB localisation) and I.4.4 (DSB control). Then, the choice of the repair template is also a determinant factor regulating meiotic recombination, as described in section I.4.7 (Inter-homolog bias).

In several species, it is still unclear when and how the decision to form a crossover or a noncrossover takes place. Nevertheless, in S. pombe, a recent study has linked sites of DSBs to recombination outcome. In this organism, the distribution of crossovers is nearly uniform, despite large variations in DSB intensity across the genome [START_REF] Cromie | Branching out: meiotic recombination and its regulation[END_REF]. This work has shown that at strong DSB hotspots, intra-sister repair outnumbers inter-homolog repair in a proportion of approximately 3:1. On the other side, at DSB cold spots, IH repair occur preferentially [START_REF] Hyppa | Crossover Invariance Determined by Partner Choice for Meiotic DNA Break Repair[END_REF].

Crossover maps have been generated in a number of organisms, defining crossover hotspots.

Studies in mammals have shown that the ratio between NCO and CO varies a lot from one hotspot to another (Cole et al., 2010a;[START_REF] Parvanov | Prdm9 controls activation of mammalian recombination hotspots[END_REF][START_REF] Holloway | Allelic recombination and de novo deletions in sperm in the human beta-globin gene region[END_REF]. The same is observed in A. thaliana, where two hotspots of similar CO frequency presented a high variable ratio of CO/NCO (1/1 against 30/1). This work also suggests that factors acting in cis and in trans could shape the rate and distribution of COs at meiotic recombination hotspots [START_REF] Drouaud | Contrasted Patterns of Crossover and Non-crossover at Arabidopsis thaliana Meiotic Recombination Hotspots[END_REF]. Also in S. cerevisiae, the analysis of a limited number of meiosis of a diploid hybrid demonstrated that all DSB hotspots do not have the same outcome [START_REF] Mancera | High-resolution mapping of meiotic crossovers and non-crossovers in yeast[END_REF].

Taken together, these data suggest that the ratio CO versus NCO is not constant among different hotspots neither among different organisms, and that the link between DSB hotspots and NCO outcome in S. pombe is not found in other species.

I.5.1 Revised DSB Repair Model

Recently, Sgs1 (the budding yeast BLM orthologs) has been suggested to be a key regulator of most of the meiotic recombination events and their outcome in budding yeast [START_REF] De Muyt | BLM helicase ortholog Sgs1 is a central regulator of meiotic recombination intermediate metabolism[END_REF][START_REF] Zakharyevich | Delineation of Joint Molecule Resolution Pathways in Meiosis Identifies a Crossover-Specific Resolvase[END_REF]. Sgs1 seems to work at several levels (Figure 30), acting in both noncrossover and crossover formation and influencing their levels. These new findings allowed the proposition of a new "Revised DSB Repair Model".

In this model, recombination intermediates would be disassembled before they progress to the dHJ stage by the action of Sgs1, which is able to unwind a D-loop intermediate generating NCOs by SDSA (Figure 30A). All others recombination intermediates that were not disassembled by Sgs1 would be captured by ZMM proteins and protected from Sgs1 disruption, allowing formation of dHJs, which subsequently undergo biased resolution as COs (De Muyt et al., 2012)(Figure 28B). Considering that in absence of Sgs1, CO formation by the ZMM pathway is strongly reduced, [START_REF] Zakharyevich | Delineation of Joint Molecule Resolution Pathways in Meiosis Identifies a Crossover-Specific Resolvase[END_REF] suggests that the formation of COs by this pathway would also depend on Sgs1, together with the resolvase activity of Exo1 and the MutLγ complex Mlh1-Mlh3.

Sgs1 helicase is suggested to play a second role in dissolving dHJs. This "later" role of Sgs1 occurs in the context of the STR complex, in which Sgs1 acts together with Top3 and Rmi1 dissolving dHJs through branch migration and decatenation in order to form a NCO, again avoiding CO formation (Figure 28C). Finally, this model suggest that the overlapping activities of structure-selective resolvases -Mus81-Mms4, Yen1 and Slx1-Slx4 -is needed to resolve joint molecules (JMs) that escape Sgs1-mediated disassembly, to produce both COs and NCOs (Figure 28D), similarly to Szostak's DSB repair model [START_REF] Kohl | Meiotic and Mitotic Recombination in Meiosis[END_REF].

Consequently, Mus81-Mms4 is not the only resolvase contributing to the "Mus81-dependent recombination pathway" or class II CO pathway, as earlier thought [START_REF] De Muyt | BLM helicase ortholog Sgs1 is a central regulator of meiotic recombination intermediate metabolism[END_REF][START_REF] Zakharyevich | Delineation of Joint Molecule Resolution Pathways in Meiosis Identifies a Crossover-Specific Resolvase[END_REF][START_REF] Argueso | Competing crossover pathways act during meiosis in Saccharomyces cerevisiae[END_REF]de los Santos et al., 2003). Interestingly, this noninterfering pathway is only responsible for a minority of JMs resolution and it shares striking similarities to mitotic double-strand break repair [START_REF] Matos | Cell-Cycle Kinases Coordinate the Resolution of Recombination Intermediates with Chromosome Segregation[END_REF].

This « revised » DSB repair model is more complex than the last model and takes into account new anti-crossover factors as Sgs1. In A. thaliana, another anti-crossover factor has recently been described (FANCM, described in section I. 4.8.1) and could be placed in this new model at the disassembly stage, playing a similar role than Sgs1. Also, the A. thaliana STR complex ortholog (RTR, for RECQ4A, Top3α and BLAP75/RMI1) is thought to play a role in the generation of NCOs, but by dissolution of JMs (Hartung et al., 2008;Chelysheva et al., 2008). 

I.5.2 CO interference

CO distribution is also a phenomenon highly regulated. Crossover interference controls the probability of occurrence of additional crossovers along chromosomes, ensuring that COs are distributed far apart one from each other (Muller, 1916;Housworth and Stahl, 2003;Copenhaver et al., 2002;[START_REF] Stahl | Defining and detecting crossover-interference mutants in yeast[END_REF]. CO interference has been suggested to also control the number of COs formed in each pair of homologous chromosomes (CO assurance). This rule would enable each bivalent to have at least one CO (the obligatory CO) to ensure proper segregation of the homologs. Even if both processes share common components, it is still not clear how these two regulatory mechanisms occur.

I.5.2.1 Models of interference

Many models exist to explain the interference mechanism, considering different organisms with very different genome sizes and different recombination rates. Some of them will be discussed in my thesis.

The polymerization model considers the independent distribution of early recombination structures which would then have an equal chance (per unit time) of initiating a bidirectional polymerization event [START_REF] King | A polymerization model of chiasma interference and corresponding computer simulation[END_REF]. The spreading of this polymer from the initiation site would result in blocking additional early structures from binding to the bivalent (Figure 31A). This model considers that interference is strongest close to initiation events, decreasing in a distance-dependant manner. However, a problem with this model is that it is measured in base pairs, not considering great variations in genome sizes.

In addition, it is still unknown what kind of structure the "polymer" represents.

The counting model is a mathematical model in which COs are separated by a fixed number of intervening NCO events (Figure 31B) [START_REF] Foss | Chiasma Interference as a Function of Genetic Distance[END_REF]. In this model, interference is dictated by genetic distances, allowing it to better explain the huge differences on the strength of interference in different organisms [START_REF] Foss | Chiasma Interference as a Function of Genetic Distance[END_REF]. However, this model did not account for non-interfering COs and it doesn't fit with the CO assurance mechanism (see section I.5.2.3 -CO assurance).

The counting model was later modified to allow the presence of non-interfering COs as well.

The work from (Copenhaver et al., 2002) was the first to consider both CO pathways in A.

thaliana. In his work, firstly class I COs are simulated, then additional class II COs are randomly "sprinkled" to this first simulation. This resulted in an estimation of 19 to 20% of non-interfering COs in Arabidopsis chromosomes 1, 3, and 5 (Copenhaver et al., 2002). This technique has been further used in Arabidopsis [START_REF] Lam | Characterization of Arabidopsis thaliana SMC1 and SMC3: evidence that AtSMC3 may function beyond chromosome cohesion[END_REF], as well as in other organisms [START_REF] Falque | Two types of meiotic crossovers coexist in maize[END_REF]Malkova et al., 2004;Housworth and Stahl, 2003). However, these studies have not taken into account the intrachromosomic interference variation. Some ten years ago, Kleckner and colleagues have proposed a "stress relief" model of crossover interference in which mechanical stress drives processes involved in crossover formation [START_REF] Kleckner | A mechanical basis for chromosome function[END_REF]. In this model, the designation of a CO site leads to local relief of stress and subsequent inhibition of further crossovers in the vicinity of this first CO.

This inhibition (interference) decreases when the distance from the first CO increases.

Besides, sufficient initial stress determines the formation of at least one crossover per chromosome pair [START_REF] Kleckner | A mechanical basis for chromosome function[END_REF]. This model uses only one mechanism to explain both the obligatory crossover and interference.

In accordance with this model, it has been proposed that in C. elegans, crossover control mechanism acts at the level of whole chromosome rather than chromosome region or loci [START_REF] Hillers | Chromosome-Wide Control of Meiotic Crossing over in C. elegans[END_REF]. As already cited, C. elegans has only one crossover per chromosome pair. It was demonstrated that even when chromosomes were fused originating chromosomes with two to three times the normal length, the unique crossover per pair was maintained [START_REF] Hillers | Chromosome-Wide Control of Meiotic Crossing over in C. elegans[END_REF]. On the other hand, it was also described that when chromosomes are drastically shortened by centromere fission, the obligatory crossover fails to be generated in a proportion of cells [START_REF] Parker | Chiasma frequency effects of structural chromosome change[END_REF]. The explanation in this case would be that, according to the stress relief model, shortened chromosomes are incapable of generating the required level of stress to produce the obligatory CO (reviewed in Jones and Franklin, 2006). This model, however, does not explain why small chromosomes present higher COs per megabase than large chromosomes in some organisms as yeast [START_REF] Mancera | High-resolution mapping of meiotic crossovers and non-crossovers in yeast[END_REF], dog [START_REF] Basheva | General pattern of meiotic recombination in male dogs estimated by MLH1 and RAD51 immunolocalization[END_REF] and mouse [START_REF] Froenicke | Male mouse recombination maps for each autosome identified by chromosome painting[END_REF].

Recently, the stress relief model was further challenged, as data from Arabidopsis thaliana showed that interference does not act at the level of whole chromosome, but rather at the intrachromosome level. Three works have identified significant differences in interference strength along chromosomes [START_REF] Drouaud | Sex-specific crossover distributions and variations in interference level along Arabidopsis thaliana chromosome 4[END_REF][START_REF] Giraut | Genome-wide crossover distribution in Arabidopsis thaliana meiosis reveals sex-specific patterns along chromosomes[END_REF][START_REF] Basu-Roy | Hot Regions of Noninterfering Crossovers Coexist with a Nonuniformly Interfering Pathway in Arabidopsis thaliana[END_REF].

Also, the interference strength was different between different Arabidopsis chromosomes, and between female and male meiosis (female meiosis present higher interference than male) [START_REF] Drouaud | Sex-specific crossover distributions and variations in interference level along Arabidopsis thaliana chromosome 4[END_REF][START_REF] Giraut | Genome-wide crossover distribution in Arabidopsis thaliana meiosis reveals sex-specific patterns along chromosomes[END_REF], especially for chromosomes 2 and 4 (Basu-Roy et al., 2013). In addition, this last work, which used a model that considers both CO pathways (the gamma two pathways model), has identified hot regions in the Arabidopsis genome where crossovers form preferentially without interference [START_REF] Basu-Roy | Hot Regions of Noninterfering Crossovers Coexist with a Nonuniformly Interfering Pathway in Arabidopsis thaliana[END_REF]. Finally, these data revealed that interference is a non-uniform feature (at least) in Arabidopsis thaliana, drawing the attention to the need for an appropriate model of interference.

I.5.2.2 Different levels of interference

As explained above (section I.4.8.2.1 SICs and recombination), not only COs present interference; some ZMM protein foci were also shown to be interfering. The SC complex seems to play an important role in promoting/maintaining interference in budding yeast. In addition, the only organisms known to lack interference, the fungi S. pombe and Aspergillus nidulans, also lack SCs [START_REF] Sym | Crossover interference is abolished in the absence of a synaptonemal complex protein[END_REF].

For some years, it seemed likely that CO interference was mediated by the synaptonemal complex (SC), as the S. cerevisiae zip1 mutant was shown to completely lack interference [START_REF] Sym | Crossover interference is abolished in the absence of a synaptonemal complex protein[END_REF][START_REF] Storlazzi | Synaptonemal complex (SC) component Zip1 plays a role in meiotic recombination independent of SC polymerization along the chromosomes[END_REF]. In fact, several proteins involved in SC formation have already been shown to be required for interference, including SIC components [START_REF] Sym | Crossover interference is abolished in the absence of a synaptonemal complex protein[END_REF]. This is the case for Zip2, Zip3, Zip4, Msh4 and Msh5; [START_REF] Chua | Zip2, a Meiosis-Specific Protein Required for the Initiation of Chromosome Synapsis[END_REF][START_REF] Novak | The budding yeast Msh4 protein functions in chromosome synapsis and the regulation of crossover distribution[END_REF][START_REF] Sym | Crossover interference is abolished in the absence of a synaptonemal complex protein[END_REF]Tsubouchi et al., 2006;[START_REF] Chen | Global analysis of the meiotic crossover landscape[END_REF].

Later, Spo16 has been suggested not to be necessary for interference (Shinohara et al., 2008), but this work has been largely criticised by a mathematical study that suggests that the lack of interference detected in that work is correlated with artefacts from the analysing method [START_REF] Stahl | On Spo16 and the coefficient of coincidence[END_REF].

Even if it is not clear whether Spo16 plays a role in interference promotion, another work suggests that Zip1 is not linked to interference, as Zip2 foci still presented interference in a zip1 mutant [START_REF] Chen | Global analysis of the meiotic crossover landscape[END_REF]Wang et al., 2010). The idea of two levels of interference then appeared. Corroborating to this idea, all SIC mutants do not show the same level of interference, even if they all present a similar reduction in COs (Shinohara et al., 2008;Fung et al., 2004;[START_REF] Agarwal | Zip3 provides a link between recombination enzymes and synaptonemal complex proteins[END_REF]Tsubouchi et al., 2006;[START_REF] Chua | Zip2, a Meiosis-Specific Protein Required for the Initiation of Chromosome Synapsis[END_REF][START_REF] Chen | Global analysis of the meiotic crossover landscape[END_REF].

Data from mice and Arabidopsis have provided insights into the two-step control of interference (de Boer et al., 2006). Differently from yeast Zip3, the dynamics of Arabidopsis thaliana MER3 and MSH4-MSH5 and rice MER3 are also observed prior to and during SC formation, whereas foci of MLH1 are not visible until after completion of synapsis [START_REF] Franklin | Control of meiotic recombination in Arabidopsis: role of the MutL and MutS homologues[END_REF]Higgins et al., 2004b;[START_REF] Jackson | Reduced meiotic crossovers and delayed prophase I progression in AtMLH3-deficient Arabidopsis[END_REF][START_REF] Wang | MER3 is required for normal meiotic crossover formation, but not for presynaptic alignment in rice[END_REF] Together, these data are consistent with the existence of two levels of interference.

Another possibility is that the pattern of interference could be made before synaptonemal complex formation. In this case, SC formation would be a consequence of CO generation (see section I.4.8.2.1 SICs and recombination). Collaborating to this idea, Zip2-Zip3, which are required to generate and are also able to mark interfering COs (Börner et al., 2004), localise in yeast at sites at which SC formation is nucleated [START_REF] Chua | Zip2, a Meiosis-Specific Protein Required for the Initiation of Chromosome Synapsis[END_REF][START_REF] Agarwal | Zip3 provides a link between recombination enzymes and synaptonemal complex proteins[END_REF]. This indicates that at least the interference measured between Zip2/Zip3 foci precedes complete formation of the SC (reviewed in [START_REF] Cromie | Branching out: meiotic recombination and its regulation[END_REF]. So it seems that the SC is initiated at the sites of COs subject to interference in budding yeast. This is not the case in other species, where SC formation is independent of ZMM proteins (for further detail, see section I.4.8.2.1 SICs and recombination).

Recently, Zip1 was suggested to play a role in the inhibition of recombination at the centromere and in favouring CO formation in chromosome arms in order to stabilise interhomolog interactions in budding yeast [START_REF] Chen | Global analysis of the meiotic crossover landscape[END_REF] and Arabidopsis (Higgins et al., 2005;[START_REF] Osman | Chromosome synapsis in Arabidopsis: analysis of the transverse filament protein ZYP1 reveals novel functions for the synaptonemal complex[END_REF]Zickler, 2006). Also in C. elegans, SYP1 (Zip1 homolog) was suggested to inhibit CO formation [START_REF] Hayashi | The synaptonemal complex shapes the crossover landscape through cooperative assembly, crossover promotion and crossover inhibition during Caenorhabditis elegans meiosis[END_REF]. A recent study indeed demonstrated that in C. elegans, synaptonemal complex proteins limit CO formation and impose total interference, suggesting that the SC would propagate the interference signal from CO sites (Libuda et al., 2013). This could also be the case in rice, where plants lacking the Zip1 homologue (ZEP1) present a high increase in chiasma formation (Wang et al., 2010).

It seems possible that more than one fundamental mechanism is involved in promoting meiotic interference. In addition, there might be more than one type of interference acting during meiosis. While in S. cerevisiae the SC assembly seems to be a consequence of recombination [START_REF] Chua | Zip2, a Meiosis-Specific Protein Required for the Initiation of Chromosome Synapsis[END_REF][START_REF] Agarwal | Zip3 provides a link between recombination enzymes and synaptonemal complex proteins[END_REF]Börner et al., 2004;Fung et al., 2004;[START_REF] Henderson | Tying synaptonemal complex initiation to the formation and programmed repair of DNA double-strand breaks[END_REF], in other organisms SC could play a direct role in promoting interference (Libuda et al., 2013;Wang et al., 2010).

I.5.2.3 The obligatory CO

Crossover assurance acts to ensure that each chromosome pair would have at least one obligatory crossover in order to guarantee proper chromosome segregation [START_REF] Martini | Crossover homeostasis in yeast meiosis[END_REF].

The formation of the obligatory CO seems to be highly regulated in C. elegans, where robust interference results in one single CO per chromosome pair, while NCOs are rare events [START_REF] Hillers | Chromosome-Wide Control of Meiotic Crossing over in C. elegans[END_REF]. It was recently demonstrated that when only one DSB is formed, repair occurs usually generating a crossover, indicating that CO assurance can be achieved largely by ensuring that each chromosome pair receives at least a DSB, even if most chromosome pairs receive multiple meiotic DSBs [START_REF] Rosu | Robust crossover assurance and regulated interhomolog access maintain meiotic crossover number[END_REF]. In the study from [START_REF] Rosu | Robust crossover assurance and regulated interhomolog access maintain meiotic crossover number[END_REF], a single DSB induced after the assembly of the SC could compete with endogenous DSBs to become the unique crossover. Consequently, they proposed that in C.

elegans, the decision to make COs or NCOs is not made before SC assembly, as it is the case for S. cerevisiae (Bishop and Zickler, 2004).

CO assurance in S. cerevisiae seems to be an active process, as mutants presenting a reduction in DSBs don't have their CO level strongly reduced. It was indeed demonstrated that when DSB are reduced, COs are favoured at the expense of NCOs [START_REF] Henderson | Tying synaptonemal complex initiation to the formation and programmed repair of DNA double-strand breaks[END_REF][START_REF] Martini | Crossover homeostasis in yeast meiosis[END_REF]Jones and Franklin, 2006). This CO assurance phenomenon was suggested to be an additional manifestation of CO interference [START_REF] Martini | Crossover homeostasis in yeast meiosis[END_REF]Chen et al., 2008). So far, the situation where there is loss of interference together with the retaining of CO assurance has never been described.

I.5.2.4 Interference mutants

Very few interference mutants were described as having reduced interference without a strong hypo-or hyper-CO phenotype. Three budding yeast mutants display these features:

Pch2 (Joshi et al., 2009), Tid1/Rdh54 [START_REF] Shinohara | Crossover Interference in Saccharomyces cerevisiae Requires a TID1/RDH54-and DMC1-Dependent Pathway[END_REF] and Tam1/Ndj1 [START_REF] Chua | Tam1, a telomere-associated meiotic protein, functions in chromosome synapsis and crossover interference[END_REF], even if contradictory results were sometimes generated (Getz et al., 2008;[START_REF] Farmer | Budding yeast Pch2, a widely conserved meiotic protein, is involved in the initiation of meiotic recombination[END_REF]Zanders and Alani, 2009;[START_REF] Wu | Ndj1, a telomere-associated protein, promotes meiotic recombination in budding yeast[END_REF].

The budding yeast "Pachytene checkpoint 2" (Pch2) protein was implicated in a wide range of meiosis-specific processes, including the recombination checkpoint, the promotion and regulation of the inter-homolog bias and the crossover control (Joshi et al., 2009;Zanders and Alani, 2009;[START_REF] Ho | Pch2 acts through Xrs2 and Tel1/ATM to modulate interhomolog bias and checkpoint function during meiosis[END_REF][START_REF] Börner | Yeast Pch2 promotes domainal axis organization, timely recombination progression, and arrest of defective recombinosomes during meiosis[END_REF][START_REF] San-Segundo | Pch2 Links Chromatin Silencing to Meiotic Checkpoint Control[END_REF]. The pch2 mutant was shown to have reduced interference at several loci, with no changes in CO frequencies in the shortest yeast chromosomes (Joshi et al., 2009;Zanders and Alani, 2009).

However, these two studies presented conflicting results for CO frequency on medium and large chromosomes. While (Zanders and Alani, 2009) demonstrated increase CO frequency for these chromosomes, (Joshi et al., 2009) showed that CO frequency might vary. Recently, an additional role of Pch2 on meiotic DSB formation (especially in the largest chromosomes)

was reported [START_REF] Farmer | Budding yeast Pch2, a widely conserved meiotic protein, is involved in the initiation of meiotic recombination[END_REF]. According to this, an additional Pch2-dependent mechanism linked to DNA replication would be needed at bigger chromosomes to further facilitate DSB formation. This role of Pch2 is not incompatible with its role in interference.

Additionally, orthologs of Pch2 have been already shown to act in interference: the mouse TRIP13 (Pch2 ortholog) is required for normal CO distribution along the chromosomes [START_REF] Roig | Mouse TRIP13/PCH2 is required for recombination and normal higher-order chromosome structure during meiosis[END_REF]; also in Drosophila, Pch2 was suggested to monitor the structure of chromosome axes in order to promote an optimal number of crossovers [START_REF] Joyce | Chromosome axis defects induce a checkpoint-mediated delay and interchromosomal effect on crossing over during Drosophila meiosis[END_REF], although its precise role in crossover control is not yet clear.

Another interference mutant which presents no or little increase in CO levels is Tam1/Ndj1, encoding a telomere-associated protein in S. cerevisiae [START_REF] Chua | Tam1, a telomere-associated meiotic protein, functions in chromosome synapsis and crossover interference[END_REF]. This mutant was shown to be defective in homolog pairing [START_REF] Chua | Tam1, a telomere-associated meiotic protein, functions in chromosome synapsis and crossover interference[END_REF][START_REF] Conrad | Ndj1p, a Meiotic Telomere Protein Required for Normal Chromosome Synapsis and Segregation in Yeast[END_REF][START_REF] Peoples-Holst | Multiple branches of the meiotic recombination pathway contribute independently to homolog pairing and stable juxtaposition during meiosis in budding yeast[END_REF]; it has an apparent reduction in NCOs [START_REF] Wu | Ndj1, a telomere-associated protein, promotes meiotic recombination in budding yeast[END_REF] and presents a strong reduction in interference without reduction in COs [START_REF] Chua | Tam1, a telomere-associated meiotic protein, functions in chromosome synapsis and crossover interference[END_REF]. However, a more recent work was able to demonstrate that ndj1 mutants presented enhance in class II COs, shifting NCO to COs (Getz et al., 2008). Consequently, they suggest that the increase in non-interfering crossovers observed by [START_REF] Chua | Tam1, a telomere-associated meiotic protein, functions in chromosome synapsis and crossover interference[END_REF] was probably the cause of the loss of interference.

As already explained in section I.4.7, Tid1/Rdh54 acts as a DMC1 accessory factor in budding yeast [START_REF] Klein | RDH54, a RAD54 Homologue in Saccharomyces cerevisiae, Is Required for Mitotic Diploid-Specific Recombination and Repair and for Meiosis[END_REF][START_REF] Arbel | Sister chromatid-based DNA repair is mediated by RAD54, not by DMC1 or TID1[END_REF]Shinohara et al., 1997b). Interestingly, tid1 mutant has been suggested to be an interference mutant, as it has a marked defect in interference, without accompanied variation in CO rates [START_REF] Shinohara | Crossover Interference in Saccharomyces cerevisiae Requires a TID1/RDH54-and DMC1-Dependent Pathway[END_REF]. Consequently, it has been suggested that interference acts at the strand invasion step of meiotic recombination and that the interference signal would probably block the invasion of one of the two ends created by a meiotic DSB [START_REF] Shinohara | Crossover Interference in Saccharomyces cerevisiae Requires a TID1/RDH54-and DMC1-Dependent Pathway[END_REF]. This mechanism, however, has never been proved.

I.5.3 Chromosome structure versus recombination

Chromosome structure is thought to play a decisive role in recombination regulation [START_REF] Wan | Mek1 kinase activity functions downstream of RED1 in the regulation of meiotic double strand break repair in budding yeast[END_REF]Kim et al., 2010a).

I.5.3.1 Axis length

Correlations between axis length and recombination activity have been studied in several organisms. Many works suggest that an extended axis, which leads to smaller and more numerous loops, may be more permissive for DSB formation, consequently altering CO outcome (reviewed in [START_REF] De Massy | Initation of Meiotic Recombination: How and Where? Conversation and Specificities Among Eukaryotes[END_REF]. Some examples follow: first, in male mice, the Pseudo Autosomal Region (PAR) (region of homology between the X and the Y chromosomes)

which shows an elevated CO rate was shown to have an extended axis anchoring smaller DNA loops. This region has been demonstrated to have 20-fold higher DSB density (DSB per Kb) compared to the genome-wide average [START_REF] Kauppi | Distinct properties of the XY pseudoautosomal region crucial for male meiosis[END_REF], confirming that the higher density of loops could regulate DSB activity, allowing increased CO formation. Second, female mice were shown to have a higher CO frequency compared to male mice. This is correlated with longer axis length in females [START_REF] Lynn | Covariation of synaptonemal complex length and mammalian meiotic exchange rates[END_REF]. The opposite was observed in Arabidopsis, where male meiosis presented higher CO rates than female meiosis, together with an increase of chromosome size expressed in synaptonemal complex length [START_REF] Drouaud | Sex-specific crossover distributions and variations in interference level along Arabidopsis thaliana chromosome 4[END_REF]. Also in human, differences in the length of the synaptonemal complex could be linked to variation of recombination rates [START_REF] Rasmussen | Human meiosis II. Chromosome pairing and recombination nodules in human spermatocytes[END_REF][START_REF] Bojko | Human meiosis IX. Crossing over and chiasma formation in oocytes[END_REF][START_REF] Tease | Patterns of meiotic recombination in human fetal oocytes[END_REF][START_REF] Tease | Inter-sex variation in synaptonemal complex lengths largely determine the different recombination rates in male and female germ cells[END_REF]. Finally, these correlations between axis length and CO rates could be only valuable for class I COs, as recently shown for fancm mutants, which boost class II COs without changing the chromosome axis length (Raphaël Mercier, personal communication).

I.5.3.2 Condensins

Recently, evidence has been provided that a new condensing complex (condensing I) [START_REF] Csankovszki | Three Distinct Condensin Complexes Control C. elegans Chromosome Dynamics[END_REF] regulates crossover recombination in C. elegans, as mutations of any condensing I subunits result in striking change in CO location along chromosomes, as well as the occurrence of double and triple crossovers on a single chromosome pair [START_REF] Mets | Condensins regulate meiotic DNA break distribution, thus crossover frequency, by controlling chromosome structure[END_REF]. This complex contains DPY-28, which was previously suggested to control CO number and distribution in C. elegans germ cells [START_REF] Tsai | Meiotic crossover number and distribution are regulated by a dosage compensation protein that resembles a condensin subunit[END_REF]. The changes in CO location and number were shown to be caused by increased DSB formation at different locations in these mutants. Moreover, they have observed that chromosome length was increased in these mutants in the order of 1.3 to 1.6 times of the wild type [START_REF] Mets | Condensins regulate meiotic DNA break distribution, thus crossover frequency, by controlling chromosome structure[END_REF]. So the expansion of axis length in condensin I complex mutants seems to contribute directly to the alteration of DSB frequency and location observed, in agreement with data from mice PAR region. Condensin is then suggested to control the chromosome structure by changing the density and position of DNA loops, and consequently, changing DSBs.

I.5.4 Post-translational modifications

Post-translational modifications were suggested to play a role in crossover control in mice, budding yeast and worms. Recently in mice, RNF212, a Zip3 homolog, was shown to mark specific recombination sites for the CO pathway, in a dosage-dependent manner [START_REF] Reynolds | RNF212 is a dosage-sensitive regulator of crossing-over during mammalian meiosis[END_REF]. Also in humans, a RNF212 sequence polymorphism was shown to alter the CO frequency [START_REF] Kong | Sequence variants in the RNF212 gene associate with genome-wide recombination rate[END_REF]. RNF212 has a RING-finger domain and was suggested to act in mice as a SUMO (small ubiquitin modifier) E3 ligase by adding SUMO to MutSγ proteins in order to stabilise the recombination complex [START_REF] Reynolds | RNF212 is a dosage-sensitive regulator of crossing-over during mammalian meiosis[END_REF]. SUMO, like ubiquitin, can be covalently attached to target proteins either as a single unit or in the form of chains (Hay 2005, Ulrich 2008, reviewed in Watts and Hoffmann 2011). It is known to have a major role in facilitating protein-protein interactions (reviewed in [START_REF] Watts | SUMO meets meiosis: an encounter at the synaptonemal complex: SUMO chains and sumoylated proteins suggest that heterogeneous and complex interactions lie at the centre of the synaptonemal complex[END_REF]. In budding yeast, the Zip3 protein was already suggested to play a role as a SUMO E3 ligase [START_REF] Cheng | Tying SUMO modifications to dynamic behaviors of chromosomes during meiotic prophase of Saccharomyces cerevisiae[END_REF]. Importantly, sumoylation was proposed to be an important regulator of synapsis in budding yeast, as SUMO-interacting motifs were identified in the central element component Zip1 [START_REF] Hooker | A Role for SUMO in meiotic chromosome synapsis[END_REF][START_REF] Cheng | Tying SUMO modifications to dynamic behaviors of chromosomes during meiotic prophase of Saccharomyces cerevisiae[END_REF], as well as in the Red1 protein, which was actually shown to be SUMOylated, probably by Zip3 [START_REF] Eichinger | Synaptonemal complex formation and meiotic checkpoint signaling are linked to the lateral element protein Red1[END_REF]. The Zip3 ortholog in C. elegans, ZHP-3, was also suggested to act in the SUMO pathway; it was shown to be involved in SC disassembly and bivalent formation, connecting meiotic recombination to SC morphogenesis [START_REF] Bhalla | ZHP-3 acts at crossovers to couple meiotic recombination with synaptonemal complex disassembly and bivalent formation in C. elegans[END_REF]. However, orthologs of Zip3

which have been identified in other organisms seem not to have a role in sumoylation.

Instead, the HEI10 protein was proposed to act as an E3 ubiquitin ligase in mice [START_REF] Ward | Mutation in mouse hei10, an e3 ubiquitin ligase, disrupts meiotic crossing over[END_REF]. HEI10 was also described in rice (Wang et al., 2012) and Arabidopsis (Chelysheva et al., 2012a), where it acts as a ZMM protein and localise to CO sites. Finally, Zip3 orthologs seem to play a determined role in crossover formation in several species, even if their participation in post-translational modifications of meiotic proteins is not yet well demonstrated.

I.6 Neddylation/RUBylation

My thesis concerns the relationship between meiotic recombination and neddylation/rubylation, which is a mechanism that regulates ubiquitylation through the activation of certain types of E3 Ub ligases, the Cullin RING Ligases (CRLs). In this chapter, I will first present the ubiquitin-proteasome system, and then the regulation of the CRLs.

I.6.1 Introduction to ubiquitylation

Ubiquitylation is a highly conserved post-translational protein modification pathway that regulates most cellular functions and controls protein degradation in eukaryotes [START_REF] Ciechanover | Ubiquitin-mediated proteolysis: biological regulation via destruction[END_REF][START_REF] Glickman | The Ubiquitin-Proteasome Proteolytic Pathway: Destruction for the Sake of Construction[END_REF][START_REF] Haglund | Ubiquitylation and cell signaling[END_REF][START_REF] Weissman | Themes and variations on ubiquitylation[END_REF]. It consists in a sequence of steps that result in the covalent attachment of the 76-amino-acid protein ubiquitin (Ub) to target proteins. While the formation of a polyubiquitin chain via lysine 48 of Ub on a substrate typically targets it for degradation by the 26S proteasome (Thrower et al 2000), mono-, oligo-, or poly-ubiquitylation via alternate Ub lysines serves other cellular functions, as intracellular targeting, DNA repair, transcriptional activation and other less-understood processes [START_REF] Hicke | Protein regulation by monoubiquitin[END_REF]J et al., 2006;[START_REF] Pickart | Ubiquitin: structures, functions, mechanisms[END_REF][START_REF] Mukhopadhyay | Proteasome-independent functions of ubiquitin in endocytosis and signaling[END_REF].

Ubiquitylation requires the sequential activity of three enzymes (Figure 32): an ubiquitin activating enzyme (E1), an ubiquitin conjugating enzyme (E2), and an ubiquitin ligase (E3) [START_REF] Dye | Structural mechanisms underlying posttranslational modification by ubiquitin-like proteins[END_REF]. The E1 enzyme activates ubiquitin in an ATP-dependent manner in two steps. This results in the formation of a thioester linkage between the ubiquitin molecule and the E1 cysteine. The ubiquitin conjugating enzyme (E2) catalyses the transfer of ubiquitin from E1 to the active cysteine site of E2, through a trans-esterification reaction.

Proteins that are destined for proteasomal degradation are recognized by E3 Ubiquitin ligases, after the activation and the transfer of Ub by E1 and E2, respectively (J et al., 2006;[START_REF] Hicke | Ubiquitin-binding domains[END_REF][START_REF] Weissman | Themes and variations on ubiquitylation[END_REF]. Ubiquitin E3 ligases confer the specificity of the ubiquitin-proteasome system (UPS) by selecting and binding target substrate proteins (reviewed in Smalle & Vierstra, 2004). E3 ubiquitin ligases can be either a monomeric protein or a multimeric complex (reviewed in Smalle & Vierstra, 2004). More than a thousand distinct E3 ligases are present in higher eukaryotes; they belong to two major families: the HECT family and the RING family (Jackson and Xiong, 2009). In this work, I will only describe E3 RING ligases.

I.6.2 The Cullin-RING ligases I.6.2.1 Generalities

Cullin-RING ligases (CRLs) are the largest class of E3 Ubiquitin ligases [START_REF] Petroski | Function and regulation of cullin-RING ubiquitin ligases[END_REF][START_REF] Hristova | Cullin RING ligases: glommed by glomulin[END_REF][START_REF] Deshaies | RING domain E3 ubiquitin ligases[END_REF]. All CRLs are composed of a cullin that serves as a scaffold, a small RING (Really Interesting New Gene) domaincontaining protein (ROC1/RBX1/Hrt1 or ROC2/RBX2/SAG/Hrt2), and one or more additional cullin-specific subunit(s) that have substrate recognition (substrate receptors) and adaptor functions (Duda et al., 2011;[START_REF] Sarikas | The cullin protein family[END_REF]) (Figure 33). Each cullin forms a distinct CRL that ubiquitylates a specific group of targets [START_REF] Hotton | Regulation of cullin RING ligases[END_REF]Jackson and Xiong, 2009;[START_REF] Schwechheimer | Cullin-containing E3 ubiquitin ligases in plant development[END_REF]Hua and Vierstra, 2011;Guo et al., 2013). There are seven cullin in mammals (CUL1 to CUL3, CUL4a, CUL4b, CUL5 and CUL7, also known as PARC), six in C. elegans (cul1 to cul6), five in Drosophila (CUL1 to CUL5), six in Arabidopsis (CUL1, CUL2, CUL3a/b, CUL4 and APC2), three in S. cerevisiae (Cul1, Cul3 and Cul8), and three in S. pombe (Cul1, Cul3 and Cul4) [START_REF] Sarikas | The cullin protein family[END_REF].

The first cullin gene was identified in budding yeast: Cul1 (also called CDC53), which plays a role in the G1 → S transition [START_REF] Mathias | Cdc53p acts in concert with Cdc4p and Cdc34p to control the G1-to-S-phase transition and identifies a conserved family of proteins[END_REF], as its mutation leads to the accumulation of G1 cyclin [START_REF] Willems | Cdc53 Targets Phosphorylated G1 Cyclins for Degradation by the Ubiquitin Proteolytic Pathway[END_REF]. Cul4 was first identified in C. elegans, in which loss of Cul4 function caused hyperplasia of multiple tissues [START_REF] Kipreos | cul-1 Is Required for Cell Cycle Exit in C. elegans and Identifies a Novel Gene Family[END_REF]. Later, it has been shown that cullin proteins assemble E3 complexes with different substrate receptors and thereby ubiquitylate different substrates. A « general » CRL is composed of a cullin protein that act as a scaffold, a small RING domaincontaining protein (RBX1), and one or more cullin-specifi subunits (in this case, an adaptor and a substrate receptor).

Each class of CRL is named for their substrate recognition and adaptor, which are encoded by multiple gene families. Table 3 shows the diversity of adaptors identified in various eukaryotes.

In the case of CUL1-based CRLs, the substrate recognition subunit is a F-box protein. The adaptor protein is SKP, which binds CUL1 and also the F-box protein, which is the substrate receptor (Figure 34A). There are about 700 different F-box substrate receptors that assemble through one of 19 SKP/ASK adaptor proteins in Arabidopsis [START_REF] Gagne | The F-box subunit of the SCF E3 complex is encoded by a diverse superfamily of genes in Arabidopsis[END_REF]Hua and Vierstra, 2011). This complex is referred to as a SCF X , for SKP-CUL1-F-box protein, with the specific F-box protein in superscript.

CUL3 CRLs use a Bric-a-brac/Tramtrack/Broad (BTB or POZ from Poxvirus and zinc finger) domain-containing proteins that integrate the functions of both adaptor and substrate receptor [START_REF] Lee | DCAFs, the missing link of the CUL4-DDB1 ubiquitin ligase[END_REF]) (Figure 34B). In A. thaliana, there are approximately 80 BTB/POZ-domain substrate receptor proteins that can assemble directly with CUL3-RBX1 to form CRL3 complexes [START_REF] Figueroa | Arabidopsis has two redundant Cullin3 proteins that are essential for embryo development and that interact with RBX1 and BTB proteins to form multisubunit E3 ubiquitin ligase complexes in vivo[END_REF][START_REF] Gingerich | Cullins 3a and 3b assemble with members of the broad complex/tramtrack/bric-a-brac (BTB) protein family to form essential ubiquitin-protein ligases (E3s) in Arabidopsis[END_REF].

CUL4-RING ligases (CRL4) display DDB1 as an adaptor and DWD (DDB1-binding-WD40 protein)/DCAF (DDB1-and CUL4-associated factor) as substrate receptors (Figure 34C). The protein DDB1 (DNA-damage binding 1) (DDB1a or DDB1b in Arabidopsis) links CUL4 and DWD [START_REF] Hotton | Regulation of cullin RING ligases[END_REF]. In A. thaliana, there are more than 85 DWD domain proteins that can assemble with DDB1a or DDB1b and directly with CUL4-RBX1 to form CRL4 ligase complexes (Lee et al., 2008;Guo et al., 2013). Together, the CRL family of ubiquitin ligases represents more than 800 individual E3s in Arabidopsis, which likely regulate thousands of targets in the cell (Hua and Vierstra, 2011;Guo et al., 2013). In addition, it has become apparent that some CRL complexes function as dimers or multimers (Chew et al., 2007;[START_REF] Wimuttisuk | The Cullin3 ubiquitin ligase functions as a Nedd8-bound heterodimer[END_REF]Tang et al., 2007). B-CRL3: cullin-RING Ligase 3, composed of CUL3-RBX1, a BTB domain-containing protein that acts as both adaptor and substrate receptor.

C-CRL4: cullin-RING Ligase 4, composed of CUL4-RBX1, the adaptor DDB1 and a DWD protein that acts as substrate receptor (also called DCAF).
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I.6.2.2 CRL4 complexes

As explained above, CRL4 complexes are composed of a CUL4 scaffold, a small RING domain-containing protein RBX1, a WD40-like repeat-containing adaptor DDB1 (DNAdamage binding 1), and a substrate receptor subunit called DWD (DDB1-binding-WD40 protein) or DCAF (DDB1-and CUL4-associated factor) [START_REF] Angers | Molecular architecture and assembly of the DDB1-CUL4A ubiquitin ligase machinery[END_REF][START_REF] He | DDB1 functions as a linker to recruit receptor WD40 proteins to CUL4-ROC1 ubiquitin ligases[END_REF][START_REF] Higa | CUL4-DDB1 ubiquitin ligase interacts with multiple WD40-repeat proteins and regulates histone methylation[END_REF][START_REF] Jin | A Family of Diverse Cul4-Ddb1-Interacting Proteins Includes Cdt2, which Is Required for S Phase Destruction of the Replication Factor Cdt1[END_REF]. CUL4 is a single gene in Arabidopsis, S. pombe, C. elegans and Drosophila, whereas two closely related paralogues are found in mammals, zebrafish and frog [START_REF] Kipreos | cul-1 Is Required for Cell Cycle Exit in C. elegans and Identifies a Novel Gene Family[END_REF]Jackson and Xiong, 2009). The unique S. cerevisiae Cul8 (RTT101) functions like CUL4, although both proteins don't share primary sequence homology [START_REF] Michel | A role for Saccharomyces cerevisiae Cul8 ubiquitin ligase in proper anaphase progression[END_REF]Luke et al., 2006).

CRL4s control DNA damage checkpoint response and ensure genomic integrity in mammals and plants. This role is played mostly through the nucleotide excision repair (NER) pathway, which acts on a wide variety of helix-distorting DNA lesions, including the cyclobutane pyrimidine dimers (CPDs) and pyrimidine-pyrimidone photoproducts induced by UV light [START_REF] Svejstrup | Mechanisms of transcription-coupled DNA repair[END_REF]. CRL4-DDB1 is involved in two NER sub-pathways, global genomic repair (GGR) and transcription-coupled repair (TCR). TCR is activated when there is damage on the transcribed strand of active genes, while GGR is a slow pathway activated to repair damage elsewhere in the genome [START_REF] Cang | Deletion of DDB1 in Mouse Brain and Lens Leads to p53-Dependent Elimination of Proliferating Cells[END_REF]. In humans and Arabidopsis, Xeroderma are known NER factors that sense DNA damage [START_REF] Jackson | Regulation of DNA Damage Responses by Ubiquitin and SUMO[END_REF]. In addition, some of these NER factors are known components of CRL4 complexes, as the adaptor protein DDB1 and the substrate receptors DDB2 and CSA. The CRL4-DDB1 DDB2 complex serves as the primary detection device for UV-induced lesions in the genome. Following DNA damage, CRL4-DDB1 DDB2 is required for the effective recruitment of XPC to chromatin [START_REF] Wang | Histone H3 and H4 Ubiquitylation by the CUL4-DDB-ROC1 Ubiquitin Ligase Facilitates Cellular Response to DNA Damage[END_REF][START_REF] Kapetanaki | The DDB1-CUL4ADDB2 ubiquitin ligase is deficient in xeroderma pigmentosum group E and targets histone H2A at UV-damaged DNA sites[END_REF]Molinier et al., 2008;[START_REF] Scrima | Structural Basis of UV DNA-Damage Recognition by the DDB1-DDB2 Complex[END_REF][START_REF] Groisman | The Ubiquitin Ligase Activity in the DDB2 and CSA Complexes Is Differentially Regulated by the COP9 Signalosome in Response to DNA Damage[END_REF]. CRL4-DDB1 DDB2 mono-ubiquitylates histones and poly-ubiquitylates DDB2 and XPC [START_REF] Venkitaraman | Detecting UV-lesions in the genome: The modular CRL4 ubiquitin ligase does it best![END_REF] (Figure 35A). DDB2 is marked for degradation, whereas XPC is protected from degradation by RAD23, a proteasome-interacting protein [START_REF] El-Mahdy | Cullin 4A-mediated proteolysis of DDB2 protein at DNA damage sites regulates in vivo lesion recognition by XPC[END_REF][START_REF] Sugasawa | UV-induced ubiquitylation of XPC complex, the UV-DDB-ubiquitin ligase complex, and DNA repair[END_REF]. DDB2 degradation is believed to facilitate and/or stabilise the binding of XPC to UV-induced photoproducts [START_REF] Luijsterburg | Dynamic in vivo interaction of DDB2 E3 ubiquitin ligase with UV-damaged DNA is independent of damage-recognition protein XPC[END_REF], and in addition it has been suggested that DDB2 turnover is crucial for the NER process to occur efficiently.

The recognition of UV lesions at the initial step of GGR is critical and should be tightly controlled to allow efficient and rapid DNA repair.

Another Arabidopsis protein, DET1, was shown to cooperate with DDB2 in NER (Castells et al., 2011). DET1, which is a substrate receptor of CRL4 and is not a DWD protein, was shown to be required in an appropriate dosage for the efficient removal of UV photoproducts and UV-induced degradation of DDB2. DET1 is degraded concomitantly with DDB2 upon UV irradiation in a CRL4-dependent manner (Castells et al., 2011).

CSA plays an important role in TCR. It has been shown that stalled RNA Polymerase II recruits CSB, which in its turn recruits the CRL4-DDB1 CSA complex. This complex is responsible for the recruitment of core NER components [START_REF] Nardo | A UV-sensitive syndrome patient with a specific CSA mutation reveals separable roles for CSA in response to UV and oxidative DNA damage[END_REF][START_REF] Biedermann | The DDB1a interacting proteins ATCSA-1 and DDB2 are critical factors for UV-B tolerance and genomic integrity in Arabidopsis thaliana[END_REF][START_REF] Fousteri | Transcription-coupled nucleotide excision repair in mammalian cells: molecular mechanisms and biological effects[END_REF][START_REF] Groisman | CSA-dependent degradation of CSB by the ubiquitinproteasome pathway establishes a link between complementation factors of the Cockayne syndrome[END_REF]) (Figure 35B). Once NER machinery is recruited, it removes approximately 27-30 nt oligonucleotide fragment containing the DNA lesion. Then, after damage-containing fragment is excised, the gap generated in the DNA duplex is repaired by DNA synthesis using the opposite DNA strand as a template.

In addition to its well-known roles in NER pathway, recent works demonstrated that the CRL4 participates also in numerous other fundamental processes such as transcription, cell cycle, cell death and embryonic development in mouse [START_REF] Cang | Deletion of DDB1 in Mouse Brain and Lens Leads to p53-Dependent Elimination of Proliferating Cells[END_REF]) [START_REF] Li | CUL-4A Is Critical for Early Embryonic Development[END_REF].

CRL4 has also been connected to the maintenance of genome stability and DNA replication in C. elegans [START_REF] Zhong | CUL-4 ubiquitin ligase maintains genome stability by restraining DNA-replication licensing[END_REF].

In Arabidopsis, CUL4 is expressed abundantly and broadly in almost all plant tissues, including inflorescences, siliques, stems, roots, and leaves. Two different CUL4 isoforms exist in A. thaliana, CUL4-L, which contains an additional 50-aa sequence at the N-terminus compared to the CUL4-S. Reduced CUL4 expression in A. thaliana results in pleiotropic constitutive photomorphogenesis (cop)-like phenotypes and widespread developmental defects in lateral roots, abnormal vascular tissue and stomatal defects (Bernhardt et al., 2006;[START_REF] Chen | Arabidopsis CULLIN4-damaged DNA binding protein 1 interacts with CONSTITUTIVELY PHOTOMORPHOGENIC1-SUPPRESSOR OF PHYA complexes to regulate photomorphogenesis and flowering time[END_REF][START_REF] Chen | Arabidopsis CULLIN4 Forms an E3 Ubiquitin Ligase with RBX1 and the CDD Complex in Mediating Light Control of Development[END_REF]. All these data highlight the importance of CUL4 activity in multiple different CRL4 complexes that regulate many different substrates. This is in accordance with the important number of Arabidopsis DDB1-interacting proteins (Table 4). degraded, whereas XPC is not. XPC is stabilised, probably through interaction with RAD23 (not shown). This allows the subsequent steps of GGR. Modified from [START_REF] Bergink | Principles of ubiquitin and SUMO modifications in DNA repair[END_REF].

B-TCR repairs bulky-lesions occurring on the transcribed DNA strand in A. thaliana. Stalled RNA PolII recruits CSB. It binds to the damaged strand and it is subsequently ubiquitylated by CRL4 CSA , which results in CSB degradation by the 26S proteasome. This results in recruitment of core NER factors that subsequently lead to transcription rescue [START_REF] Groisman | CSA-dependent degradation of CSB by the ubiquitinproteasome pathway establishes a link between complementation factors of the Cockayne syndrome[END_REF].

I.6.3 Controlling the ubiquitylation activity of the CRLs

CRL activity can be controlled in numerous ways (Figure 36): CRLs can be activated by neddylation/RUBylation (Duda et al., 2011;Saha and Deshaies, 2008;[START_REF] Hotton | Regulation of cullin RING ligases[END_REF][START_REF] Petroski | Function and regulation of cullin-RING ubiquitin ligases[END_REF], and inhibited by deneddylation (Lyapina et al., 2001); phosphorylation can increase or inhibit ubiquitylation; CRLs assembly and disassembly can be inhibited by the CULLIN-ASSOCIATED NEDD8-DISSOCIATED (CAND)-1 protein [START_REF] Goldenberg | Structure of the Cand1-Cul1-Roc1 Complex Reveals Regulatory Mechanisms for the Assembly of the Multisubunit Cullin-Dependent Ubiquitin Ligases[END_REF]. All these regulations will be discussed in the following sections. In addition, recent works have demonstrated that the interaction between RBX1 and E2-Ub can be blocked by the glomulin protein, resulting in CRL1 inhibition in human [START_REF] Duda | Structure of a Glomulin-RBX1-CUL1 Complex: Inhibition of a RING E3 Ligase through Masking of Its E2-Binding Surface[END_REF][START_REF] Tron | The Glomuvenous Malformation Protein Glomulin Binds Rbx1 and Regulates Cullin RING Ligase-Mediated Turnover of Fbw7[END_REF]. Additionally, the availability of the substrate receptors and final substrate targets could exert a feedback on the neddylation machinery (Chew and Hagen, 2007;Duda et al., 2011;[START_REF] Rabut | Protein modifications: beyond the usual suspects" review series[END_REF]. Right-CRLs can be inhibited by CAND1 attachment, deneddylation and also phosphorylation, leading to substrate accumulation.

I.6.3.1 The neddylation mechanism

A common regulatory mechanism of the CRLs is the covalent modification of the Cullin scaffold by an ubiquitin-like protein named RUB1/Rub1 (related to Ubiquitin, in plants and budding yeast), also known as NEDD8 (neuronal precursor cell-expressed developmentally down-regulated 8, in animals and fission yeast) [START_REF] Kerscher | Modification of proteins by ubiquitin and ubiquitin-like proteins[END_REF][START_REF] Petroski | Function and regulation of cullin-RING ubiquitin ligases[END_REF]Saha and Deshaies, 2008;[START_REF] Parry | Regulation of cullin-based ubiquitin ligases by the Nedd8/RUB ubiquitin-like proteins[END_REF]. RUB1/Rub1/NEDD8 encodes a small protein of 81 amino acids, which is 80% homologous to ubiquitin [START_REF] Kamitani | Characterization of NEDD8, a Developmentally Down-regulated Ubiquitin-like Protein[END_REF].

Neddylation (or RUBylation) has been shown to stimulate the CRL ligase activity. Two hypotheses have been proposed: first, an inactive CRL ligase would assemble its adaptor and its substrate receptor, and then it would be neddylated (Figure 37A). Second, neddylation would stimulate CRL assembly, resulting in an active CRL ligase (Figure 37B) [START_REF] Duda | Structural Insights into NEDD8 Activation of Cullin-RING Ligases: Conformational Control of Conjugation[END_REF]Saha and Deshaies, 2008;Hua and Vierstra, 2011;Guo et al., 2013). In addition, neddylation could also modify the three-dimensional surface of cullin proteins and, hence, their biochemical properties (Figure 38) [START_REF] Rabut | Protein modifications: beyond the usual suspects" review series[END_REF]. 110

Neddylation has been demonstrated to be essential for viability in fission yeast, mammals, plants, flies and worms [START_REF] Dharmasiri | The RUB/Nedd8 conjugation pathway is required for early development in Arabidopsis[END_REF][START_REF] Jones | The NED-8 Conjugating System in Caenorhabditis elegans Is Required for Embryogenesis and Terminal Differentiation of the Hypodermis[END_REF]Kurz et al., 2002;[START_REF] Osaka | Covalent modifier NEDD8 is essential for SCF ubiquitinligase in fission yeast[END_REF]Tateishi et al., 2001;[START_REF] Ou | Distinct protein degradation mechanisms mediated by Cul1 and Cul3 controlling Ci stability in Drosophila eye development[END_REF], while in budding yeast, lack of neddylation is not lethal (Lammer et al., 1998;[START_REF] Liakopoulos | A novel protein modification pathway related to the ubiquitin system[END_REF][START_REF] Hotton | Regulation of cullin RING ligases[END_REF][START_REF] Rabut | Protein modifications: beyond the usual suspects" review series[END_REF].

Figure 38: Neddylation modifies cullins

By remodelling the three-dimensional surface of its substrates, neddylation can induce conformational changes (for example, neddylation of cullins allows their C-terminal domain and Rbx1 to adopt catalytically active conformations). Also, neddylation is able to preclude association with certain partners or compete with other posttranslational modifications (for example, cullin neddylation is incompatible with CAND1 interaction). Modified from [START_REF] Rabut | Protein modifications: beyond the usual suspects" review series[END_REF].

Neddylation mediates the attachment of NEDD8/RUB1 to cullin proteins through an enzymatic cascade similar to ubiquitin conjugation (Figure 39): NEDD8 is activated through an ATP-dependent mechanism catalysed by an activating enzyme, E1, which creates a highenergy intermediate [START_REF] Huang | A unique E1-E2 interaction required for optimal conjugation of the ubiquitin-like protein NEDD8[END_REF][START_REF] Huang | Structural Basis for Recruitment of Ubc12 by an E2 Binding Domain in NEDD8's E1[END_REF]. This intermediate is then transferred to a conjugating enzyme E2 [START_REF] Huang | Basis for a ubiquitin-like protein thioester switch toggling E1-E2 affinity[END_REF], that shuttles activated NEDD8 to an E3 ligase, which then ensures specific conjugation of NEDD8 to its substrates. In animals and fission yeast, the NEDD8 E1 activity is fulfilled by a heterodimer of APPBP1 and UBA3 [START_REF] Liakopoulos | A novel protein modification pathway related to the ubiquitin system[END_REF][START_REF] Osaka | A new NEDD8-ligating system for cullin-4A[END_REF][START_REF] Walden | The Structure of the APPBP1-UBA3-NEDD8-ATP Complex Reveals the Basis for Selective Ubiquitin-like Protein Activation by an E1[END_REF], whereas in plants E1 is encoded by the AUXIN-REGULATED (AXR)-1/AXR1-LIKE (AXL) gene pair and the E1 C-TERMINALLY RELATED (ECR)-1 gene (Leyser et al., 1993;[START_REF] Dharmasiri | AXL and AXR1 have redundant functions in RUB conjugation and growth and development in Arabidopsis[END_REF]Pozo et al., 2002;[START_REF] Hotton | AXR1-ECR1 and AXL1-ECR1 heterodimeric RUB-activating enzymes diverge in function in Arabidopsis thaliana[END_REF]. I will come back to AXR1 later (in section II.I.I) as it is the centre of my work. Contrary to ubiquitin, which can be transferred by multiple E2s, evidences indicate that the NEDD8 pathway has a unique E2, which in animals and yeast is Ubc12 [START_REF] Liakopoulos | A novel protein modification pathway related to the ubiquitin system[END_REF] and RUB1-CONJUGATING ENZYME (RCE)-1 in Arabidopsis (Pozo and Estelle, 1999). Rbx1, which is also part of the E3 ubiquitin ligase, seems to function as a NEDD8 E3 ligase [START_REF] Kamura | The Rbx1 subunit of SCF and VHL E3 ubiquitin ligase activates Rub1 modification of cullins Cdc53 and Cul2[END_REF][START_REF] Morimoto | Nedd8-modification of Cul1 is promoted by Roc1 as a Nedd8-E3 ligase and regulates its stability[END_REF][START_REF] Dharmasiri | The RUB/Nedd8 conjugation pathway is required for early development in Arabidopsis[END_REF].

However, Rbx1 was shown not to function always alone. DCN1 (defective in cullin neddylation 1), a protein conserved from yeast to humans, was shown to cooperate with Rbx1 to stimulate the neddylation reaction in C. elegans and budding yeast [START_REF] Kurz | The conserved protein DCN-1/Dcn1p is required for cullin neddylation in C. elegans and S. cerevisiae[END_REF].

It is likely that Rbx1 and DCN1 form a multisubunit E3 [START_REF] Yang | Structural basis for the function of DCN-1 in protein Neddylation[END_REF], although it is possible that Rbx1 is the predominant E3 and DCN1 is a cofactor. In plants, DCN1 role is not clear yet [START_REF] Biswas | Genetic characterization of mutants resistant to the antiauxin p-chlorophenoxyisobutyric acid reveals that AAR3, a gene encoding a DCN1-like protein, regulates responses to the synthetic auxin 2,4dichlorophenoxyacetic acid in Arabidopsis roots[END_REF].

The only confirmed RUB-modified proteins in plants are CUL1, CUL3a/3b and CUL4 (Hua and Vierstra, 2011;Santner and Estelle, 2010), although additional substrates have been identified in non-plant systems [START_REF] Rabut | Protein modifications: beyond the usual suspects" review series[END_REF]. Neddylation has been shown to play crucial roles in processes such as morphogenesis in mice (Tateishi et al., 2001), cell division in budding yeast (Lammer et al., 1998), embryogenesis in C. elegans (Kurz et al., 2002), the meiosis-to-mitosis transition in C. elegans (Pintard et al., 2003) and the response to various plant hormones (Santner and Estelle, 2010;Dreher and Callis, 2007), including auxin (Quint and Gray, 2006;Mockaitis and Estelle, 2008;Hua and Vierstra, 2011;Pozo and Estelle, 1999). Unique enzymes are used for each pathway, but amino acid similarity is observed between analogous enzymes, and their mechanisms are strikingly similar. Modified from [START_REF] Hotton | Regulation of cullin RING ligases[END_REF].

I.6.3.2 Cycles of activation and deactivation of CRLs: the COP9 signalosome and CAND1

Activation and deactivation processes of CRLs need to be highly regulated in order to maintain the right quantity (pool) of CRL components. Several lines of evidence suggest that this occurs through dynamic cycles of CRL neddylation and deneddylation. These cycles have been shown to act together to sustain optimal CRL activity and to prevent the accumulation of substrates [START_REF] Schwechheimer | Interactions of the COP9 signalosome with the E3 ubiquitin ligase SCFTIRI in mediating auxin response[END_REF][START_REF] Feng | Arabidopsis CAND1, an unmodified CUL1-interacting protein, is involved in multiple developmental pathways controlled by ubiquitin/proteasome-mediated protein Degradation[END_REF][START_REF] Min | TIP120A associates with cullins and modulates ubiquitin ligase activity[END_REF]Wei et al., 2008b). Competing cycles are driven by neddylation/deneddylation and also by the CULLIN-ASSOCIATED NEDD8-DISSOCIATED (CAND)-1 protein.

NEDD8 is removed from cullin by the isopeptidase activity of the zinc-dependent metalloenzyme CSN5, a component of the eight-subunit COP9 signalosome (CSN) complex (Lyapina et al., 2001;Wei et al., 2008b;[START_REF] Schwechheimer | The COP9 signalosome (CSN): an evolutionary conserved proteolysis regulator in eukaryotic development[END_REF][START_REF] Stratmann | Many jobs for one good cop -the COP9 signalosome guards development and defense[END_REF][START_REF] Schwechheimer | The COP9 signalosome and its role in plant development[END_REF]. CSN only interacts with the CRL superfamily and deneddylation promotes dissociation of CRL E3 complexes (Figure 40). The complete loss of CSN function results in seedling lethality in Arabidopsis. Deficiency in CSN increases the levels of neddylated cullins in vivo (Pintard et al., 2003;Lyapina et al., 2001;[START_REF] Schwechheimer | Interactions of the COP9 signalosome with the E3 ubiquitin ligase SCFTIRI in mediating auxin response[END_REF][START_REF] Menon | COP9 signalosome subunit 8 is essential for peripheral T cell homeostasis and antigen receptor-induced entry into the cell cycle from quiescence[END_REF]. However, it also reduces the activity of CUL1, CUL3, and CUL4-based CRL complexes in cells despite increased neddylation levels [START_REF] Groisman | The Ubiquitin Ligase Activity in the DDB2 and CSA Complexes Is Differentially Regulated by the COP9 Signalosome in Response to DNA Damage[END_REF]Pintard et al., 2003;[START_REF] Cope | Role of predicted metalloprotease motif of Jab1/Csn5 in cleavage of Nedd8 from Cul1[END_REF][START_REF] Schwechheimer | Interactions of the COP9 signalosome with the E3 ubiquitin ligase SCFTIRI in mediating auxin response[END_REF][START_REF] Zhou | Fission Yeast COP9/Signalosome Suppresses Cullin Activity through Recruitment of the Deubiquitylating Enzyme Ubp12p[END_REF]. This happens because deneddylation activity of CSN is also responsible for preventing auto-ubiquitylation of substrate receptor proteins [START_REF] Cope | Targeted silencing of Jab1/Csn5 in human cells downregulates SCF activity through reduction of F-box protein levels[END_REF], so in its absence, substrate receptor proteins are auto-ubiquitylated (Chew et al., 2007;[START_REF] Zhou | Fission Yeast COP9/Signalosome Suppresses Cullin Activity through Recruitment of the Deubiquitylating Enzyme Ubp12p[END_REF], leading to significantly lower levels of substrate receptor and consequently, reduced CRL activity (reviewed in [START_REF] Bosu | Cullin-RING ubiquitin ligases: global regulation and activation cycles[END_REF]. Recently, the Arabidopsis SMAP1 protein was suggested to physically interact with CSN and the E1 enzyme of neddylation AXR1 in vivo, suggesting that it could also play a role in the neddylation cycle as well as in the CRL-regulated ubiquitin-proteasome system in plant cells, although its precise role is still unclear [START_REF] Nakasone | SMALL ACIDIC PROTEIN1 acts with RUB modification components, the COP9 signalosome, and AXR1 to regulate growth and development of Arabidopsis[END_REF]. Right-Lack of neddylation leads to reduced CRL activity, resulting in substrate accumulation.
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CAND1 (which is also called TIP120A) is a CRL inhibitory factor. Precisely, CAND1

interaction with CUL-Rbx1 prevents the reassembly of a new CRL by blocking both the adaptor binding site and the Nedd8 conjugation site (Figure 42) [START_REF] Liu | NEDD8 Modification of CUL1 Dissociates p120CAND1, an Inhibitor of CUL1-SKP1 Binding and SCF Ligases[END_REF][START_REF] Zheng | CAND1 Binds to Unneddylated CUL1 and Regulates the Formation of SCF Ubiquitin E3 Ligase Complex[END_REF][START_REF] Oshikawa | Preferential interaction of TIP120A with Cul1 that is not modified by NEDD8 and not associated with Skp1[END_REF][START_REF] Chuang | Arabidopsis ETA2, an apparent ortholog of the human cullin-interacting protein CAND1, is required for auxin responses mediated by the SCF(TIR1) ubiquitin ligase[END_REF]Zhang et al., 2008a;[START_REF] Feng | Arabidopsis CAND1, an unmodified CUL1-interacting protein, is involved in multiple developmental pathways controlled by ubiquitin/proteasome-mediated protein Degradation[END_REF][START_REF] Goldenberg | Structure of the Cand1-Cul1-Roc1 Complex Reveals Regulatory Mechanisms for the Assembly of the Multisubunit Cullin-Dependent Ubiquitin Ligases[END_REF][START_REF] Lo | CAND1-mediated substrate adaptor recycling is required for efficient repression of Nrf2 by Keap1[END_REF][START_REF] Min | TIP120A associates with cullins and modulates ubiquitin ligase activity[END_REF][START_REF] Kim | Drosophila Cand1 regulates Cullin3-dependent E3 ligases by affecting the neddylation of Cullin3 and by controlling the stability of Cullin3 and adaptor protein[END_REF][START_REF] Bosu | C. elegans CAND-1 regulates cullin neddylation, cell proliferation and morphogenesis in specific tissues[END_REF]. CAND1 is capable of binding to all cullins in human cells [START_REF] Liu | NEDD8 Modification of CUL1 Dissociates p120CAND1, an Inhibitor of CUL1-SKP1 Binding and SCF Ligases[END_REF][START_REF] Zheng | CAND1 Binds to Unneddylated CUL1 and Regulates the Formation of SCF Ubiquitin E3 Ligase Complex[END_REF][START_REF] Min | TIP120A associates with cullins and modulates ubiquitin ligase activity[END_REF] but could preferentially associate with a subset of cullins in C elegans [START_REF] Oshikawa | Preferential interaction of TIP120A with Cul1 that is not modified by NEDD8 and not associated with Skp1[END_REF]. In Arabidopsis, the information of a possible specificity of CRL inhibition by CAND1 is not available yet. Until recently, the roles of CSN and CAND1 were unclear owing to their paradoxical abilities to strongly inhibit CRL activities in vitro while being necessary for efficient degradation of CRL substrates in vivo [START_REF] Bosu | Cullin-RING ubiquitin ligases: global regulation and activation cycles[END_REF][START_REF] Hotton | Regulation of cullin RING ligases[END_REF]. In fact, it was shown that hyperneddylation can lead to the same phenotype as hyponeddylation (accumulation of CRLs substrates), as both attachment and detachment of Nedd8/RUB are essential for correct CRL function (Figure 41) [START_REF] Schwechheimer | Cullin-containing E3 ubiquitin ligases in plant development[END_REF][START_REF] Hotton | Regulation of cullin RING ligases[END_REF]. As CAND1 does not seem to physically interact with CSN, it has been proposed that it could indirectly facilitate deneddylation by binding to unneddylated cullins with high affinity, thereby shifting CSN interactions towards neddylated cullins [START_REF] Min | CAND1 enhances deneddylation of CUL1 by COP9 signalosome[END_REF]. Indeed, suppression of CAND1 expression enhanced the interaction between CUL1 and CSN, suggesting that CAND1 inhibits the binding of CSN to CUL1. Recently, CAND1 has been suggested to bias the assembly of SCF complexes to favour F-box proteins for which substrates are available (Fig 43) [START_REF] Pierce | Cand1 promotes assembly of new SCF complexes through dynamic exchange of F box proteins[END_REF].

The coordination of CRL-CSN-CAND1 interactions is highly complex. Consequently, mechanisms that modulate all these interactions must exist. Crosstalk between CRLs modulators CAND1 and CSN was recently suggested by the identification of SAP130/SF3b-3, a known component of transcription and RNA processing complexes [START_REF] Das | Characterization of a protein complex containing spliceosomal proteins SAPs 49, 130, 145, and 155[END_REF][START_REF] Martinez | Human STAGA complex is a chromatin-acetylating transcription coactivator that interacts with pre-mRNA splicing and DNA damage-binding factors in vivo[END_REF][START_REF] Brand | UV-damaged DNA-binding protein in the TFTC complex links DNA damage recognition to nucleosome acetylation[END_REF]. SAP130 was shown to be homologous to DDB1 and to bind cullin proteins in a CAND1-dependent manner. Additionally, it was shown to interact with CSN, which is able to modulate some of SAP130 interaction with cullins [START_REF] Menon | Association of SAP130/SF3b-3 with Cullin-RING ubiquitin ligase complexes and its regulation by the COP9 signalosome[END_REF][START_REF] Cordero-Espinoza | Regulation of Cullin-RING ubiquitin ligase 1 by Spliceosome-associated protein 130 (SAP130)[END_REF][START_REF] Bosu | Cullin-RING ubiquitin ligases: global regulation and activation cycles[END_REF]. These data suggest that SAP130 could be a functional link between CSN and CAND1, and at the same time, a link between ubiquitylation and gene expression. CAND1 binding with CRLs allows rapid exchange of multiple substrate receptors depending on the availability of subtrates. In the presence of substrates, CRLs that pass through an intermediate state become neddylated and enter a stable state where ubiquitylation of substrates occurs. Loss of substrates facilitates recruitment of CSN, removal of Nedd8, and a return to the exchange regime controlled by CAND1. Modified from [START_REF] Pierce | Cand1 promotes assembly of new SCF complexes through dynamic exchange of F box proteins[END_REF].

I.6.3.3 Model of CRL regulation

CRL regulation goes through a switching from the inactive (CRL protection by CSN and CRL sequestration by CAND1) to an active form (neddylated CRL); this model is explained in Figure 44.

1-Signalosome-mediated cullin deneddylation: CSN binds to the active CRL and displaces NEDD8. As a consequence, CRL protects E3 components from autoubiquitylation;

2-CAND1 dissociates adaptors from unneddylated CUL-RBX1 complexes: the CRL is inactive.

3-Release of CUL-RBX1 complex from CAND1 and binding of CUL-RBX1 to adaptors and substrate receptors reconstituting a CRL complex.

4-Neddylation activates the CRL complex.

5-Target degradation occurs and substrate receptor degradation occurs by autoubiquitylation or by the action of other CRL complex.

6-Again, CRL associates with CSN and become inactive. The cycle restarts.

In addition to the model described here, some variations also seem to exist. For example, once CAND1 is associated with CUL-RBX1, the availability of substrate receptors can stimulate CRL assembly and the subsequent activation by NEDD8. Also, the presence of substrate receptors can inhibit CRL deneddylation by CSN. These data suggests that the abundance of substrate receptor proteins could be an important regulation of the CRL cycle (for further details, see Figure 42) [START_REF] Stratmann | Many jobs for one good cop -the COP9 signalosome guards development and defense[END_REF][START_REF] Pierce | Cand1 promotes assembly of new SCF complexes through dynamic exchange of F box proteins[END_REF]Chew and Hagen, 2007;[START_REF] Lo | CAND1-mediated substrate adaptor recycling is required for efficient repression of Nrf2 by Keap1[END_REF]. The CRL regulation cycle is interesting because it enables rapid switching between different substrate receptors on the same CUL-RBX1 core complex, allowing the fine tuning of protein degradation (Wei et al., 2008b). Also, it seems to be required for CRL stabilisation, since loss of CSN or CAND1 often results in loss of CRL activity and/or auto-degradation of substrate receptors [START_REF] Schwechheimer | Interactions of the COP9 signalosome with the E3 ubiquitin ligase SCFTIRI in mediating auxin response[END_REF]Feng et al., 2004;[START_REF] Min | TIP120A associates with cullins and modulates ubiquitin ligase activity[END_REF]. 

I.6.4 The axr1 mutant

The RUB conjugation pathway in plants was first identified through genetic studies of auxin response in Arabidopsis (Lincoln et al., 1990;Leyser et al., 1993). Due to its resistance to auxin, the axr1 mutant was isolated in 1987 (Estelle and Somerville, 1987). The AXR1 gene was then shown to encode a subunit of the E1 enzyme of neddylation (Leyser et al., 1993), which acts together with ECR1 (Pozo et al., 2002) in the neddylation cascade. In addition, an AXR1 homologue, AXL1 (AXR1-like 1), was shown to exist and to also function with ECR1 in a heterodimeric RUB-activating enzyme [START_REF] Hotton | AXR1-ECR1 and AXL1-ECR1 heterodimeric RUB-activating enzymes diverge in function in Arabidopsis thaliana[END_REF]. However, AXL1 and AXR1 are not functionally equivalent, as expression of AXL1 under the AXR1 promoter largely fails to correct the strong axr1-30 mutant phenotype [START_REF] Hotton | AXR1-ECR1 and AXL1-ECR1 heterodimeric RUB-activating enzymes diverge in function in Arabidopsis thaliana[END_REF]. Importantly, plants that are homozygous for mutations in both genes die as young seedlings, confirming the essential role of neddylation in plant viability [START_REF] Hotton | AXR1-ECR1 and AXL1-ECR1 heterodimeric RUB-activating enzymes diverge in function in Arabidopsis thaliana[END_REF][START_REF] Dharmasiri | AXL and AXR1 have redundant functions in RUB conjugation and growth and development in Arabidopsis[END_REF].

In the auxin signaling pathway, RUB1 would activate the E3 ubiquitin-ligases SCF TIR1/AFB (CRL1 and TIR1/AFB family of F-box proteins) which are responsible for recognizing the transcriptional repressors AUX-IAA (Pozo and Estelle, 1999;Pozo and Dharmasiri, 2002;[START_REF] Pozo | The ubiquitin-related protein RUB1 and auxin response in Arabidopsis[END_REF][START_REF] Tan | Mechanism of auxin perception by the TIR1 ubiquitin ligase[END_REF][START_REF] Parry | Complex regulation of the TIR1/AFB family of auxin receptors[END_REF]Quint and Gray, 2006;Mockaitis and Estelle, 2008;[START_REF] Dharmasiri | Plant development is regulated by a family of auxin receptor F box proteins[END_REF]. In the axr1 mutant, neddylation is less active and AUX-IAA repressors accumulate, leading to auxin resistance [START_REF] Gray | Auxin regulates SCF(TIR1)dependent degradation of AUX/IAA proteins[END_REF]) (Figure 45).

AXR1-deficient plants present a variety of hormone-related phenotypes including reduced sensitivity to auxin, cytokinin, ethylene, epibrassinolide, and jasmonate in root elongation assays, which results in alterations of roots, leaves, and flowers (Leyser et al., 1993;[START_REF] Staswick | The oxylipin signal jasmonic acid is activated by an enzyme that conjugates it to isoleucine in Arabidopsis[END_REF][START_REF] Pozo | The ubiquitin-related protein RUB1 and auxin response in Arabidopsis[END_REF][START_REF] Schwechheimer | Multiple Ubiquitin Ligase-Mediated Processes Require COP9 Signalosome and AXR1 Function[END_REF]. To date, no meiotic defect of these mutants had been described. 
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I.7 Aim of my work

As presented in my thesis introduction, crossover formation is a key step of meiotic homologous recombination. The number of COs per meiosis as well as their positioning along the chromosomes is highly controlled. In most species, each chromosome pair is subject to at least one CO (referred to as the obligatory CO) but rarely more than three (Crismani et al., 2013a). However, our knowledge on the mechanisms underlying these controls is superficial (Youds and Boulton, 2011).

In a screen for meiotic recombination defective mutants in Arabidopsis thaliana (De Muyt et al., 2009), several alleles of axr1 were identified. As explained in the introduction, the AXR1 protein was already known to be involved in protein neddylation and for its role in the auxin-signalling pathway (Lincoln et al., 1990;Leyser et al., 1993;Pozo and Dharmasiri, 2002). However, its meiotic defects have never been described and neddylation has never been connected to recombination control so far.

The main objective of my thesis is to understand the connexion between neddylation and meiotic recombination. Several questions then arise:

1) What is the role of AXR1 in meiosis?

2) Is AXR1 role in meiosis shared by the other neddylation proteins?

3) By which pathway does AXR1/neddylation act in meiosis?

4) Is somatic recombination also affected in these mutants?

5) Are neddylation/deneddylation cycles important for this role?

II. Results

II.1. Identification of neddylation as a meiotic regulator

This first part of my work consisted in the meiotic characterisation of the axr1 mutant, which was identified in a screening for meiotic mutants in the Meiosis and Recombination group. I could show using molecular, genetic and cytological tools that AXR1 is required for bivalent formation and for the formation of the obligatory CO, and that AXR1 deficiency leads to a CO mislocalisation that is not accompanied by a CO reduction. AXR1 therefore appears to control the localisation of meiotic recombination events. I was also able to show that this effect is probably mediated by a CRL4 complex, since cul4 and axr1 belong to the same epistasis group in term of effect on bivalent formation. In addition, I highlighted a role of AXR1 in somatic homologous recombination. These results are part of a paper submitted to PLOS Biology, entitled "Crossover localisation is regulated by the neddylation posttranslational regulatory pathway". Complementary results and details on the investigation that are only rapidly described in the article are presented in sections II.I-II.2

II. I. I Crossover localisation is regulated by the neddylation posttranslational regulatory pathway

Introduction

Meiosis is a modified cell cycle where two rounds of chromosome segregation follow a single S phase resulting in the production of haploid gametes. In the first (reductional) division, the homologous chromosomes recombine and then segregate from each other.

The second (equational) division resembles the mitotic division, in which the sister chromatids of each chromosome separate from each other. Thus, each diploid cell produces four haploid cells, each with a single, complete, haploid set of chromosomes.

Recombination is a key step in meiosis I since it results in genetic crossover (CO) formation, which establishes physical links between the homologues that are cytologically visible as chiasmata [START_REF] Jones | The control of chiasma distribution[END_REF][START_REF] Jones | Meiotic crossing-over: obligation and interference[END_REF]. In most species, each chromosome pair has at least one CO (referred to as the obligatory CO), which is required to hold the homologues together during the first meiotic division, ensuring their correct segregation. In the absence of COs, the homologues segregate randomly leading to the formation of aneuploid gametes [START_REF] Gerton | Homologous chromosome interactions in meiosis: diversity amidst conservation[END_REF]. Meiotic recombination can also lead to gene conversion not associated with COs (NCOs) [START_REF] Mézard | The road to crossovers: plants have their say[END_REF].

Meiotic recombination is initiated by the induction of DNA double strand breaks (DSBs) catalysed by SPO11 [START_REF] Keeney | Initiation of meiotic recombination by formation of DNA doublestrand breaks: mechanism and regulation[END_REF]. DSBs are then resected by exonucleases to generate 3' single stranded DNA molecules (ssDNA). In the subsequent step, RecA homologues RAD51 and DMC1 assemble on the ssDNA to form nucleoprotein filaments. These filaments search for homologuous sequences and finally trigger single strand invasions [START_REF] Hunter | The Single-End Invasion: An Asymmetric Intermediate at the Double-Strand Break to Double-Holliday Junction Transition of Meiotic Recombination[END_REF] to generate displacement loop (D-loop) recombination intermediates [START_REF] Kagawa | From meiosis to postmeiotic events: uncovering the molecular roles of the meiosis-specific recombinase Dmc1[END_REF]. Depending on the way these D-loop intermediates are processed, different recombination products can be formed. For example, capture of the second DSB end leads to the formation of a double Holliday junction, which can be resolved to generate either a non-crossover (NCO) or a crossover (CO) [START_REF] Schwacha | Identification of double Holliday junctions as intermediates in meiotic recombination[END_REF][START_REF] Bishop | Early Decision : Meiotic Crossover Interference prior to Stable Strand Exchange and Synapsis Review[END_REF][START_REF] Youds | The choice in meiosis -defining the factors that influence crossover or non-crossover formation[END_REF]. Alternatively, NCOs can also be formed when a single strand end is displaced after priming a limited amount of DNA synthesis, annealing then with other DSB end in a process called synthesis-dependent-strand-annealing (SDSA) [START_REF] Pâques | Multiple pathways of recombination induced by double-strand breaks in Saccharomyces cerevisiae[END_REF].

In most organisms, when multiple COs occur along the same chromosome, they are distributed non-randomly: one CO prevents others from occurring close by, in a distance-dependent manner. This results in crossovers more evenly spaced along chromosomes than would be expected if they occurred randomly. The term used to describe this phenomenon is CO interference [START_REF] Sturtevant | The Behavior of the Chromosomes as Studied through Linkage Columbia University[END_REF][START_REF] Muller | The Mechanism of Crossing-Over New York[END_REF]. In budding yeast, two kinds of COs have been distinguished and coexist: class I COs, which are interference-sensitive COs and their formation depends on the ZMM proteins (Zip1, Zip2, Zip3, Zip4, Msh4, Msh5

and Mer3) in addition to Mlh1 and Mlh3, and class II COs, which are not subject to interference and depend on Mus81 and Eme1/Mms4 [START_REF] Youds | The choice in meiosis -defining the factors that influence crossover or non-crossover formation[END_REF]. Statistical and experimental evidence have shown that A. thaliana, like yeast and humans, has two recombination pathways: one that exhibits crossover interference and another that does not [START_REF] Berchowitz | The role of AtMUS81 in interference-insensitive crossovers in A. thaliana[END_REF][START_REF] Copenhaver | Crossover Interference in Arabidopsis[END_REF][START_REF] De Los Santos | The Mus81/Mms4 Endonuclease Acts Independently of Double-Holliday Junction Resolution to Promote a Distinct Subset of Crossovers During Meiosis in Budding Yeast[END_REF][START_REF] Housworth | Crossover interference in humans[END_REF][START_REF] Malkova | Gene conversion and crossing over along the 405-kb left arm of Saccharomyces cerevisiae chromosome VII[END_REF][START_REF] Higgins | The Arabidopsis MutS homolog AtMSH4 functions at an early step in recombination : evidence for two classes of recombination in Arabidopsis[END_REF][START_REF] Mercier | Two meiotic crossover classes cohabit in Arabidopsis: one is dependent on MER3,whereas the other one is not[END_REF]. In A. thaliana, disruption of genes active in the interference-sensitive pathway causes a reduction of approximately 85% of COs [START_REF] Osman | Pathways to meiotic recombination in Arabidopsis thaliana[END_REF]. In addition, there is evidence that MUS81 gene accounts for some, but not all, of the 15% MSH4-independent crossovers, suggesting that MUS81 is involved in a secondary subset of meiotic crossovers that are interference insensitive [START_REF] Berchowitz | The role of AtMUS81 in interference-insensitive crossovers in A. thaliana[END_REF][START_REF] Higgins | Expression and functional analysis of AtMUS81 in Arabidopsis meiosis reveals a role in the second pathway of crossing-over[END_REF]. Very little information is available on the mechanisms that control interference or more generally the number and the distribution of COs during meiosis [START_REF] Berchowitz | Genetic interference: don't stand so close to me[END_REF][START_REF] Henderson | Control of meiotic recombination frequency in plant genomes[END_REF].

Eukaryotes possess a highly conserved mechanism of control of protein degradation mediated by the action of the ubiquitin (Ub) proteasome pathway [START_REF] Smalle | The ubiquitin 26S proteasome proteolytic pathway[END_REF]. In this system, E3 Ubiquitin ligases are required to ubiquitylate specific targets. Cullin RING ligases (CRLs) are the largest class of E3 ligases. CRL activity can be controlled in numerous ways: they can be activated by covalent attachment of the ubiquitin-like protein NEDD8/RUB (a process called neddylation or rubylation) [START_REF] Duda | Structural regulation of cullin-RING ubiquitin ligase complexes[END_REF][START_REF] Saha | Multimodal Activation of the Ubiquitin Ligase SCF by Nedd8 Conjugation[END_REF], or inhibited the COP9 signalosome directed derubylation [START_REF] Lyapina | Promotion of NEDD-CUL1 conjugate cleavage by COP9 signalosome[END_REF]. Neddylation/rubylation has been shown to play crucial roles in processes such as morphogenesis in mice [START_REF] Tateishi | The NEDD8 system is essential for cell cycle progression and morphogenetic pathway in mice[END_REF], cell division in budding yeast [START_REF] Lammer | Modification of yeast Cdc53p by the ubiquitin-related protein Rub1p affects function of the SCFCdc4 complex[END_REF], embryogenesis in C. elegans [START_REF] Kurz | Cytoskeletal regulation by the Nedd8 ubiquitin-like protein modification pathway[END_REF], the meiosis-to-mitosis transition in C.

elegans [START_REF] Pintard | Neddylation and Deneddylation of CUL-3 Is Required to Target MEI-1/Katanin for Degradation at the Meiosis-to-Mitosis Transition in C. elegans[END_REF] and the response to various plant hormones [START_REF] Santner | The ubiquitin-proteasome system regulates plant hormone signaling[END_REF][START_REF] Dreher | Ubiquitin, hormones and biotic stress in plants[END_REF], including auxin [START_REF] Quint | Auxin signaling[END_REF][START_REF] Mockaitis | Auxin receptors and plant development: a new signaling paradigm[END_REF][START_REF] Hua | The cullin-RING ubiquitin-protein ligases[END_REF][START_REF] Pozo | The Arabidopsis cullin AtCUL1 is modified by the ubiquitinrelated protein RUB1[END_REF]. However, neddylation/rubylation has never been connected to homologous recombination until now.

Here we show that the E1 enzyme of the Arabidopsis neddylation complex, AXR1, is a major regulator of recombination. First, we showed that the MUS81 pathway of recombination is shut down during somatic and meiotic recombination in axr1 mutants.

Then, we showed that meiotic CO control is strongly perturbed: the average level of meiotic COs in axr1 mutants is not changed; they are still under the control of the ZMM proteins, but they tend to cluster together and do not follow the obligatory CO rule anymore. In addition, we showed that this deregulation of CO localisation is likely to be mediated by the cullin 4 RING ligase (CRL4).

Results

1-The axr1 mutants are meiosis-defective

In the process of screening for Arabidopsis thaliana T-DNA (Agrobacterium tumefaciens transferred DNA) insertions that generate meiotic mutants, we isolated three mutant lines (EGS344, EIC174 and EVM8 (Ws-4 strain) -Figure 1 and Figure S1) allelic for disruption in At1g05180, which corresponds to the AXR1 gene, previously shown to code for the E1 enzyme of the Arabidopsis neddylation complex [START_REF] Leyser | Arabidopsis auxinresistance gene AXR1 encodes a protein related to ubiquitin-activating enzyme E1[END_REF]. Another insertion line in At1g05180 available in the public databases (http://signal.salk.edu/)

Sail_904E06 (N877898, Col-0 strain) and the historical axr1 allele (axr1-12/N3076, Col-0 ecotype, [START_REF] Leyser | Arabidopsis auxinresistance gene AXR1 encodes a protein related to ubiquitin-activating enzyme E1[END_REF] presenting a single nucleotide substitution in exon 11 of At1g05180

were included in this study (Figure 1). In axr1-12, corresponding to the N3076 line, a single nucleotide substitution C-T in at position 1295 of the cDNA occurred, leading to a premature stop codon (415 aa instead of 540), as described in [START_REF] Leyser | Arabidopsis auxinresistance gene AXR1 encodes a protein related to ubiquitin-activating enzyme E1[END_REF].

In These mutant plants all presented the same vegetative phenotype as described for axr1 mutants: they are dwarfed, excessively branched, with small rosettes and crinkled leaves (Figure 2A-B) [START_REF] Estelle | Auxin-resistant mutants of Arabidopsis thaliana with an altered morphology[END_REF][START_REF] Lincoln | Growth and development of the axr1 mutants of Arabidopsis[END_REF]. In addition, they have small flowers and short fruits reflecting fertility defects (Figure S2).

We therefore examined the reproductive development of these mutants and found that all the investigated alleles show a high level of male and female gametophytes abortion (shown for male gametophyte, Figure 2D). Comparison of the early stages of microsporogenesis revealed the presence of abnormal meiotic products in axr1: instead of the regular tetrahedral structure observed in wild type (Figure 2E) asymmetric tetrads or ''polyads'' containing more than four products were observed (Figure 2F), suggesting that the meiotic program is disturbed in axr1 mutants.

To confirm that the reduced fertility was correlated with a defect in meiosis, we investigated male meiosis after chromosome spreading (Figure 3). (SC) polymerisation, begins at zygotene (not shown), is complete by pachytene (Figure 3B) and disappears at diplotene (Figure 3C). Then condensation proceeds and the five bivalents are easily distinguishable from diakinesis (Figure 3D) to metaphase I (Figure 3E). During anaphase I, each chromosome separates from its homologue (Figure 3F), leading to the formation of dyads corresponding to two pools of five chromosomes. The second meiotic division then separates the sister chromatids, generating four pools of In A. thaliana axr1 mutants the leptotene and zygotene stages appeared similar to wild type. However, out of 457 meiocytes analysed, we could not identify any pachytene cells, contrary to the wild type where this stage is present in approximately 35% of the cells (n=334). Instead, we observed pachytene-like stages, with only partial chromosome alignment (figure 3J), corresponding to partial synapsis as confirmed by immuno-localisation of ZYP1, the Arabidopsis SC central element (Figure S3). Diplotene cells were indistinguishable from wild type (Figure 3K). Then, chromosome condensation can be followed until metaphase I, but diakinesis stages were rarely observed (1% of all stage cells, n= 457 for N877898, 12% in wt, n=334)(Figure 3L).

At metaphase I in wild type, the five typical Arabidopsis bivalents can be observed aligned on the metaphase plate (Figure 3E). Each bivalent is composed of two homologous chromosomes connected by chiasmata either on a pair of chromosome arms (rod bivalent, Figure 3E#) or on the both pairs of chromosome arms (ring bivalent, Figure 3E*). Chiasma numbers can therefore be estimated based on the bivalent structure. However, knowing that multiple COs on a single arm cannot be differentiated from single COs, this measure only corresponds to a minimum chiasma number (MCN, Figure 4, Table S1),

In axr1 mutants, we observed a reduction in bivalent formation, and instead of five bivalents, a mixture of bivalents and univalents can be identified (figure 3M). This reduction in bivalent formation leads to chromosome mis-segregation during subsequent anaphase I (figure 3N), while the second meiotic division separates sister chromatids (figure 3O), giving rise to a variable number of daughter cells containing aberrant numbers of chromosomes (figure 3P).

We quantified the shortage in bivalent formation at metaphase I from all axr1 mutants and their respective wild-type accession as well as the level of MCN formed (Figure 4).

On average, axr1 mutants presented 52% of the wild-type number of bivalents in the Ws background and 78% in the Col-0 background. In terms of chiasma level, axr1 mutants displayed a residual level of 41% versus 56% of the wild-type levels for Ws or Col-0 ecotypes, respectively (Figure 4). Within a single ecotype, all the alleles were statistically different from wild type but not different from one another. Last, when we analysed the partitioning of residual chiasmata in axr1, we observed that a large proportion of metaphase I cells presented both ring bivalents (at least two chiasmata) together with univalents (no chiasma) (42% of the N877898 cells, n=47) showing that in axr1, the obligatory CO is lost. their length. This association can be observed in axr1 (J, enlarged region), but remains partial. Then, the synaptonemal complex disappears at diplotene (C, K), condensation proceeds and bivalents can be identified in wild type at diakinesis (D), but this stage is rarely observed in axr1 (L). At metaphase I, the five Arabidopsis bivalents can be identified in wild type (E), segregating at anaphase I (F). In axr1, a mixture of bivalents and univalents are observed (M), leading to subsequent misegregation at anaphase I (N). Then, meiosis II takes place segregating sister chromatids (G, O), leading to balanced tetrads in wild type (H), unbalanced tetrads (not shown) or polyads in axr1 (P). At metaphase I, univalents (u), can be distinguished from ring bivalents (where chiasma occurred in the two chromosome arms, *) and from rod bivalents (where only one pair of chromosome arm show chiasma, #). bar= 10µm that, in axr1 as in wild type, bivalents were always formed between homologous chromosomes (n=147 bivalents for axr1, n=165 for wt). Then, we considered each bivalent individually and determined which pair of chromosomes was involved in its formation. As shown on Figure 5D, in axr1 as in wild type, each pair of chromosomes was equally involved in bivalent formation, showing that the decrease in bivalent formation observed in axr1 affects all the chromosomes similarly. the proportion of each bivalent pair is not different from wild type. Bar=5µm

2-The chromosome axis is not altered in axr1 mutants

Meiotic chromosomes are structured in the context of a protein axis (the axial element, AE), which is crucial for most of the meiotic events, including meiotic recombination and synapsis [START_REF] Storlazzi | Coupling meiotic chromosome axis integrity to recombination[END_REF][START_REF] Kleckner | Chiasma formation: chromatin/axis interplay and the role(s) of the synaptonemal complex[END_REF]. The meiotic chromosome axis is composed of specific AE proteins, such as ASY1 [START_REF] Moon | A new CULLIN 1 mutant has altered responses to hormones and light in Arabidopsis[END_REF] and cohesin proteins (REC8 and SCC3, [START_REF] Cai | The Arabidopsis SYN1 cohesin protein is required for sister chromatid arm cohesion and homologous chromosome pairing[END_REF][START_REF] Chelysheva | AtREC8 and AtSCC3 are essential to the monopolar orientation of the kinetochores during meiosis[END_REF]). In wild-type meiotic cells, cohesins are loaded as early as premeiotic G1, while ASY1 appears at leptotene first as foci, then as a linear signal throughout the entire chromosome length (Figure 6A), in a pattern similar to cohesins (Figure 6C and 6E, [START_REF] Chelysheva | AtREC8 and AtSCC3 are essential to the monopolar orientation of the kinetochores during meiosis[END_REF]). As shown in Figure 6B, D and F, the signal observed in axr1 mutants cannot be differentiated from wild type,

showing that no major alteration of the axis can be detected in axr1 mutants. 

3-Recombination initiation is not modified in axr1 mutants

To check whether axr1 recombination defect could be linked to a defect in recombination initiation, we investigated DSB formation by two methods. First, we have introgressed the axr1 mutation into a rad51 mutant, defective for meiotic DSB repair. It was already described that in this background, DSBs are formed but are then processed abnormally, leading to significant chromosome bridges and pronounced chromosome fragmentation during anaphase I (Figure S4). This DNA fragmentation persisted in axr1rad51 demonstrating that DSBs are present in the axr1 mutant (Figure S4).

Secondly, we have analysed the nuclear distribution of the DMC1 protein, a meiosisspecific recombinase which forms foci at recombination sites. The behaviour (e.g., maximal number at zygotene and complete disappearance by the end of pachytene) and number of AtDMC1 foci in axr1 (237 ± 40, n = 7) was indistinguishable from wild-type (234 ± 89, n=28) (t-test, p =0.9) (Figure S4). Thus, the meiotic defects observed in axr1

are not correlated with a decrease in the amount of recombination initiation events.

4-axr1 crossovers are ZMM-dependent

In wild-type Arabidopsis, the majority of COs (85-90 %, depending on the genetic background Col-0 versus Ws-4) depend on the ZMM proteins (MSH4, MSH5, MER3, ZIP4, SHOC1/ZIP2, HEI10 and PTD) as well as on MLH1 and MLH3 [START_REF] Osman | Pathways to meiotic recombination in Arabidopsis thaliana[END_REF][START_REF] Chelysheva | The Arabidopsis HEI10 is a new ZMM protein related to Zip3[END_REF], while MUS81 is responsible for 10-15% of the remaining COs [START_REF] Berchowitz | The role of AtMUS81 in interference-insensitive crossovers in A. thaliana[END_REF][START_REF] Higgins | Expression and functional analysis of AtMUS81 in Arabidopsis meiosis reveals a role in the second pathway of crossing-over[END_REF].

We have measured the bivalent formation frequencies and the chiasma frequencies in various genetic combinations in comparison to single axr1 mutant (Figure 7, Table S1).

Whatever the zmm (except mer3) or the ecotype, we observed a reduction of more than 95% of the level of bivalents formed, showing that almost all the COs in axr1 are ZMM dependent. We also analysed the bivalent frequency in the axr1 mus81 double mutant, which was not different from the axr1 single mutant (3.77±1.03 against 3.75±1.12; p=0.9) (Figure 7). Then, we quantified bivalent frequency in the axr1msh5mus81 triple mutant and observed, as expected, a dramatic decrease in bivalent formation in comparison to axr1mus81 (Figure 7). No difference could be detected between the axr1 msh5 mus81 triple mutant and the axr1 msh5 double mutants (p=0.2).

These results show that crossover formation in axr1 mutants is almost exclusively dependent on ZMM proteins while MUS81 pathway plays only a very limited role, if any.

5-Class I COs are mis-localised in the axr1 mutant

In order to further analyse the recombination events in axr1, we have immuno-labelled chromosomes with antibodies directed against HEI10 and MLH1, two markers of Class I COs in Arabidopsis [START_REF] Chelysheva | The Arabidopsis HEI10 is a new ZMM protein related to Zip3[END_REF][START_REF] Chelysheva | An easy protocol for studying chromatin and recombination protein dynamics during Arabidopsis thaliana meiosis: immunodetection of cohesins, histones and MLH1[END_REF]. MLH1 foci can be visualized from late pachytene to diakinesis [START_REF] Chelysheva | An easy protocol for studying chromatin and recombination protein dynamics during Arabidopsis thaliana meiosis: immunodetection of cohesins, histones and MLH1[END_REF], while HEI10 is first loaded early during prophase on a large number of sites forming foci of different sizes on chromosomes. Afterwards, a limited number of these foci remain (Figure 8A andB) at sites which correspond to class I COs where they colocalise with MLH1 until the end of prophase [START_REF] Chelysheva | The Arabidopsis HEI10 is a new ZMM protein related to Zip3[END_REF]. We counted HEI10 and MLH1 foci number on late pachytene and diplotene cells in wild type and axr1. Surprisingly, we observed that the average foci number per cell is not different between wild type and axr1, either for HEI10 (8.30±0.29, n=54 and 7.49±0.40, n=84, p=0.15) nor for MLH1 (8.61±0.29, n=33 and 7.58±0.54, n=91 respectively, p=0.263). In addition, we confirmed that these foci localise to chiasma-containing arms at diakinesis (Figure 8E and F), showing that they are likely to mark CO sites in axr1 as in wild type [START_REF] Chelysheva | An easy protocol for studying chromatin and recombination protein dynamics during Arabidopsis thaliana meiosis: immunodetection of cohesins, histones and MLH1[END_REF]. We also observed that the value distributions of HEI10 and MLH1 foci were much more dispersed in axr1 than in wild type (Figure 8G), with the coefficient of variation (standard deviation divided by the mean) varying from 26% (HEI10, wt) to 50% (HEI10, axr1) or from 19% (MLH1, wt) to 68% (MLH1, axr1).

At pachytene and diplotene, portions of chromosome axis can be followed, and allow close scoring of HEI10 and MLH1 foci. We observed that these foci were either distributed in a homogeneous fashion within the nucleus (Figure 8A, B) or located in close proximity on the same chromosome axis (Figure 8C,D). This second type of Class I CO distribution was considerably more frequently observed in axr1 cells, where 38% (HEI10, n=76) or 54% (MLH1, n=57) of the cells presented at least two foci localised on the same portion of chromosome axis, while in wild type, this scenario occurred only in 15% (HEI10, n=54) or 7% of the cells (MLH1, n=26).

Taken together, these results show that the shortage in bivalent formation observed in axr1 mutants is not due to a general decrease in CO formation but rather to a mislocalisation of class I crossovers.

6-Measurement of recombination rates in axr1 mutants

We measured the level of recombination on several chromosomal intervals using the Fluorescent-Tagged Lines (FTL) tool developed by [START_REF] Berchowitz | Fluorescent Arabidopsis tetrads: a visual assay for quickly developing large crossover and crossover interference data sets[END_REF]. The FTL system is a visual assay based on segregation of genetically-linked fluorescent proteins expressed in the pollen grains of the quartet mutant (qrt1), in which the pollen grains remain attached as tetrads. These lines enable visual scoring of a large amount of meiotic products [START_REF] Berchowitz | Fluorescent Arabidopsis tetrads: a visual assay for quickly developing large crossover and crossover interference data sets[END_REF]. Six different intervals were used, either on chromosome 3 or 5. As shown in Figure 9A and Table S2, recombination rates in axr1 vary differently according to the interval tested, from 87% to 179% of the wild-type level. More precisely, we observed that genetic distances of I5c, I5d and I3c, were similar in axr1 and wild type, but increased in axr1 for I5b (p= 3. 4 10 -13 ) and I3b (p= 9.7 10 -04 ) and slightly decreased in axr1 for I5a (p=0.05).

In Arabidopsis, a cytological quantification of CO interference cannot be undertaken because of our incapacity to score and individualise bivalents at stages where chromosome axis length can be quantified together with MLH1 or HEI10 foci. Therefore, we chose to estimate genetic interference by quantifying the interference ratio between COs as described in [START_REF] Malkova | Gene conversion and crossing over along the 405-kb left arm of Saccharomyces cerevisiae chromosome VII[END_REF][START_REF] Berchowitz | Fluorescent Arabidopsis tetrads: a visual assay for quickly developing large crossover and crossover interference data sets[END_REF], using the genetic data obtained for the three couples of adjacent intervals I5ab, I5cd and I3bc. For all combinations, we observed that IR were statistically different from wild type (p<0.0001, Figure 9B). In addition, we observed that for the three intervals considered, interference was no longer detectable (the interference ratios were not statistically different from 1), showing that crossovers can occur more frequently adjacent to each other in axr1 than in wild type, confirming the previously observed clustering of Class I COs scored by HEI10 and MLH1 foci (Figure 8).

We have also used the FTL system to measure recombination rates in axr1mus81 double mutant in which we couldn't detect any decrease in bivalent formation when compared to axr1 (Figure 7). We found that recombination rates (p=0.97 for I5a, 0.98 for I5b) as well as interference ratio (p= 0.37) were similar among axr1 and axr1mus81 genotypes (Figure 9A-B), confirming that the MUS81 pathway has limited activity in axr1.

We can therefore conclude from the above data that the ZMM pathway accounts almost entirely for axr1 crossover formation and that the bivalent shortage observed in axr1 meiotic cells is not correlated with a general decrease in CO formation, but rather with aberrant class I CO localisation.

7-Meiotic defects of the axr1 mutant are dependent on Cullin 4

Since neddylation is known to regulate the activity of cullin-RING ligases (CRLs), we asked whether axr1 meiotic defects could be dependent on a specific CRL. In Arabidopsis thaliana only four cullins have been shown to be neddylated: cullin 1, cullin 3A, cullin 3B and cullin 4 [START_REF] Santner | The ubiquitin-proteasome system regulates plant hormone signaling[END_REF]. In order to identify possible AXR1 downstream players, we have scored cullin-deficient lines for meiotic defects. Complete extinction of any of these cullin functions (null cul1, null cul4 or double cul3a cul3b mutants) were lethal, but various genetic backgrounds deficient in cullin activities were available

We first investigated meiosis of the auxin response defective mutants cul1 alleles: cul1-6

[51], axr6-2/N3818 [52] and axr6-3 (eta1) [START_REF] Quint | Characterization of a novel temperature-sensitive allele of the CUL1/AXR6 subunit of SCF ubiquitin-ligases[END_REF] and observed perfectly normal meiosis

(not shown). Considering the cullin 3 activity, we analysed the CUL3a/3b hypomorphic mutant (cul3w (cul3a3cul3b1)) described for its defects in various aspects of the ethylene biosynthesis pathway and root development [START_REF] Thomann | Arabidopsis CULLIN3 genes regulate primary root growth and patterning by ethylene-dependent andindependent mechanisms[END_REF]. We observed that cul3w plants display normal meiotic development of male meiocytes (not shown).

We then analysed the cul4-1 mutant in which a T-DNA insertion occurred in the 12 th exon of the gene, leading to aberrant CUL4 mRNA expression, varying according to the stage of development [START_REF] Bernhardt | CUL4 associates with DDB1 and DET1 and its downregulation affects diverse aspects of development in Arabidopsis thaliana[END_REF]. We observed significant male and female gametophyte abortion in cul4-1 (shown for male gametophyte, compare Figure 10A to 2C). While in wild type only balanced tetrad of microspores were observed, asymmetric tetrads were seen in cul4-1 mutants (compare Figure 10B and2E). Male meiosis was then investigated. The first stages of meiosis proceeded normally in cul4-1 mutants, however, we observed metaphase I phenotypes reminiscent of the axr1 defects, with a large proportion of cells showing a clear reduction in bivalent formation (Figure 10 C). The minimum chiasma number (MCN) per meiotic cell in cul4-1 (6±3.2, n=71) was significantly different from wild type (8.9 ±0.9; n=51, p<0.0001), and slightly different from axr1 (5.1±1.5, n=74, p=0.02). Nevertheless, we observed that the number of MCN/cell in cul4-1 is much more variable than in axr1 (Figure 10E), due to an over representation of cells with wild-type level of chiasmata (Figure 10D, E, and Figure S5).

We then introgressed the axr1 mutation (N877898) into cul4-1 and found that the double mutant cannot be distinguished from the single axr1 in terms of meiotic phenotype (not shown), the average level of MCN/cell (4.9±1.8, n=98, p=0.412), and in terms of dispersion of the values (Figure 10 E and Figure S5), showing that axr1 is epistatic on cul4-1.

Therefore, our results suggest that AXR1 acts during meiotic recombination through the activation of a CRL4 complex. In cul4-1 mutant, a mixture of viable (purple) and dead (arrow) pollen grains can be seen in the anthers after Alexander staining (A). This is correlated with the production of aberrant tetrads of microspores (B). After DAPI staining of the meiotic chromosomes, we observed at metaphase I (C, D) a defect in bivalent formation that is quantified in E.

8-AXR1 plays a role in somatic homologous recombination

The BLAP75/Rmi1 protein interacts with BLM/Sgs1/RecQ and Topoisomerase III to form a complex (BTB/RTR) that is required to maintain genome stability in somatic cells [START_REF] Bernstein K A | The RecQ DNA helicases in DNA repair[END_REF]. In addition, BLAP75/Rmi1 is required in plants for meiotic DSB repair [START_REF] Chelysheva | The Arabidopsis BLAP75/Rmi1 homologue plays crucial roles in meiotic double-strand break repair[END_REF][START_REF] Hartung | Topoisomerase 3alpha and RMI1 suppress somatic crossovers and are essential for resolution of meiotic recombination intermediates in Arabidopsis thaliana[END_REF].

While the single rmi1 mutant is somatically indistinguishable from wild type [START_REF] Chelysheva | The Arabidopsis BLAP75/Rmi1 homologue plays crucial roles in meiotic double-strand break repair[END_REF], we observed that axr1rmi1 double mutants show strong growth defects, as most of them died early after germination. Some survivors could be rescued when grown in vitro and were then transferred to the greenhouse, but they showed severe growth defects (Figure 11). We observed that the rad51 mutation was able to completely suppress this synthetic lethality of double axr1rmi1 since triple mutants axr1rmi1rad51 are undistinguishable from an axr1 single mutant in terms of vegetative development (Figure 11D). This synthetic lethality of axr1 with rmi1 is reminiscent of the synthetic lethality observed between another component of the BTB/RTR complex (sgs1 in S.

cerevisiae and recQ4A in Arabidopsis) with mus81, also alleviated by disruption of the homologous recombination pathway (rad51 or rad51C mutations, [START_REF] Mannuss | RAD5A, RECQ4A, and MUS81 have specific functions in homologous recombination and define different pathways of DNA repair in Arabidopsis thaliana[END_REF][START_REF] Fabre | Alternate pathways involving Sgs1/Top3, Mus81/ Mms4, and Srs2 prevent formation of toxic recombination intermediates from single-stranded gaps created by DNA replication[END_REF]). We confirmed that the BTB/RTR complex is likely to be involved in this lethality since we observed that the mus81 mutation was also synthetically lethal with rmi1 (not shown).

Therefore, AXR1 is likely to be required for a somatic DNA repair pathway involving MUS81.

Discussion

1-AXR1 controls the localisation of Class I COs during meiosis

We observed that in axr1 mutants, meiotic non-disjunction is correlated with bivalent formation defects. However, our results indicate that the general level of meiotic recombination in axr1 is close to wild type. First, recombination rates measured on six different genomic intervals were not different from wild type, on average. Second, we showed that COs are mostly under the control of the ZMM pathway and that their average number, revealed by MLH1 and HEI10 foci, is unchanged between axr1 and wild type.

However, we found that these CO events show a completely aberrant distribution in axr1: cytogenetics data showed that clustered MLH1 or HEI10 foci were frequently observed and genetic data obtained on three different genomic regions showed that COs are less sensitive to interference, confirming the deregulation of CO localisation in the axr1 background. Therefore, we can conclude that COs in axr1 tend to cluster together and that the shortage in bivalent formation we observe is not due to a global decrease of meiotic recombination but rather to a mis-localisation of these events, resulting in a loss of the obligatory CO.

Very little information is available on the mechanisms that control CO distribution during meiosis. Nevertheless, it has been known for a long time that COs are not randomly distributed among chromosomes since in most organisms, adjacent COs display interference [START_REF] Muller | The Mechanism of Crossing-Over New York[END_REF]. In addition, the phenomenon of the "obligatory CO" (or CO assurance) allows the formation of at least one CO per bivalent, whatever the total number of CO per cell can be. The relationship between these two events still being under debate [START_REF] Berchowitz | Genetic interference: don't stand so close to me[END_REF]. Numerous mutants with altered interference were described but they nearly always change also the CO rates, either because of increased MUS81dependant COs [START_REF] Fung | Imposition of crossover interference through the nonrandom distribution of synapsis initiation complexes[END_REF][START_REF] Crismani | FANCM limits meiotic crossovers[END_REF][START_REF] Getz | Reduced mismatch repair of heteroduplexes reveals "non"-interfering crossing over in wild-type Saccharomyces cerevisiae[END_REF] or because they are defective in the ZMM CO pathway (see for example [START_REF] Chelysheva | The Arabidopsis HEI10 is a new ZMM protein related to Zip3[END_REF][START_REF] Chelysheva | Zip4/Spo22 is required for class I CO formation but not for synapsis completion in Arabidopsis thaliana[END_REF]). One possible exception could be the S. cerevisiae pch2 mutant, for which two independent studies showed that CO interference could be alleviated without modification of the meiotic recombination rates, at least on the smallest yeast chromosome (III) [START_REF] Joshi | Pch2 links chromosome axis remodeling at future crossover sites and crossover distribution during yeast meiosis[END_REF][START_REF] Zanders | The pch2Delta mutation in baker's yeast alters meiotic crossover levels and confers a defect in crossover interference[END_REF]. Nevertheless, the generalisation of this observation to the whole genome seems unlikely [START_REF] Zanders | The pch2Delta mutation in baker's yeast alters meiotic crossover levels and confers a defect in crossover interference[END_REF].

To our knowledge, axr1 is therefore the first mutant that specifically modifies the localisation of Class I COs, changing interference among them and resulting in the loss of the obligatory CO, but without changing the global average of CO events, showing that AXR1 is a key regulator of meiotic recombination outcome.

From our data we can exclude that the meiotic defects observed in axr1 were due to a major decrease in DSB formation, or to a drastic mis-localisation of these events (Figure S4). We have also shown that axr1 meiotic defects were not associated with major chromosome axis defect (Figure 6), but instead were associated with major perturbation of the polymerisation of the synaptonemal complex central element (CE) (Figure S3).

The relationship between CO control and SC polymerisation has been a long-standing question in the field [START_REF] Zickler | From early homologue recognition to synaptonemal complex formation[END_REF]. While observations in yeast showed that the SC polymerisation is not necessary for CO interference [START_REF] Shinohara | Crossover assurance and crossover interference are distinctly regulated by the ZMM proteins during yeast meiosis[END_REF], it was demonstrated recently in C. elegans that the synaptonemal complex central region limits the formation of COs and imposes total interference [START_REF] Libuda | Meiotic chromosome structures constrain and respond to designation of crossover sites[END_REF]. This could also be the case in rice, where zep1 mutants (ZEP1 being the rice central element ZIP1 homologue) show an increase in chiasma formation at diakinesis [START_REF] Wang | The central element protein ZEP1 of the synaptonemal complex regulates the number of crossovers during meiosis in rice[END_REF] suggesting that, in plants as in C. elegans, SC polymerisation could be necessary to limit CO formation. However, in Arabidopsis, ZYP1 appears to be required to prevent non homologous recombination rather than acting on homologous CO formation [START_REF] Higgins | The Arabidopsis synaptonemal complex protein ZYP1 is required for chromosome synapsis and normal fidelity of crossing over[END_REF]. To further complicate our understanding of the relationship between SC central element polymerisation and CO controls, it is known in yeast that the SC polymerisation requires the stabilisation of recombination intermediates by the ZMM proteins [START_REF] Lynn | ZMM proteins during meiosis: crossover artists at work[END_REF][START_REF] Börner | Crossover/noncrossover differentiation, synaptonemal complex formation, and regulatory surveillance at the leptotene/zygotene transition of meiosis[END_REF]. In Arabidopsis, SC polymerisation is also dependent on the formation of homologous recombination intermediates, since no synapsis is observed either in spo11, dmc1 or rad51 mutants where recombination is either not initiated or is blocked at the invasion step. However, Arabidopsis zmm mutants all display normal synapsis [START_REF] Bernstein K A | The RecQ DNA helicases in DNA repair[END_REF][START_REF] Shimanouchi | Drosophila damaged DNA binding protein 1 contributes to genome stability in somatic cells[END_REF], showing that SC polymerisation in these species depends on the formation of recombination intermediates, but not on their stabilisation by the ZMMs.

The limited synapsis progression observed in axr1 mutants therefore suggests that recombination proceeds far enough only in a limited fraction of the genome where SC can polymerise and COs are formed. In that sense, aberrant SC formation illustrates that either recombination is blocked in a portion of the genome or that only a limited portion of the genome is competent to support recombination maturation, resulting in the loss of the obligatory CO. Whatever the situation, it is striking to note that the average number of final CO events is unchanged in axr1, suggesting that the total amount of class I CO is precisely controlled, that this control is still active in axr1, and that the mechanism underlying this CO homeostasis is independent from the obligatory CO mechanism.
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2-AXR1 acts on meiotic recombination through activation of a CRL4 complex

As already mentioned, neddylation is a process that stimulates several subclasses of cullin-RING ubiquin ligases. We provide evidence that during meiotic recombination neddylation acts through cullin 4 activation to regulate the localisation of Class I COs.

Cullin 4 is a widely conserved cullin, involved in a large range of cellular and developmental controls, many of them being associated with genome integrity maintenance [START_REF] Jackson | CRL4s: the CUL4-RING E3 ubiquitin ligases[END_REF].

CRL4 complexes are composed of a CUL4 scaffold, a small RING domain-containing protein RBX1, a WD40-like repeat-containing adaptor DDB1 (DNA-damage binding 1), and a substrate receptor subunit called DWD (DDB1-binding-WD40 protein) or DCAF (DDB1-and CUL4-associated factor) [START_REF] Jackson | CRL4s: the CUL4-RING E3 ubiquitin ligases[END_REF]. Evidence for CRL4 functions in genome integrity control are multiple and concern mostly cell responses to UV damage and replication controls through the regulation of the accumulation of the replication licensing factor CDT1. For example, DDB1-and/or CUL4A-depleted human cells accumulate DSBs and have activated ATM-ATR cell cycle checkpoint [START_REF] Lovejoy C A | DDB1 maintains genome integrity through regulation of Cdt1[END_REF]. The budding yeast cul8 mutants (the cullin 8 is thought to be the functional homologue of cullin 4 in S.

cerevisae) also accumulate DNA damages [START_REF] Luke | The cullin Rtt101p promotes replication fork progression through damaged DNA and natural pause sites[END_REF]. In fission yeast, mutation in Ddb1 increases more than twenty-fold the spontaneous mutation rate and prevents premeiotic S phase entry [START_REF] Holmberg | Ddb1 controls genome stability and meiosis in fission yeast[END_REF]. CRL4 activity is also required for the nucleotide excision repair (NER) pathway by controlling the detection and the processing of DNA lesions induced by UV in plants [START_REF] Castells | The conserved factor DE-ETIOLATED 1 cooperates with CUL4-DDB1DDB2 to maintain genome integrity upon UV stress[END_REF][START_REF] Molinier | Regulation and role of Arabidopsis CUL4-DDB1A-DDB2 in maintaining genome integrity upon UV stress[END_REF][START_REF] Biedermann | WD40 and CUL4-based E3 ligases: lubricating all aspects of life[END_REF][START_REF] Zhang | Arabidopsis cockayne syndrome A-like proteins 1A and 1B form a complex with CULLIN4 and damage DNA binding protein 1A and regulate the response to UV irradiation[END_REF], but also in mammals since CUL4A extinction in mice leads to an increase susceptibility to UV skin cancer [START_REF] Liu | CUL4A abrogation augments DNA damage response and protection against skin carcinogenesis[END_REF]. Evidence of the role of CRL4 complexes in DSB repair was also provided in Drosophila, as DDB1 depletion was shown to promote loss of heterozygosity in somatic cells [START_REF] Shimanouchi | Drosophila damaged DNA binding protein 1 contributes to genome stability in somatic cells[END_REF]. In addition, some evidence was also obtained that CRL4s complexes are involved in homologous recombination (HR) regulation since in fission yeast, ddb1 mutants are defective in HR probably by regulating the pool of available dNTPs [START_REF] Moss | Break-induced ATR and Ddb1-Cul4(Cdt) 2 ubiquitin ligase-dependent nucleotide synthesis promotes homologous recombination repair in fission yeast[END_REF].

Considering the crucial role of CRL4s in genome maintenance and the activation of DNA repair pathways including homologous recombination, it is consistent to find it is involved in the regulation of meiotic homologous recombination in Arabidopsis.

Considering the conservation of CRL4 functions across kingdom, it is likely that such regulation of meiotic recombination by one (or several) CRL4 complex(es) will be extrapolated to other eukaryotes. Indeed, two converging works in mice showed recently that cullin 4 is required for meiosis also in mammals since depletion of Cul4a

(one of the two mammalian Cul4 genes) led to male infertility [85][86]. Whether this infertility is associated with early recombination [START_REF] Kopanja | Cul4A is essential for spermatogenesis and male fertility[END_REF] or later CO resolution defects [START_REF] Yin | The E3 ubiquitin ligase Cullin 4A regulates meiotic progression in mouse spermatogenesis[END_REF] is still under debate. Nevertheless, the observation that MLH1 foci number is unchanged in cul4a, but that a fraction of meiotic cells show pachytene bivalents without MLH1

focus [START_REF] Yin | The E3 ubiquitin ligase Cullin 4A regulates meiotic progression in mouse spermatogenesis[END_REF] is reminiscent of our data on axr1. Therefore we propose that neddylation is acting on one or several CRL4 complex(es) to regulate Class I COs localisation not only in Arabidopsis but also in mammals.

In A. thaliana, there are more than 85 substrate receptor DWD domain proteins that can assemble with DDB1A or DDB1B or directly with CUL4-RBX1 to form CRL4 ligase complexes [START_REF] Guo | Cullin-RING ubiquitin ligase family in plant abiotic stress pathways(F)[END_REF][START_REF] Lee | Characterization of Arabidopsis and rice DWD proteins and their roles as substrate receptors for CUL4-RING E3 ubiquitin ligases[END_REF] Further investigations will be necessary to identify which of them is acting during meiosis.

3-AXR1 is necessary for the MUS81 pathway of DNA repair

Another aspect of our work has shown that AXR1 is involved in somatic homologous recombination. Indeed, we identified a synthetic lethality between axr1 and rmi1/blap75

mutations that was totally alleviated by a rad51 mutation, showing first that homologous recombination (HR) is in cause in this lethality and second that AXR1 and RMI1 act in two parallel pathways during somatic HR.

Interestingly, it is known that the RMI1/BLAP75 protein is part of a complex (called BTB or RTR) together with a member of the BLM/Sgs1/RecQ family of helicases and the Topoisomerase III [START_REF] Manthei K A | The BLM dissolvasome in DNA replication and repair[END_REF]. The BTB/RTR complex is crucial to maintain genome stability in somatic cells, acting at several levels of the recombination cascade to resolve linked DNA intermediates in order to avoid CO formation, a recombination outcome strongly avoided during somatic DNA repair [START_REF] Manthei K A | The BLM dissolvasome in DNA replication and repair[END_REF]. In the absence of the RTR/BTB complex, HJ resolvases as MUS81 are essential for viability which is illustrated by the fact that double mutants combining mus81 with mutations in the RecQ helicase/Sgs1 gene either in S. cerevisae, A. thaliana, Drosophila and S. pombe are all lethal [START_REF] Mannuss | RAD5A, RECQ4A, and MUS81 have specific functions in homologous recombination and define different pathways of DNA repair in Arabidopsis thaliana[END_REF][START_REF] Fabre | Alternate pathways involving Sgs1/Top3, Mus81/ Mms4, and Srs2 prevent formation of toxic recombination intermediates from single-stranded gaps created by DNA replication[END_REF][START_REF] Mullen | Requirement for three novel protein complexes in the absence of the Sgs1 DNA helicase in Saccharomyces cerevisiae[END_REF][START_REF] Jessop | Mus81/Mms4 endonuclease and Sgs1 helicase collaborate to ensure proper recombination intermediate metabolism during meiosis[END_REF][START_REF] Hartung | The role of AtMUS81 in DNA repair and its genetic interaction with the helicase AtRecQ4A[END_REF][START_REF] Johnson-Schlitz | Template disruptions and failure of double Holliday junction dissolution during double-strand break repair in Drosophila BLM mutants[END_REF][START_REF] Boddy | Damage Tolerance Protein Mus81 Associates with the FHA1 Domain of Checkpoint Kinase Cds1[END_REF][START_REF] Kaliraman | Functional overlap between Sgs1-Top3 and the Mms4-Mus81 endonuclease[END_REF][START_REF] Bastin-Shanower | The Mechanism of Mus81-Mms4 Cleavage Site Selection Distinguishes It from the Homologous Endonuclease Rad1-Rad10[END_REF]. In addition this lethality is suppressed, at least in Arabidospis and S. cerevisiae, when combined with HR deficient mutants [START_REF] Mannuss | RAD5A, RECQ4A, and MUS81 have specific functions in homologous recombination and define different pathways of DNA repair in Arabidopsis thaliana[END_REF][START_REF] Fabre | Alternate pathways involving Sgs1/Top3, Mus81/ Mms4, and Srs2 prevent formation of toxic recombination intermediates from single-stranded gaps created by DNA replication[END_REF]. Our results suggest that the BTB complex is involved in the lethality phenotype since we also observed a synthetic lethality of rmi1 with mus81 in Arabidopsis. Therefore, everything suggests that AXR1 and MUS81 function in the same pathway during somatic HR. Interestingly, we observed that mus81 mutation has no impact on meiotic CO level in an axr1 background (figure 7A and8), confirming that the MUS81 pathway of recombination is likely to be shut down in axr1.

The extinction of the MUS81 pathway in axr1 does not have strong consequences in meiosis, since this pathway accounts for only a small proportion of all crossovers in repair system are not functional, like in the case of BTB deficiency), which was expected, as the MUS81 pathway is one major pathway of somatic homologous recombination in eukaryotes [START_REF] Heyer | Regulation of homologous recombination in eukaryotes[END_REF]. The involvement of AXR1 in somatic DNA repair we have highlighted here might be corroborated by data from [START_REF] Dohmann | The Arabidopsis COP9 signalosome is essential for G2 phase progression and genomic stability[END_REF] who observed DSB accumulation in axr1 (axr1-3 and axr1-12) somatic cells.

Therefore our work provides evidence that AXR1 is also a regulator of the homologous recombination machinery, through the regulation (direct or not) of the MUS81 pathway.

It remains to be deciphered whether AXR1 roles in the MUS81 pathway and in the control of the localisation of class I COs are two sides of the same effect or if they reflect two different targets of neddylation.

mutations and the BASTA resistance gene carried by the T-DNA insertions (as described in [103]) showed that none of the mutations were linked with BASTA resistance, suggesting that the T-DNA insertions in these mutants were truncated or aborted. Rough positional cloning of the three mutations was carried out as described in [104] on mutants selected among an F2 population (mutants crossed to wild-type Col-0 accession). The most closely linked marker was chr1_02991901 for all three mutants (based on 31 plants for EVM8, 31 for EGS344, 31 for EIC174). Fine gene mapping was then carried out using additional semi-sterile plants that were genotyped for microsatellite markers in the selected genomic region defining a 329 kb region on chromosome 1, between 1,243,352 and 1,573,000 bp.

Among the predicted genes by TAIR10 SeqViewer server (http://www.arabidopsis.org/), we retained AXR1 (At1G05180) as the best candidate since axr1 mutants were previously to display the same vegetative developmental defects as EGS344, EIC174, EVM8 [START_REF] Leyser | Arabidopsis auxinresistance gene AXR1 encodes a protein related to ubiquitin-activating enzyme E1[END_REF][START_REF] Lincoln | Growth and development of the axr1 mutants of Arabidopsis[END_REF]. Sequencing of At1g05180 in the three mutant lines showed that all three are disrupted in this open reading frame (see below).

We further analysed the axr1 reference allele (axr1-12) and another insertion line (Sail_904E06) available in the public databases (http://signal.salk.edu/). They all displayed the same meiotic phenotype as the previously isolated lines.

Molecular characterisation of axr1 alleles

Sequencing of At1g05180 in EIC174 mutant line revealed a single nucleotide insertion in exon 6 (position 1364 of the genomic sequence, corresponding to nt 688 in the cDNA) leading to a premature stop codon (a 222 aa protein will be produced instead of 540 aa in wild type). In EGS344 mutant, a deletion of 898 bp (from nucleotide 91 of the genomic sequence), together with an insertion of Agrobacterium plasmid Ti DNA disrupts At1g05180 (Figure S1). In EVM8 line, an in frame deletion of 312 bp occurred between exons 3 and 4, generating a 20 aa deleted protein. Details can be found in Figure S1.

In axr1-12, corresponding to the N3076 line, a single nucleotide substitution C-T in position 1295 of the cDNA occurred, leading to a premature stop codon (415 aa instead of 540), as described in [START_REF] Leyser | Arabidopsis auxinresistance gene AXR1 encodes a protein related to ubiquitin-activating enzyme E1[END_REF]. In N877898, corresponding to Sail_904E06 line, a T-DNA insertion occurred in intron 11.

Sequence references: Tair Accession 4010763662 for the genomic sequence, and Tair

Accession 4010730885 for the cDNA sequence.

PCR genotyping of mutant lines

For EGS344 and EVM8 wild-type alleles were amplified with primers 05180-P1

(ACCCTGATTGAAGAAAAGTCT) and 05180-P2 (CGGAGGTCGTCAAGAAAA) (60°C, 30 PCR cycles, 1200 bp). EGS344 mutant allele was amplified with primers 05180-P1 and 05180-AgroP1 (ACATCACAGCACCTCGATCCTGG) (60°C, 30 PCR cycles, 300 bp). EVM8 mutant allele was amplified with 05180-P1 and 05180-P2 (60°C, 30 PCR cycles, 980bp)

For N877898, the wild-type allele was amplified with primers N877898U and N877898L (60°C, 30 PCR cycles, 957 bp). The mutant allele was amplified with primers N877898L and Lb3SAIL (TAGCATCTGAATTTCATAACCAATCTCGATACAC) (60°C, 30 PCR cycles, 500 bp).

For all other genotypes, primer list and PCR conditions of amplification can be found in Table S3.

Genetic analyses

Recombination and Interference measurements

The six intervals tested in this work correspond to intervals I5a and I5b (both located at the bottom of chromosome 5), I5c and I5d (both located at the top of chromosome 5), and I3b and I3c (both located at the top of chromosome 3) described in [105].

We produced plants qrt -/-N877898 +/-and qrt -/-N877898 +/-RYC/RYC. We crossed these two plants and in the progeny analysed tetrad fluorescence of semi-sterile plants qrt -/- N877898 -/-RYC/+++ or fertile plants either qrt -/-N877898 +/-RYC/+++ or qrt -/- N877898 +/+ RYC/+++. Plants were grown in greenhouse. Tetrad analyses were carried out as described in [START_REF] Berchowitz | Fluorescent Arabidopsis tetrads: a visual assay for quickly developing large crossover and crossover interference data sets[END_REF]. The resulting tetrad data (Table S2) were analysed using the Perkins mapping equation based on the measurement of tetratype, parental, and nonparental ditype combinations of markers.

Double mutant generation

All double mutants were obtained by crossing plants, which were heterozygous for each mutation. The resulting hybrids were self-pollinated. PCR screening was then used to identify plants in the F2 progeny that were homozygous for both mutations.

Antibodies

The anti-ASY1 polyclonal antibody was described by [START_REF] Armstrong | Asy1, a protein required for meiotic chromosome synapsis, localizes to axis-associated chromatin in Arabidopsis and Brassica[END_REF]. It was used at a dilution of 1:500. The anti-ZYP1 polyclonal antibody was described by [START_REF] Higgins | The Arabidopsis synaptonemal complex protein ZYP1 is required for chromosome synapsis and normal fidelity of crossing over[END_REF]. It was used at a dilution of 1:500. The anti-DMC1 antibody was described in [START_REF] Chelysheva | Zip4/Spo22 is required for class I CO formation but not for synapsis completion in Arabidopsis thaliana[END_REF], the MLH1 antibody in [START_REF] Chelysheva | An easy protocol for studying chromatin and recombination protein dynamics during Arabidopsis thaliana meiosis: immunodetection of cohesins, histones and MLH1[END_REF], and the anti-HEI10 in [START_REF] Chelysheva | The Arabidopsis HEI10 is a new ZMM protein related to Zip3[END_REF]. They were used at a dilution of 1:20, 1:200 and 1:200 respectively. The anti-REC8 polyclonal antibody was described in [106] and the anti-SCC3 [START_REF] Chelysheva | AtREC8 and AtSCC3 are essential to the monopolar orientation of the kinetochores during meiosis[END_REF]. They were used at a dilution of 1:250 and 1:500 respectively.

Microscopy

Comparison of the early stages of microsporogenesis and the development of PMCs was carried out as described in [103]. Preparation of prophase stage spreads for immunocytology was performed according to [START_REF] Armstrong | Asy1, a protein required for meiotic chromosome synapsis, localizes to axis-associated chromatin in Arabidopsis and Brassica[END_REF] with the modifications described in [START_REF] Chelysheva | AtREC8 and AtSCC3 are essential to the monopolar orientation of the kinetochores during meiosis[END_REF][START_REF] Chelysheva | An easy protocol for studying chromatin and recombination protein dynamics during Arabidopsis thaliana meiosis: immunodetection of cohesins, histones and MLH1[END_REF]. Chiasma number was estimated on metaphase I spread PMC chromosomes counterstained with DAPI based on bivalent configuration as described in [107]: a rod bivalent was considered to contain a single chiasma, while a ring bivalent was recorded as two (one on each arm).

Observations 

II. I. 2 Are other neddylation proteins involved in meiotic recombination?

The above results revealed that AXR1 regulates the localisation of Class I COs in Arabidopsis.

Since AXR1 is a member of the rubylation/neddylation post-translational protein modification pathway, I decided to investigate the role of the other components of this regulatory pathway in meiosis. Therefore, mutants disrupted in known neddylation players were investigated. Results are summarised in Table 1.

II.1.2.1 ECR1

AXR1 acts as an E1 enzyme of the neddylation pathway, forming an heterodimer with ECR1

(for further details, see section I.6.3).

Woodward and collaborators described ECR1 function by analysis of the ecr1-1 mutant [START_REF] Woodward | Mutation of E1-CONJUGATING ENZYME-RELATED1 decreases RELATED TO UBIQUITIN conjugation and alters auxin response and development[END_REF]. The ecr1-1 is a leaky mutation caused by a missense mutation located two amino acid residues close to the catalytic cysteine, which normally functions to form a thioester bond with activated RUB. Woodward and colleagues described ecr1-1 mature plants as being like the leaky axr1 mutant, axr1-3. Both ecr1-1 and axr1-3 plants are shorter than wild type at maturity (Fig. 1A), they present fewer lateral roots and shorter hypocotyls. In addition, they observed that ecr1-1 mutants presented normal flowering time and apparent normal fertility [START_REF] Woodward | Mutation of E1-CONJUGATING ENZYME-RELATED1 decreases RELATED TO UBIQUITIN conjugation and alters auxin response and development[END_REF].

I decided to look closer to the ecr1-1 mutant in order to verify if fertility was normal. In our growth conditions, ecr1-1 mutants couldn't be distinguished from wild-type plants (not shown). I observed that pollen of these plants is completely viable (Fig. 1C), and that normal tetrads of microspores are the only meiotic product generated (not shown). Since the ecr1-1 mutant is hypomorph I investigated two other ecr1 mutations available in the databases (Table 1). Out of these data, it is not possible to conclude on the role of ECR1 in meiotic recombination.

Nevertheless, another study has provided evidence that ECR1 could play a role in reproduction. (Pozo and Dharmasiri, 2002) showed, through the use of transgenic lines expressing the ECR1 gene mutated in its active cysteine (ECR1 C215A ) under the control of the 35S promoter of Cauliflower mosaic virus, that these dominant-negative plants produced less seeds than the wild-type plants (Figure 2C). In addition, they showed that ECR1 C215A plants have smaller rosettes than wild type, with small and curled leaves, resembling those of the axr1 mutant (Fig. 2A). Therefore it would be interesting to study this transgenic line to see if the fertility decrease can be correlated to meiotic defect. C-Inflorescence with mature siliques of ECR1 C215A transgenic plants.

Modified from (Pozo and Dharmasiri, 2002).

II.1.2.2 AXL1

AXL1 (AXR1-LIKE gene) is an AXR1 homologue, shown to form an heterodimer with ECR1, acting as a RUB-activating enzyme as AXR1 [START_REF] Hotton | AXR1-ECR1 and AXL1-ECR1 heterodimeric RUB-activating enzymes diverge in function in Arabidopsis thaliana[END_REF]. AXL1 is expressed at low levels throughout development in A. thaliana [START_REF] Hotton | AXR1-ECR1 and AXL1-ECR1 heterodimeric RUB-activating enzymes diverge in function in Arabidopsis thaliana[END_REF], and it seems to play a less important role than AXR1 in development since AXL1 transgenic expression is not able to restore all developmental phenotypes of the severe axr1-30 mutant [START_REF] Hotton | AXR1-ECR1 and AXL1-ECR1 heterodimeric RUB-activating enzymes diverge in function in Arabidopsis thaliana[END_REF].

The axl1 mutant line I analysed in my work, FLAG_181G12 (Table 1), presented a completely normal developmental phenotype and no meiotic defect (not shown). I did not try to obtain the double mutant axr1 axl1 since it was already shown to be lethal [START_REF] Dharmasiri | AXL and AXR1 have redundant functions in RUB conjugation and growth and development in Arabidopsis[END_REF][START_REF] Hotton | AXR1-ECR1 and AXL1-ECR1 heterodimeric RUB-activating enzymes diverge in function in Arabidopsis thaliana[END_REF]. These results are consistent with a less important role of AXL1 in neddylation, as described by [START_REF] Hotton | AXR1-ECR1 and AXL1-ECR1 heterodimeric RUB-activating enzymes diverge in function in Arabidopsis thaliana[END_REF].

II.1.2.3 RCE1

RCE1 is the NEDD-conjugating enzyme identified in A. thaliana (Pozo and Estelle, 1999;Pozo and Dharmasiri, 2002;[START_REF] Dharmasiri | The role of regulated protein degradation in auxin response[END_REF]. Another gene, RCE2, was shown to exist and to be expressed at low levels throughout plant development, but its role hasn't been investigated so far [START_REF] Schmid | A gene expression map of Arabidopsis thaliana development[END_REF].

Few mutant lines were available in the public database for RCE1. All of these contain insertions in the 3' or 5' UTR of the gene, and therefore are likely to be leaky.

Among these, I analysed the mutant line FLAG_378F11 (Table 1, rce1-2), that presents an insertion in RCE1 promoter. rce1-2 mutant plants were slightly smaller than wild type plants (Fig. 3A) and they presented a low amount of pollen grain abortion (less than 1%) and no defect in microspore tetrad formation (Fig. 3B andC). The described rce1 mutant (rce1-1, [START_REF] Dharmasiri | The RUB/Nedd8 conjugation pathway is required for early development in Arabidopsis[END_REF] also displays an insertion in the 5' gene region (a Ds insertion 371 nucleotides upstream of the start codon), but this confers a stronger phenotype than rce1-2: plants are dwarf as axr1, with small rosette leaves, short petioles and round, crinkled leaf blades (Fig. 4A). Interestingly, Dharmasiri and colleagues showed that rce1-1 mutant presents siliques shorter than the wild-type (Fig. 4B) [START_REF] Dharmasiri | The RUB/Nedd8 conjugation pathway is required for early development in Arabidopsis[END_REF]. Consequently, this allele would be interesting to investigate in order to conclude about the role of RCE1 during meiotic recombination.

lines, no homozygous mutant could be recovered in the progeny of heterozygous plants,

suggesting that these mutations lead to embryo lethality. This is consistent with the fact that only RBX1A is active in A. thaliana. In consequence I couldn't conclude on a possible role of RBX1 during meiosis.

However, overexpression of RBX1A, was shown to provoke strong developmental defects (Fig. 5C-D) including reduced fertility (Fig. 5A) [START_REF] Gray | Role of the Arabidopsis RING-H2 protein RBX1 in RUB modification and SCF function[END_REF]. In addition, Gray and colleagues showed that antisense transgenic lines with strong decreased levels of RBX1A, died as young seedlings, confirming my observations of the lethality of null rbx1a mutants.

Investigation of the origin of the reduced fertility observed by [START_REF] Gray | Role of the Arabidopsis RING-H2 protein RBX1 in RUB modification and SCF function[END_REF] in lines overexpressing RBX1A would be an alternative to decipher the role of this gene in meiotic recombination. Modified from [START_REF] Gray | Role of the Arabidopsis RING-H2 protein RBX1 in RUB modification and SCF function[END_REF].

A B C D

AXR1 is a very pleiotropic gene that has been shown to play on multiple aspects of the development. So far, all of them could be linked to the role of AXR1 in neddylation. My investigations did not allow extending AXR1 results to the other components of the neddylation pathway, since all the other components of the neddylation cascade are essential genes. However, investigation of either dominant-negative alleles (ECR1 C215A , (Pozo and Dharmasiri, 2002), overexpression lines (RBX1, [START_REF] Gray | Role of the Arabidopsis RING-H2 protein RBX1 in RUB modification and SCF function[END_REF], or described leaky alleles (rce1-1 [START_REF] Dharmasiri | The RUB/Nedd8 conjugation pathway is required for early development in Arabidopsis[END_REF]) might be good materials for future investigations. Another possibility would be to produce meiosis-specific extinction of these genes in order to fully

understand their involvement at this specific stage of development. In order to further explore the role of neddylation in the regulation of meiotic recombination I also investigated the effect of mutation in the deneddylation machinery on reproductive development.

Deneddylation is the removal of NEDD8 from CRLS by the COP9 signalosome (CSN) [START_REF] Cope | COP9 signalosome: a multifunctional regulator of SCF and other cullin-based ubiquitin ligases[END_REF][START_REF] Yamoah | In Vitro Cleavage of Nedd8 from Cullin 1 by COP9 Signalosome and Deneddylase 1[END_REF][START_REF] Dohmann | Loss of the CONSTITUTIVE PHOTOMORPHOGENIC9 signalosome subunit 5 is sufficient to cause the cop/det/fus mutant phenotype in Arabidopsis[END_REF]Wei et al., 2008a), which is a conserved multiprotein complex. Precisely, the subunit 5 of the CSN (CSN5) is the deneddylation catalytical centre [START_REF] Dohmann | Loss of the CONSTITUTIVE PHOTOMORPHOGENIC9 signalosome subunit 5 is sufficient to cause the cop/det/fus mutant phenotype in Arabidopsis[END_REF]. Arabidopsis thaliana genome possesses two homologous CSN5 genes, CSN5A and CSN5B [START_REF] Kwok | Arabidopsis homologs of a c-jun coactivator are present both in monomeric form and in the COP9 complex, and their abundance is differentially affected by the pleiotropic cop/det/fus mutations[END_REF], which are assembled into distinct CSN complexes in vivo, with only one copy of subunit 5 present in each complex [START_REF] Gusmaroli | The Arabidopsis CSN5A and CSN5B subunits are present in distinct COP9 signalosome complexes, and mutations in their JAMM domains exhibit differential dominant negative effects on development[END_REF]. These distinct complexes are present in drastically different abundances, with CSN CSN5A appearing to be the dominant one [START_REF] Gusmaroli | The Arabidopsis CSN5A and CSN5B subunits are present in distinct COP9 signalosome complexes, and mutations in their JAMM domains exhibit differential dominant negative effects on development[END_REF]. Mutants defective in CSN5A are unable to deneddylate the Arabidopsis cullins CUL1, CUL3A, and CUL4 [START_REF] Dohmann | Loss of the CONSTITUTIVE PHOTOMORPHOGENIC9 signalosome subunit 5 is sufficient to cause the cop/det/fus mutant phenotype in Arabidopsis[END_REF]. I analysed the SALK line N659643 that generates a hypomorph mutant for the CSN5B gene, csn5b-1 [START_REF] Gusmaroli | The Arabidopsis CSN5A and CSN5B subunits are present in distinct COP9 signalosome complexes, and mutations in their JAMM domains exhibit differential dominant negative effects on development[END_REF][START_REF] Dohmann | Loss of the CONSTITUTIVE PHOTOMORPHOGENIC9 signalosome subunit 5 is sufficient to cause the cop/det/fus mutant phenotype in Arabidopsis[END_REF]. This mutation results in plants without any vegetative or meiotic phenotype (not shown). Considering the CSN5A gene (At1g22920), I analysed the strong loss-of-function csn5a-1 SALK allele (N563436) [START_REF] Dohmann | Loss of the CONSTITUTIVE PHOTOMORPHOGENIC9 signalosome subunit 5 is sufficient to cause the cop/det/fus mutant phenotype in Arabidopsis[END_REF]. The vegetative phenotype of this mutant is severely affected, being extremely small, with small rosettes, short petioles and curled leaves (Fig. 6A). I could also observe that csn5a-1 presents fertility reduction.

Consequently, in order to better analyse the fertility defects of CSN5 genes, I tried to obtain, the double mutants csn5a-1csn5b-1, however, these double mutants were not viable.

Sesquimutants csn5a-1-/-csn5b-1+/-were obtained, and they presented stronger developmental defects than the simple cns5a-1 mutant (Fig. 6B), making the analysis of their reproductive development impossible. Consequently, I decided to investigate male meiosis in the single csn5a-1 mutant.

While the first stages of meiosis proceeded normally in csn5a-1 mutants (Fig. 7A-B), I observed the occurrence of univalents among a majority of bivalents at diakinesis and metaphase I (Fig. 7C-D). This eventually led to abnormal chromosome segregation at anaphase I and resulted in the formation of unbalanced microspore tetrads at the end of telophase II. Quantification of this defect showed that the average level of chiasma per meiotic cell (6.7+/-2.7, n=32) is significantly different from wild type (8.9 +/-0.9; n=51) (p= 7.4E-06). Therefore, CSN5A is required for proper meiosis and for correct chiasma formation, strongly suggesting that deneddylation plays an active role in meiotic recombination.

Considering that two CSN5 genes exist in A. thaliana and that disruption of both of them leads to embryo lethality, we were not able to further analyse the recombination defects caused by complete loss of deneddylation. However, we aim to better characterise the csn5a-1 mutant in regards of its meiotic behaviour using immunolocalisation studies with known meiotic proteins. It will be particularly important to see if Class I COs are mislocalised in this background as they are in axr1. In addition, we plan to undertake epistatic analysis with other recombination mutants in order to better understand CSN5A function, particularly in regards of axr1 and cul4-1 meiotic phenotype we revealed in II.1.1.

As already explained in the section I.6.4, deficiency in CSN increases the levels of neddylated cullins in vivo (Pintard et al., 2003;Lyapina et al., 2001;[START_REF] Schwechheimer | Interactions of the COP9 signalosome with the E3 ubiquitin ligase SCFTIRI in mediating auxin response[END_REF][START_REF] Menon | COP9 signalosome subunit 8 is essential for peripheral T cell homeostasis and antigen receptor-induced entry into the cell cycle from quiescence[END_REF], but surprisingly results in reduction of CUL activity caused by auto-ubiquitylation of substrate receptor proteins (Chew et al., 2007;[START_REF] Zhou | Fission Yeast COP9/Signalosome Suppresses Cullin Activity through Recruitment of the Deubiquitylating Enzyme Ubp12p[END_REF], which leads to reduced CRL activity (reviewed in [START_REF] Bosu | Cullin-RING ubiquitin ligases: global regulation and activation cycles[END_REF]. In consequence, hyperneddylation (for example by loss of CSN5A) leads to the same phenotype as hyponeddylation (loss of AXR1), resulting in accumulation of CRLs substrates [START_REF] Schwechheimer | Cullin-containing E3 ubiquitin ligases in plant development[END_REF][START_REF] Hotton | Regulation of cullin RING ligases[END_REF]. Therefore the fact that both AXR1 and CSN5A are required for normal bivalent formation confirms that the neddylation activation process is a key regulator of meiotic recombination regulation. 

II.2.1 A role for the auxin signalling pathway in meiosis?

Historically, axr1 was identified on the basis of its auxin resistance phenotype (ref). In the auxin-signalling pathway, neddylation activates E3 ubiquitin-ligases SCF TIR1/AFB (SKP1, CUL1

and TIR1/AFB family of F-box proteins) which are responsible for recognizing the auxin transcriptional repressors AUX-IAA. In the axr1 mutant, neddylation is less active, leading to the non-activation of SCF TIR1/AFB complexes and consequently to the accumulation of AUX-IAA repressors. This accumulation leads to auxin resistance [START_REF] Gray | Auxin regulates SCF(TIR1)dependent degradation of AUX/IAA proteins[END_REF]. Considering that axr1 mutants are meiosis defective, I asked whether axr1's meiotic defects could be linked to the auxin-signalling pathway. To answer this question, I investigated pollen viability and when relevant the chromosome meiotic behaviour of various mutants of the SCF TIR1/AFB complex. Results are presented in Table 2.

II.2.1.1 CUL1-the scaffold

In SCF TIR1/AFB complexes, CUL1 serves as the protein scaffold. Several alleles of cul1 mutants were already described: cul1-6 (Moon et al., 2007), axr6-2/N3818 (Ren et al., 2005) and axr6-3/eta1 (Quint et al., 2005). Two of the three cul1 mutants analysed in my work (cul1-6 and eta1) presented vegetative phenotypes similar to axr1 (Fig. 8), while the axr6-2 mutation is lethal as described in (Ren et al., 2005). The analysis of cul1-6 and eta1 mutants showed that pollen and microspore tetrads were completely normal in these mutants. For the eta1 allele, we nevertheless undertake DAPI staining of meiotic chromosomes, which revealed no meiotic defects (n=9) (Fig. 10). From these results, I could conclude that even if cul1 mutants present a vegetative phenotype similar to the axr1 mutant, they are not associated with meiotic defects. 

II.2.1.2 SKP1/ASK1-the adaptor

The adaptor protein of the SCF TIR1/AFB complex, ASK1 (the Arabidopsis homologue of Skp1), was already shown to be affected in male reproduction pathway, including meiosis (Yang et al., 1999) as well as flower morphogenesis [START_REF] Zhao | Conservation and divergence of ASK1 and ASK2 gene functions during male meiosis in Arabidopsis thaliana[END_REF], auxin response [START_REF] Gray | Identification of an SCF ubiquitin-ligase complex required for auxin response in Arabidopsis thaliana[END_REF] and embryogenesis [START_REF] Liu | The ASK1 and ASK2 genes are essential for Arabidopsis early development[END_REF]. Several different studies tried to clarify its role during meiosis and showed that ASK1 has a pleiotropic function since ask1 mutants display condensation defects [START_REF] Yang | The Arabidopsis SKP1-LIKE1 gene is essential for male meiosis and may control homologue separation[END_REF], cohesin loading defects [START_REF] Zhao | ASK1, a SKP1 homolog, is required for nuclear reorganization, presynaptic homolog juxtaposition and the proper distribution of cohesin during meiosis in Arabidopsis[END_REF], and meiotic chromosome conformation and remodelling defects (Yang et al., 2006b) suggesting that the primary role of ASK1 during male meiosis could be to control meiotic chromatin structure (Yang et al., 2006b).

In our work, we investigated ASK1 role in meiosis and we could confirm that ask1's meiotic defects are different from axr1 (Fig. 9), as chromosomes in ask1 have strong condensation defects. In addition, bivalents and univalents cannot be discerned in ask1 cells, which are easily distinguishable from axr1 cells from metaphase I until telophase II. Our precise observation of ask1 meiosis allowed us to conclude that the meiotic function of AXR1 is probably not correlated to ASK1's condensation function. For each mutant, leptotene, pachytene (or pachytene-like in the case of axr1 and ask1), diplotene, diakinesis, metaphase I, anaphase I, metaphase II and telophase II stages are represented, respectively.

Bar: 10µm.

II.2.1.3 TIR1 and AFBs -the auxin receptors

TIR1 and AFB proteins (AFB1, AFB2 and AFB3) are F-box-containing proteins that act as auxin receptors [START_REF] Parry | Complex regulation of the TIR1/AFB family of auxin receptors[END_REF]. In my work, I analysed two different tir1 mutants, (tir1-1/N3798 [START_REF] Ruegger | The TIR1 protein of Arabidopsis functions in auxin response and is related to human SKP2 and yeast Grr1p[END_REF] and N663287. Neither tir1-1 (n=33) (the mutation is a glycine to aspartate substitution at position 147) nor N663287 (n=45) (which is an insertion in the first exon of the TIR1 gene) presented pollen lethality or meiotic defects (Fig. 10). In addition, none of these two mutant lines presented any vegetative phenotypes. The same was observed for the triple mutant tir1-1 afb2-3 afb3-4 [START_REF] Parry | Complex regulation of the TIR1/AFB family of auxin receptors[END_REF] (not shown).

Considering all auxin-signalling mutants analysed, we could conclude that 1) AXR1 plays a different role from ASK1 in meiosis; 2) axr1 meiotic defects are independent of the SCF TIR1/AFB action in the auxin-signalling pathway. 

II.2.2 Identification of the cullin(s) active in meiosis

As already explained in the section II 1.1, only four cullins have been demonstrated to be neddylated in Arabidopsis thaliana: CUL1, CUL3A, CUL3B and CUL4 (Santner and Estelle, 2010). In order to identify AXR1 downstream players, we have scored cullin-deficient lines for meiotic defects. Complete extinction of any of these cullin functions (null cul1, null cul4 or double cul3a cul3b mutants) is lethal, but various genetic backgrounds partially deficient in cullin activities have been described and represent interesting tools to identify what is/are the cullin(s) involved during meiotic recombination.

As described above, cul1 mutants present normal meiosis. Subsequently, we analysed CUL3deficient plants through the analysis of the cul3a/3b hypomorphic mutant (cul3w (cul3a-3cul3b-1), described for its defects in various aspects of the ethylene biosynthesis pathway and root development (Thomann et al., 2009). We observed that cul3w plants show pollen lethality, but perfectly normal tetrads at the end of meiosis and, when investigated after DAPI staining of the chromosomes, display normal meiotic development of pollen mother cells (n=12, Fig. 11).

We then analysed two CUL4 deficient lines: the antisense line ascul4 and the cul4-1 leaky mutant described in (Bernhardt et al., 2006). Detailed results about our analysis of the meiotic behaviour of the cul4-1 leaky mutant are described in the article at section II.I.I. In summary, cul4-1 leaky mutant presents a meiotic recombination defect that is reminiscent of the axr1 meiotic defect. Due to the hypomorph character of the cul4-1 mutation, we have also analysed another CUL4-deficient line, the antisense ascul4 (Bernhardt et al., 2006). CUL4 expression is greatly down-regulated in vegetative tissues of ascul4 lines, which is correlated with strong vegetative defects as dwarfism, increased branching and abnormal leaf shape (Bernhardt et al., 2006). No information is available on the level of extinction of CUL4 in reproductive tissues, but the promoter p35S, used in this line, is known to be poorly expressed in reproductive organs, including meiotic cells (Mathilde Grelon, personal data).

As a matter of fact, we did not detect any reproductive defects in ascul4 in terms of seed set, pollen fertility or meiosis (Fig. 11, n=62), even though CUL4 was shown to be strongly expressed in reproductive organs in wild-type plants (Bernhardt et al., 2006). The fact that ascul4 presented no meiotic phenotype suggests that the antisense transgene was not fully 196 active in reproductive tissues; even if it is active in vegetative tissues, as ascul4 plants present strong vegetative defects (Fig. 12). In conclusion, I could show that CUL4 plays a crucial role in meiotic recombination, but the ascul4 line was not useful to better describe CUL4's roles. I also conducted experiments to down regulate CUL4 during meiosis using a meiosis specific (pDMC1 driven) silencing approach. Unfortunately I wasn't able to generate the CUL4 RNAi construct.

Fig. 11 ASCUL4 and cul3w meiosis

A -Alexander and metaphase I cell of cul3w mutant.

B -Alexander and metaphase I cell of AS-CUL4 mutant. Bar: 10µm.

Fig. 12 Vegetative phenotype of wild-type and ascul4 plants the pollen lethality observed in ddb1a ddb1b-2/+ was a result of a post-meiotic developmental defect. Considering these results, DDB1A and DDB1B genes alone don't seem to act on meiotic recombination. However, DDB1's role as a complex couldn't be investigated due to the lethality caused by the presence of both mutations. Once again, a meiotic-driven extinction of the DDB1s might be a solution to conclude on a possible involvement of these proteins during meiotic recombination. Additionally, the analysis of the DWD proteins that interact with DDB1 could be a solution to unravel which CRL4 complex(es) act(s) in recombination. 

II.2.3.2 DWD substrate receptor proteins

As described in the section I.6.1, there are more than 85 DWD domain proteins in A. thaliana that can assemble with DDB1Aa or DDB1b and directly with CUL4-RBX1 to form CRL4 ligase complexes (Lee et al., 2008;Guo et al., 2013). It was not possible for me to look for meiotic defects of all these 85 DWD proteins, so I selected some of them based on their expression profile and their possible role in DNA damage repair. All the alleles analysed are summarised in the table 3.

The DNA DAMAGE BINDING PROTEIN 2 (DDB2) and the COCKAYNE SYNDROME FACTOR A (CSA-1) proteins have already been described for their role in the NER pathway of somatic DNA repair in mammals and plants (Molinier et al., 2008;[START_REF] Biedermann | The DDB1a interacting proteins ATCSA-1 and DDB2 are critical factors for UV-B tolerance and genomic integrity in Arabidopsis thaliana[END_REF][START_REF] Al Khateeb | Overexpression of Arabidopsis damaged DNA binding protein 1A (DDB1A) enhances UV tolerance[END_REF]. DDB2 was also shown to interact directly with DDB1A and B (Bernhardt et al., 2006). Consequently, I wondered if these proteins would also play a role in meiotic recombination. (insertion in the 4 th intron) and N651258/csa-1,1 (a null mutant with an insertion in the 5 th exon of the gene, [START_REF] Biedermann | The DDB1a interacting proteins ATCSA-1 and DDB2 are critical factors for UV-B tolerance and genomic integrity in Arabidopsis thaliana[END_REF]. I observed that plants deficient for CSA-1 did not develop any particular meiotic or vegetative phenotype (not shown). Considering these results, I conclude that DDB2 and CSA-1 are probably not major players of the meiotic recombination pathway.
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Another gene analysed in my work, At5g14530, was chosen by the fact it was shown to be overexpressed in Arabidopsis meiocytes [START_REF] Libeau | Gene expression profiling of Arabidopsis meiocytes[END_REF]. This is one of the DWD proteins which was suggested to interact with DDB1 [START_REF] Zhang | Arabidopsis DDB1-CUL4 ASSOCIATED FACTOR1 forms a nuclear E3 ubiquitin ligase with DDB1 and CUL4 that is involved in multiple plant developmental processes[END_REF]Lee et al., 2008), but not further investigated. Two insertion lines for the At5g14530 gene were analysed. The first, FLAG_269E12, contains an insertion in the 5'UTR region and presented normal pollen development. This mutation, however, probably doesn't disrupt protein transcription since the other insertion line, N852077 (T-DNA insertion located in the 9 th exon) resulted in plant lethality when homozygous.

The At5g1555 gene was selected as a good candidate because it encodes a protein that has been isolated as a direct NEDD8/RUB interactor by (Hakenjos et al., 2011). It has a DWD domain [START_REF] Zhang | Arabidopsis DDB1-CUL4 ASSOCIATED FACTOR1 forms a nuclear E3 ubiquitin ligase with DDB1 and CUL4 that is involved in multiple plant developmental processes[END_REF]Lee et al., 2008) and it has never been analysed until now. I analysed a GABI line with an insertion in the first intron of this gene, which resulted in plant lethality when homozygous.

Last, I choose to investigate the phenotype of lines depleted in the Arabidopsis putative homologue (At1g80670) of RAE1, a Drosophila DWD protein involved in meiosis [START_REF] Volpi | Drosophila rae1 is required for male meiosis and spermatogenesis[END_REF]. For this gene, I analysed one allele, CS403514, which contains a T-DNA insertion in the first intron of the gene. No homozygous mutant plants were found, suggesting that this gene is essential.

Considering these three last genes analysed, I cannot exclude these proteins from having a meiotic role. It would be interesting to find other reduction-of-function alleles for all three of them in order to unravel their possible phenotypes. Together, these results demonstrate that finding a DWD protein acting in meiosis is not easy, considering the frequent lethality caused by homozygous mutations. If we think that the DWD protein active during meiotic recombination could be an essential gene, a meiotic extinction of those candidates could be undertaken. Otherwise, since we expect that the DWD protein could be specific to meiosis, further screening will be necessary to identify it. CRLs assembly and disassembly can be inhibited by the CULLIN-ASSOCIATED NEDD8-DISSOCIATED (CAND)-1 protein [START_REF] Goldenberg | Structure of the Cand1-Cul1-Roc1 Complex Reveals Regulatory Mechanisms for the Assembly of the Multisubunit Cullin-Dependent Ubiquitin Ligases[END_REF]. The activation and deactivation of CRLs need to be highly regulated in order to maintain the right quantity (pool) of CRL components in a cell. Several lines of evidence suggest that dynamic cycles of CRL neddylation and deneddylation are acting together to sustain optimal CRL activity and to prevent the accumulation of substrates [START_REF] Schwechheimer | Interactions of the COP9 signalosome with the E3 ubiquitin ligase SCFTIRI in mediating auxin response[END_REF][START_REF] Feng | Arabidopsis CAND1, an unmodified CUL1-interacting protein, is involved in multiple developmental pathways controlled by ubiquitin/proteasome-mediated protein Degradation[END_REF][START_REF] Min | TIP120A associates with cullins and modulates ubiquitin ligase activity[END_REF]Wei et al., 2008b). These competing cycles are driven by neddylation/deneddylation but also by the CULLIN-ASSOCIATED NEDD8-DISSOCIATED (CAND)-1 protein. As already explained in the section I.6.4, CAND1 binding inactivates CRLs, thereby inhibiting protein ubiquitylation. We therefore decided to investigate the role of CAND1 in meiosis.

II.3.1 cand1 mutants are meiosis-defective

Two T-DNA insertion alleles of cand1 (cand1-3 -N610969, and cand1-2 -N599479) have been already described (Alonso et al., 2003;[START_REF] Feng | Arabidopsis CAND1, an unmodified CUL1-interacting protein, is involved in multiple developmental pathways controlled by ubiquitin/proteasome-mediated protein Degradation[END_REF][START_REF] Alonso-Peral | The HVE/CAND1 gene is required for the early patterning of leaf venation in Arabidopsis[END_REF]. They were shown to be characterised by strong vegetative phenotypes, including late flowering, rosette abnormalities, floral organ defects, dwarfism, loss of apical dominance, altered responses to multiple plant hormones, and low fertility [START_REF] Feng | Arabidopsis CAND1, an unmodified CUL1-interacting protein, is involved in multiple developmental pathways controlled by ubiquitin/proteasome-mediated protein Degradation[END_REF][START_REF] Chuang | Arabidopsis ETA2, an apparent ortholog of the human cullin-interacting protein CAND1, is required for auxin responses mediated by the SCF(TIR1) ubiquitin ligase[END_REF].

In this work, I decided to use the same cand1-2 and cand1-3 alleles in order to better characterise their fertility problems. Considering the cand1-3 mutant, we observed the same vegetative phenotypes as described by [START_REF] Feng | Arabidopsis CAND1, an unmodified CUL1-interacting protein, is involved in multiple developmental pathways controlled by ubiquitin/proteasome-mediated protein Degradation[END_REF][START_REF] Chuang | Arabidopsis ETA2, an apparent ortholog of the human cullin-interacting protein CAND1, is required for auxin responses mediated by the SCF(TIR1) ubiquitin ligase[END_REF]) (Fig. 14B) and observed that it presented a strong reduction in fertility, as shown by Alexander staining of mature pollen (Fig. 15B). However, for the cand1-2 mutant we did not observe the same strong vegetative phenotype as described (Fig. 14A) [START_REF] Alonso-Peral | The HVE/CAND1 gene is required for the early patterning of leaf venation in Arabidopsis[END_REF][START_REF] Feng | Arabidopsis CAND1, an unmodified CUL1-interacting protein, is involved in multiple developmental pathways controlled by ubiquitin/proteasome-mediated protein Degradation[END_REF]. In addition, this mutant presented only a slight pollen abortion, suggesting that it is not a null allele. Consequently, we decided to use the cand1-3 allele for further characterisation.
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To determine if pollen abortion observed in cand1-3 mutants was a consequence of a meiotic failure, we analysed the tetrads of microspores generated by cand1-3 mutants. As shown in figure 2, while male meiosis in wild type produce tetrads constituted of four equilibrated spores (Fig. 15C), we observed unbalanced tetrads in cand1-3 mutants (Fig. 15D), revealing a meiotic defect. We then investigated the behaviour of meiotic chromosomes in cand1-3 mutants (Fig. 16) by staining chromosomes with DAPI. In cand1-3 mutants, leptotene stages appeared similar to wild type. However, the first defects appeared at late zygotene, as only partial synapsis could be seen in cand1-3 meiocytes (Fig. 16A). Instead, only pachytene-like cells were observed. At diakinesis, a mixture of univalents and bivalents (Figure 16B) was observed, which was even clearer at metaphase I (Figure 16C). This defect in bivalent formation provokes an uneven distribution of the homologous chromosomes at anaphase I (Figure 16D), leading to unbalanced spores after the second meiotic division (Figure 16E-F).

In addition, we observed during the second meiotic division the apparition of limited amount of chromosome fragments but in a majority of the cells (97% of metaphase II cells, n=32) (Fig 16E).

In wild type, 5 bivalents are always present at the metaphase I plate. The apparent chiasma number, defined earlier as a minimum chiasma number (MCN), is estimated in average to 8.9 ± 0.9 (n=51) in wild type, while it dropped to 1.18 ± 1.34 (n=119) (p=1.1E-83) in cand1-3.

Therefore, the low fertility of cand1-3 mutants is due to a pronounced defect in meiosis, characterised by an absence of homolog synapsis, a strong decrease in bivalent formation and limited fragmentation appearing during meiosis II. 

II.3.2 Early DSB repair events are altered in cand1-3 mutants

In order to understand if the meiotic defects observed in cand1 mutants were dependent on DSB formation, we generated spo11-1 cand1-3 double mutants. spo11-1 mutation is defective in meiotic DSB formation. As a consequence, there is a complete absence of bivalent formation in this background and the ten univalent generated segregate randomly at anaphase (Fig. 17A). spo11-1 cand1-3 plants displayed a spo11-1 phenotype at metaphase I, with only univalents (n=65) (Fig. 17B). Considering the meiosis II defect of cand1-3, characterised by the apparition of chromosome fragments, it was observed as soon as anaphase I in spo11-1cand1-3 since 42% of the cells (n=107) displayed unequal DAPI stained 207 bodies (Fig. 18). These bodies could correspond either to chromosome fragments or to free chromatids. In that latest case it would indicate that sister chromatid cohesion could be lost prematurely in cand1-3. 

II.3.4 ZMMs are required for residual chiasma formation in cand1-3

In order to verify if one of the crossovers pathways was particularly inhibited in cand1-3 mutants, we have introgressed known mutations for class I and class II CO determinants into a cand1-3 background. ZIP4 is a known ZMM protein; its absence results in the reduction of 85-90 % of total COs. The introgression of zip4 mutation in cand1-3 resulted in a reduction of 71% of the formation of cand1-3 chiasma, with cand-3zip4 double mutant presenting an average of 0.32 ± 0.6 (n=31) MCM per cell (p= 2.0E-06). Considering these results, we can say that ZMMs are required for the residual bivalent formation in the absence of CAND1.

Next, we have immuno-labelled cand1-3 cells with anti-MLH1 antibodies. MLH1 is a known marker for class I crossovers (Chelysheva et al., 2010). In wild type, an average of 10.1 ± 1.7

foci are observed from diplotene to diakinesis (n=63). We analysed cand1-3 cells and found an average of 1.04 ± 1.4 MLH1 foci per cell (n=52) (Fig. 21). The mean number of MLH1 foci per cell is not statistically different from the mean number of chiasma per cell in cand1-3 (p=0.46), suggesting that the chiasma shortage observed in this mutant is due to an overall decrease in Class I CO formation and not to a mislocation of these COs as it is the case in axr1. 

II.3.5 Role of the MUS81 pathway in CO formation in cand1-3

In order to verify if Class II crossovers have some participation in cand1 COs, we have analysed chiasma frequency in the double mutant cand1-3 mus81. MUS81 is responsible for the formation of approximately 10-15% of COs in the wild-type Arabidopsis. Chiasma frequency in the double mutant cand1-3 mus81 was on average 0.87± 0.98 (n=39), which is not statistically different from the 1.18 chiasma formed on average in cand1-3 simple mutants (p= 0.18). Next, we have introgressed the fancm mutation into the cand1-3 background. In the absence of FANCM, crossover formation by the MUS81 pathway is boosted (Crismani et al., 2012;[START_REF] Knoll | The Fanconi anemia ortholog FANCM ensures ordered homologous recombination in both somatic and meiotic cells in Arabidopsis[END_REF]. Indeed, chiasma formation increased to 1.8 ± 1.08 (n=15) in the cand1-3fancm double mutant. However, this result is not statistically different from the 1.18 chiasma found in cand1-3 mutant (p= 0.03). Statistical results would therefore suggest that the MUS81 pathway is not active in cand1-3 mutants. However, when we considered the chiasma distribution within the cells and not the average chiasma level per cell, we observed important differences among the genotypes (Fig. 22). The number of cells without chiasmata is strongly reduced in cand1-3fancm (7%) in comparison to cand1-3 (44%) and even more drastically in comparison to cand1-3mus81 (62%). In parallel, the proportion of cells with a single chiasma has doubled in cand1-3fancm in comparison to cand1-3 (43% versus 21%).

These results suggest that the MUS81 pathway is still active in cand1-3, but difficult to quantify in terms of chiasma levels, probably because the number of COs generated by this pathway is too low. .3.6 Relationship between CAND1 and the recombinases

II

DMC1 and RAD51

The phenotype of cand1-3, characterised by a general decrease in CO formation that is not correlated with a drastic decrease in the number of DSB formed, is reminiscent of the phenotype of the meiotic mutants defective in the inter-homologous (IH) bias repair (De Muyt et al., 2009). In the dmc1 mutant for example, where the IH bias is completely abolished, meiotic DSBs are repaired onto the sister chromatid in a RAD51-dependant manner, yielding univalents at metaphase I. The asy1 mutant is also impaired in the IH bias, and was shown to be deficient in DMC1 stabilisation at recombination sites [START_REF] Sanchez-Moran | ASY1 mediates AtDMC1dependent interhomolog recombination during meiosis in Arabidopsis[END_REF]. The average level of chiasma per cell in asy1 is close to cand1-3 (1.6 ± 0.86, n=18) and the double mutants cand1-3asy1 presented an additional reduction in chiasma formation in comparison to each single mutant, showing on average 0.12 ± 0.33 chiasma per cell (n=50; p= 4.7E-14). Therefore, asy1 mutation amplifies the chiasma shortage defects of cand1-3 mutant, suggesting that CO deficiencies have different origins in both backgrounds.

In addition, we observed that the cohesion/fragmentation defect observed in cand1-3 single and cand1-3spo11 double mutants was still observed in asy1cand1-3 (in 12% of metaphase Ianaphase I cells, n=61).

We also tested the relationship between CAND1 and RAD51. RAD51 together with DMC1 associates to the 3' ssDNA generated after DSB processing to establish the nucleoprotein filament that mediates the search for homology and invasion of an intact homologous DNA molecule [START_REF] Shinohara | Roles of RecA homologues Rad51 and Dmc1 during meiotic recombination[END_REF]. In A. thaliana, rad51 mutant displays entangled chromosomes at metaphase I followed by strong chromosome fragmentation at anaphase I and II, reflecting strand invasion deficiency and improper DSB repair (shown on Fig. 23A,C,E). The phenotype of cand1-3rad51 double mutants (n=81) was very different from the single rad51 mutant, as in cand1-3rad51, fragmentation in metaphase I was rare (Fig. 23B). Instead, we could observe mostly intact chromosomes that sometimes associate into bivalents. We could discern the presence of bivalent-like structures in 43% of the metaphase I cells (n=81), which is close to the situation in cand1-3 (66%, Fig. 22). During anaphase I and anaphase II, some chromosome fragmentation occurred but it is considerably less severe than in rad51.

These results show that RAD51 is largely dispensable for DSB repair in cand1-3. 

II.3.7 CAND1 and AXR1 control meiotic recombination by different pathways

Here we demonstrate that CAND1 (a CRL activity regulator) is required for correct meiotic recombination. I have previously demonstrated that the E1 enzyme of neddylation, AXR1, also plays a critical role in meiotic recombination, modulating the localisation of crossovers.

We therefore wondered if CAND1 acts on the same pathway as AXR1 in meiosis. For this, we analysed chromosome DAPI staining of double mutants cand1-3axr1. In this double mutant, sterility is almost total, and bivalents are rarely observed. Chiasma frequency in the double mutant cand1-3axr1 was 0.07 ± 0.2 (n=43), which is significantly different from cand1-3 (p=1.7E15). This result indicates that AXR1 and CAND1 act in different pathways controlling meiotic recombination. 

II.3.8 Conclusion

The above results show that CAND1 plays important role(s) during meiosis, since I showed that CAND1 is required for the formation of ≈ 90% of the crossovers and for normal synapsis, a phenotype characteristic of IH bias defective mutants as dmc1 [START_REF] Shinohara | Roles of RecA homologues Rad51 and Dmc1 during meiotic recombination[END_REF][START_REF] Couteau | Random chromosome segregation without meiotic arrest in both male and female meiocytes of a dmc1 mutant of Arabidopsis[END_REF]), asy1 (Sanchez-Moran et al., 2007), sds [START_REF] Azumi | Homolog interaction during meiotic prophase I in Arabidopsis requires the SOLO DANCERS gene encoding a novel cyclinlike protein[END_REF]De Muyt et al., 2009) or hop2 leaky mutants (Ronceret et al., in press). This strong CO shortage in cand1-3 is associated with only minor change in DMC1 foci number, suggesting that CAND1 does not act directly on DMC1 loading and/or its stabilisation. Since DMC1 is the major player of the IH repair during meiosis [START_REF] Shinohara | Roles of RecA homologues Rad51 and Dmc1 during meiotic recombination[END_REF], we can make the hypothesis that even if loaded, DMC1 might not be activated correctly in cand1-3, as it is the case in the leaky hop2 alleles described in Ronceret et al. (in press). Nevertheless in that case, DSB repair would be expected to rely on RAD51. However, that is not the case, as we showed that DSB repair in cand1-3 is largely independent of RAD51. Therefore, it is possible that DMC1 is still active in cand1-3, but not fully functional. Consequently, single end invasion would be promoted (by DMC1) but would abort prematurely, leading to synapsis defects and CO reduction. This hypothesis will be tested by introgressing the dmc1 mutation into cand1-3rad51.

III. Discussion and Perpectives

III. 1 Neddylation and its role in recombination

During my PhD, the analysis of the axr1 mutant, in which neddylation is defective, suggested that neddylation is essential for correct recombination. All the AXR1 roles in plant development described so far were shown to be dependent on the neddylation pathway, and AXR1 has never been shown to act independently of the neddylation machinery.

Nevertheless, since AXR1 is not the only player on the neddylation pathway, I looked for the role of the other neddylation enzymes in meiotic recombination, but couldn't conclude about their role in meiosis, mostly because of their essential roles in plant development. However, as described in section II. I.2, these enzymes were already suggested to play some role in fertility when dominant-negative alleles (ECR1 C215A , (Pozo and Dharmasiri, 2002), overexpression lines (RBX1, [START_REF] Gray | Role of the Arabidopsis RING-H2 protein RBX1 in RUB modification and SCF function[END_REF], or leaky alleles (rce1-1 [START_REF] Dharmasiri | The RUB/Nedd8 conjugation pathway is required for early development in Arabidopsis[END_REF]) were generated. Consequently, as a perspective to this work, it would be interesting to investigate if the sterility phenotype described is correlated to a meiosis defect in these lines in order to confirm the role of neddylation in meiotic recombination. In addition, MLN4924, a selective inhibitor of the human E1 enzyme of neddylation (NAE1) has been recently identified. It was shown to disrupt CRL-mediated protein turnover, leading to apoptotic death in human tumour cells as a consequence of deregulation of the S-phase DNA synthesis [START_REF] Soucy | An inhibitor of NEDD8-activating enzyme as a new approach to treat cancer[END_REF]. Since NAE1 is the human AXR1 homolog, and since MLN4924 has already been successfully used in plants (Hakenjos and Richter, 2011), it could be used to prove that neddylation is indeed the responsible for axr1 defects.

Results obtained in this work demonstrated that deneddylation by the COP9 signalosome plays also a role in meiotic recombination. The COP9 signalosome has eight subunits, in which CSN5 is the subunit responsible for NEDD8 deconjugation. In Arabidopsis, CSN5A is the major deneddylation enzyme. Through the analysis of the strong loss-of-function csn5a mutant I observed that recombination is disturbed in csn5a meiocytes. Considering that competing cycles of neddylation/deneddylation are required for proper CRL function, and that both neddylation and deneddylation have been shown to result in the same phenotype (substrate accumulation, see section I. 6.3.2), the finding that deneddylation plays a similar role to axr1 in meiosis strongly suggests that both, neddylation and deneddylation work together regulating meiotic recombination. Nevertheless, I showed that the main consequence of neddylation loss in meiosis is the mislocalisation of class I crossovers. In addition, loss of the AXR1 function abolishes the formation of meiotic class II crossovers, suggesting that neddylation also controls the MUS81 pathway. Last, I also demonstrated that AXR1 plays a role in somatic homologous recombination, probably through the MUS81 pathway. It will therefore be important to verify that the same kind of meiotic deregulations are correlated with CSN5a disruption. It will also be necessary to check if MUS81 pathway is shut down in csn5a, which is expected.

III. 2 Neddylation downstream players and potential targets

In this work, neddylation was shown to act through the activation of (a) CRL4 complex(es) in meiosis that probably regulates the localisation of Class I COs. It will therefore be of greatest interest to identify which CRL4 complex is responsible for axr1 meiotic defects. My investigations on some of the Arabidopsis DWD proteins were not conclusive, but more than 85 DWD proteins exist in A. thaliana. Several of these have already been described for their role in somatic DNA damage repair (see the section II.I.I) and are therefore excellent candidate for being involved in meiotic recombination too. This is for example the case of DDB2, for which the role in meiosis couldn't be studied here because of the lethality of the homozygous null mutant. Meiotic extinction of this gene should therefore be undertaken.

I would also prioritize the study of RAE1, which was recently demonstrated to play a role in Drosophila meiosis [START_REF] Volpi | Drosophila rae1 is required for male meiosis and spermatogenesis[END_REF]. So far a single rae1 mutant line was investigated in this work, but its embryo lethality phenotype blocked meiosis investigation. However, several lines of evidence suggest that RAE1 deserve additional investigations:

1) In mammals, RAE1/Gle2 was shown to interact with NUP98, which is related to the A. thaliana SAR3/MOS3 protein [START_REF] Parry | The Arabidopsis SUPPRESSOR OF AUXIN RESISTANCE Proteins Are Nucleoporins with an Important Role in Hormone Signaling and Development[END_REF][START_REF] Fontoura | A Conserved Biogenesis Pathway for Nucleoporins: Proteolytic Processing of a 186-Kilodalton Precursor Generates Nup98 and the Novel Nucleoporin, Nup96[END_REF][START_REF] Pritchard | RAE1 Is a Shuttling mRNA Export Factor That Binds to a GLEBS-like NUP98 Motif at the Nuclear Pore Complex through Multiple Domains[END_REF][START_REF] Jeganathan | The Rae1-Nup98 complex prevents aneuploidy by inhibiting securin degradation[END_REF]. Interestingly, SAR3 was identified in a screen for suppressors of axr1 auxin-resistance [START_REF] Parry | The Arabidopsis SUPPRESSOR OF AUXIN RESISTANCE Proteins Are Nucleoporins with an Important Role in Hormone Signaling and Development[END_REF]. In addition to that, sar3 mutant was identified in the same screen for fertility mutants described in my thesis and in (De Muyt et al., 2009). sar3 mutants present meiotic recombination defects and strong chromosome condensation in prophase I (Nicolas Macaisne and Raphäel Mercier, personal communication). Surprisingly, the mechanism by which sar3 suppresses axr1 phenotype is thought to depend on the SAR3 role in mRNA export, as sar3 was shown to accumulate polyadenylated RNA within the nucleus [START_REF] Parry | The Arabidopsis SUPPRESSOR OF AUXIN RESISTANCE Proteins Are Nucleoporins with an Important Role in Hormone Signaling and Development[END_REF].

Consequently, sar3 mutant seems to be unable to export the mRNA of auxin repressors for transcription out of the nucleus, resulting in the absence of IAA17, which in turn leads to auxin response [START_REF] Parry | The Arabidopsis SUPPRESSOR OF AUXIN RESISTANCE Proteins Are Nucleoporins with an Important Role in Hormone Signaling and Development[END_REF]. Therefore the auxin repressors that normally accumulate in axr1, are not exported in axr1 sar3, and the response to auxin is restored. Corroborating this idea, mutation in another nucleoporine, NupNUA/AtTpr, also suppresses the auxin-resistant phenotype of axr1 [START_REF] Xu | NUCLEAR PORE ANCHOR, the Arabidopsis homolog of Tpr/Mlp1/Mlp2/megator, is involved in mRNA export and SUMO homeostasis and affects diverse aspects of plant development[END_REF][START_REF] Jacob | The nuclear pore protein AtTPR is required for RNA homeostasis, flowering time, and auxin signaling[END_REF]. Consequently, it is tempting to imagine that SAR3 function in meiosis is related to its function as a nucleoporine protein. However, this still needs to be proved. Epistasis analysis of axr1sar3 would be interesting in order to verify if sar3 is also able to supress axr1 recombination defects.

2) The role of SAR3 in meiosis is interesting, as it could reflect the importance of an intact nuclear pore complex (NPC) in the meiotic mechanism. Still on the same line of evidence, both RAE1 and NUP98 are highly conserved components of the nuclear pore complex (NPC) in eukaryotes, where they are part of the Nup107-160 subcomplex [START_REF] Reddy | Evolutionary analysis of WD40 super family proteins involved in spindle checkpoint and RNA export: molecular evolution of spindle checkpoint[END_REF][START_REF] Kraemer | Mrnp41 (Rae1p) associates with microtubules in HeLa cells and in neurons[END_REF][START_REF] Bharathi | The human RAE1 gene is a functional homologue of Schizosaccharomyces pombe rae1 gene involved in nuclear export of Poly(A)+ RNA[END_REF][START_REF] Bharathi | A Mutation in the Schizosaccharomyces pombe rae1 Gene Causes Defects in Poly(A)[IMAGE] RNA Export and in the Cytoskeleton[END_REF][START_REF] Zenklusen | Nuclear export of mRNA[END_REF]. Even if the NPC has never been connected to meiosis directly, RAE1 was recently shown to play a role in Drosophila meiosis, where rae1 mutants presented strong defects in chromosome condensation, segregation and spindle morphology [START_REF] Volpi | Drosophila rae1 is required for male meiosis and spermatogenesis[END_REF]. All these phenotypes are reminiscent of the NPC role in mitosis, like the regulation of the spindle checkpoint in human cells by RAE1 and NUP98 [START_REF] Jeganathan | The Rae1-Nup98 complex prevents aneuploidy by inhibiting securin degradation[END_REF][START_REF] Pritchard | RAE1 Is a Shuttling mRNA Export Factor That Binds to a GLEBS-like NUP98 Motif at the Nuclear Pore Complex through Multiple Domains[END_REF], and also by the interaction of RAE1 with the SMC1 cohesin subunit, which guarantees proper cell division [START_REF] Wong | Interaction between Rae1 and Cohesin subunit SMC1 is required for proper spindle formation[END_REF]. In addition, the Nup107-160 nuclear pore subcomplex was shown to play an important role in kinetochore function in human [START_REF] Zuccolo | The human Nup107-160 nuclear pore subcomplex contributes to proper kinetochore functions[END_REF][START_REF] Chan | Kinetochore structure and function[END_REF], as its depletion affected the stability of kinetochoremicrotubule interactions [START_REF] Zuccolo | The human Nup107-160 nuclear pore subcomplex contributes to proper kinetochore functions[END_REF].

3) Corroborating the hypothesis that the NPC could play a determinant role in meiotic recombination, mutation in an Arabidopsis kinesin protein, PSS1, was recently found to play a similar role as AXR1 during meiosis (Yan Duroc and Raphäel Mercier, personal communication). Kinesins are motor proteins that bind to and move along microtubules by using the energy released from ATP hydrolysis [START_REF] Moore | Kinesin proteins: a phylum of motors for microtubule-based motility[END_REF]. They play a conserved role in spindle assembly and in the attachment of chromosomes to the spindle in eukaryotes [START_REF] Hoyt | Two Saccharomyces cerevisiae kinesin-related gene products required for mitotic spindle assembly[END_REF][START_REF] Sawin | Mitotic spindle organization by a plus-end-directed microtubule motor[END_REF][START_REF] Walczak | XKCM1: A Xenopus Kinesin-Related Protein That Regulates Microtubule Dynamics during Mitotic Spindle Assembly[END_REF][START_REF] Roof | Kinesin-related proteins required for assembly of the mitotic spindle[END_REF][START_REF] Scholey | Identification of kinesin in sea urchin eggs, and evidence for its localization in the mitotic spindle[END_REF]. Recently, kinesins were shown to bind to the nuclear pore and to drive its movement in yeast, playing a crucial role in chromatin organisation [START_REF] Steinberg | Motordriven motility of fungal nuclear pores organizes chromosomes and fosters nucleocytoplasmic transport[END_REF]. In addition to the A. thaliana PSS1, a rice PSS1 protein was also shown to play a role in meiosis [START_REF] Zhou | Pollen semi-sterility1 encodes a kinesin-1-like protein important for male meiosis, anther dehiscence, and fertility in rice[END_REF].

Interestingly, Arabidopsis pss1 mutants display the same class I crossover mislocalisation found in axr1, together with synapsis defects and normal levels of meiotic recombination (Yan Duroc and Raphäel Mercier, personal communication), drawing the attention to the role of nuclear pore complex organisation and the dynamics of meiotic recombination.

Ubiquitylation of nuclear pore complex proteins was already shown to control nuclear movements during mitosis in S. cerevisiae [START_REF] Hayakawa | Ubiquitylation of the nuclear pore complex controls nuclear migration during mitosis in S. cerevisiae[END_REF]. In addition, WD40containing proteins are known to act as platforms for the assembly of other protein complexes, as WD-40 motifs act as a site for protein-protein interaction [START_REF] Van Nocker | The WD-repeat protein superfamily in Arabidopsis: conservation and divergence in structure and function[END_REF][START_REF] Li | Human Genome and Diseases: ¶WD-repeat proteins: structure characteristics, biological function, and their involvement in human diseases[END_REF][START_REF] Neer | The ancient regulatory-protein family of WD-repeat proteins[END_REF]. Taking this data into account, it would be very important to consider that the CRL4 target(s) acting in meiosis would play a role in a complex network of proteins that is required for proper nuclear dynamics and organisation.

How exactly the nuclear pore organization and dynamics would be important for meiotic recombination and precisely, crossover localisation remains to be answered. However, it is known that pairing of homologous chromosomes and subsequent synapsis depend on interactions between chromosomes and the nuclear membrane at meiotic prophase in several organisms [START_REF] Penkner | The Nuclear Envelope Protein Matefin/SUN-1 Is Required for Homologous Pairing in C. elegans Meiosis[END_REF][START_REF] Sato | Cytoskeletal Forces Span the Nuclear Envelope to Coordinate Meiotic Chromosome Pairing and Synapsis[END_REF][START_REF] Penkner | Meiotic Chromosome Homology Search Involves Modifications of the Nuclear Envelope Protein Matefin/SUN-1[END_REF][START_REF] Ding | SUN1 Is Required for Telomere Attachment to Nuclear Envelope and Gametogenesis in Mice[END_REF][START_REF] Schmitt | Transmembrane protein Sun2 is involved in tethering mammalian meiotic telomeres to the nuclear envelope[END_REF][START_REF] Trelles-Sticken | Meiotic Telomere Protein Ndj1p Is Required for Meiosis-Specific Telomere Distribution, Bouquet Formation and Efficient Homologue Pairing[END_REF][START_REF] Scherthan | Chromosome mobility during meiotic prophase in Saccharomyces cerevisiae[END_REF]. In this same line of evidence, SUN/KASH proteins have been shown to connect chromosomes to the nuclear envelope and to be required for chromosome movement, which is important for homolog pairing and synapsis in several species [START_REF] Fridkin | SUN-domain and KASH-domain proteins during development, meiosis and disease[END_REF][START_REF] Hiraoka | The SUN Rises on Meiotic Chromosome Dynamics[END_REF][START_REF] King | A Network of Nuclear Envelope Membrane Proteins Linking Centromeres to Microtubules[END_REF][START_REF] Baudrimont | Leptotene/zygotene chromosome movement via the SUN/KASH protein bridge in Caenorhabditis elegans[END_REF][START_REF] Zhou | Novel plant SUN-KASH bridges are involved in RanGAP anchoring and nuclear shape determination[END_REF][START_REF] Akhmanova | Connecting the nucleus to the cytoskeleton by SUN-KASH bridges across the nuclear envelope[END_REF][START_REF] Morimoto | A conserved KASH domain protein associates with telomeres, SUN1, and dynactin during mammalian meiosis[END_REF][START_REF] Dernburg | Pushing the (nuclear) envelope into meiosis[END_REF]. Additionally, S. cerevisiae Tam1/Ndj1, a protein responsible for the attachment of telomeres to the nuclear periphery, was shown to be required for normal kinetics of meiotic recombination [START_REF] Chua | Tam1, a telomere-associated meiotic protein, functions in chromosome synapsis and crossover interference[END_REF][START_REF] Conrad | Ndj1p, a Meiotic Telomere Protein Required for Normal Chromosome Synapsis and Segregation in Yeast[END_REF][START_REF] Wu | Ndj1, a telomere-associated protein, promotes meiotic recombination in budding yeast[END_REF]. Interestingly, ndj1 mutant is one of the only mutant that abolishes interference without changing the average level of crossovers (see section I.5.2.4). However, this mutant presents increased levels of class II COs, which was suggested to be the cause for the interference abolishment (Getz et al., 2008).

Considering the above data, the crossover mislocalisation observed in axr1 could be a consequence of disturbed nuclear movement that would lead to incomplete homologous pairing. However, this is far from being proved. The generation and immunolocalisation of a CUL4 antibody would help to understand if AXR1 actually activates a CRL4 complex acting at the nuclear pore. Finally, the study of the relationship between crossover localisation and nuclear dynamics seem to open new promising windows. Future work in this subject is necessary to better understand if there is a real connection between these two processes.

III.3 CRL sequestration is regulating meiotic homologous recombination

I could show during my PhD that the CAND1 protein plays a crucial role in meiotic homologous recombination, since cand1 mutant presents a strong reduction in crossover formation and synapsis. The role of CAND1 in meiosis seems to be different from the neddylation role, as cand1 and axr1 are not epistatic. However, we cannot be sure of that until we know which CRL target is responsible for axr1 and cand1 phenotypes. In addition, CAND1 seems to play an earlier role in the recombination cascade, as shown in section II.3.

III. 3.1 CAND1 and the Inter-Homolog Bias

The cand1 capacity to abolish the chromosome fragmentation of rad51 mutants strongly suggests that DSBs are repaired in cand1-3 mutant. Three hypotheses could be considered to explain why DSB repair occur in cand1-3: (i) cand1-3 mutants would be proficient in interhomolog repair, even if they present a high incidence of univalents. As described in the section I.3.8, it is possible that even if DMC1 is still active in cand1-3, its function is not complete. Consequently, single end invasion would occur, but it would probably abort prematurely, leading to synapsis defects and CO reduction. (ii) On the other hand, one could imagine that IS repair would still occur in cand1-3, either by the action of RAD51 accessory proteins as RAD51C, RAD52 or XRCC3, even if their role as recombinase has not been demonstrated so far. (iii) Or a last hypothesis would be that IS repair would occur in a DMC1-dependent manner. Consistent with this idea, recent data has demonstrated that Arabidopsis DMC1 is proficient to repair from either the sister or the homologue [START_REF] Sanchez-Moran | ASY1 mediates AtDMC1dependent interhomolog recombination during meiosis in Arabidopsis[END_REF][START_REF] Kurzbauer | The recombinases DMC1 and RAD51 are functionally and spatially separated during meiosis in Arabidopsis[END_REF], as shown in earlier experiments performed in budding yeast [START_REF] Shinohara | Rad51 protein involved in repair and recombination in S. cerevisiae is a RecA-like protein[END_REF][START_REF] Schwacha | Interhomolog bias during meiotic recombination: meiotic functions promote a highly differentiated interhomolog-only pathway[END_REF]. The work from Kurzbauer and colleagues, which has described that the atr mutation restores chromosome fragmentation of rad51 mutants, has also showed that atr rad51 asy1 triple mutants are still able to repair DSBs. This seems to be done in a DMC1-dependent manner, using the sister chromatid as template, since the introgression of the asy1 mutation reduced even more the chromosome fragmentation of atr rad51 mutants [START_REF] Kurzbauer | The recombinases DMC1 and RAD51 are functionally and spatially separated during meiosis in Arabidopsis[END_REF]. These data support the idea that DMC1 could promote IS repair in cand1-3 mutants. However, this hypothesis needs further testing, making the analysis of the triple mutant dmc1 cand1-3 rad51 a crucial step for this work. In addition, it would be interesting to immunolocalise the RAD51 protein in cand1-3 simple mutants, in order to verify if RAD51 is present or not. In conclusion, the study of CAND1 in meiotic recombination seems to be a good opportunity to better understand the inter-homolog bias and the strand invasions step in Arabidopsis.

III. 3.2 A Relationship between CAND1 and CRL4?

Recently, the analysis of the Arabidopsis RETINOBLASTOME-RELATED (RBR) mutation has led to a similar meiotic phenotype as cand1-3. In their work, Chen and colleagues analysed the rbr-2 mutant which presented loss of RBR in male meiocytes, and resulted in reduced CO level (1.7 chiasmata), synapsis defect and a tendency for precocious separation of sister chromatids. In addition, loss of RBR compromises both, Class I and Class II COs [START_REF] Chen | Retinoblastoma protein is essential for early meiotic events in Arabidopsis[END_REF]. Interestingly, the rbr mutant seems to play a role at the same stage as cand1-3 in the recombination cascade, after DMC1 loading. However, differently from cand1-3 mutants, rbr mutants presented normal levels DMC1 foci. Surprisingly, RBR is known to interact with the DWD protein MSI1, making of it a good target for CRL4 MSI1 in meiosis [START_REF] Johnston | A Dynamic Reciprocal RBR-PRC2 Regulatory Circuit Controls Arabidopsis Gametophyte Development[END_REF].

This would imply that CAND1 also acts through the inhibition of the CRL4 complex in meiosis.

Finally, considering all these similarities, the analysis of msi1 and rbr mutants and their genetic interactions with cand1-3 is of great interest for my work. However, MSI1, as RBR loss-of-function alleles have been shown to lead to embryo lethality, as both proteins are required for female and male gametophyte development [START_REF] Köhler | Arabidopsis MSI1 is a component of the MEA/FIE Polycomb group complex and required for seed development[END_REF][START_REF] Ebel | Plant retinoblastoma homologues control nuclear proliferation in the female gametophyte[END_REF]. Consequently, the use RNAi meiosis-specific lines would be necessary to unravel MSI1 role during meiosis, as well as its interactions with RBR and CAND1. In addition, the immunolocalisation of CUL4 (through the use of CUL4-GFP fusion line or CUL4 antibodies) in cand1-3 mutants would help to understand if CRL4 complexes are modified or not in these mutants. Also, it would be interesting to search for other DWD proteins acting specifically in meiosis. This could be done by using yeast two-hybrid screens for CRL4 interactors on flower buds cDNA library. 
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 1 Figure 1: Meiosis Schematic representation of the two meiotic divisions of a diploid cell presenting two chromosomes (2n=2). Ploidy level (n) and DNA content (C) are represented for each cell. DNA replication (S phase) precedes meiotic divisions. In meiosis, two chromosome segregation steps generate four haploid gametes that are genetically different. In meiosis I, homologous chromosomes associate and exchange DNA information through the formation of chiasmata, the cytological representation of crossovers, which allow the correct segregation of homologous chromosomes at anaphase I. In meiosis II, sister chromatids segregate originating four gametes with half of the DNA content of the mother cell.
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 2 Figure 2: Mitosis Schematic representation of the mitotic division for a diploid cell presenting two chromosomes (2n=2).
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 3 Figure 3: Non-disjunction at the first segregation event Schematic representation of non-disjunction at meiosis I, leading to the formation of aneuploid gametes presenting either, a supernumerary copy of a chromosome (trisomy), or absence of a chromosome (monosomy). The mother cell is a diploid cell presenting four chromosomes (2n=4).
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 4 Figure 4: Connections formed between homologous chromosomes during meiosis Meiotic cells of most sexual organisms contain two sets of chromosomes, one from each parent (blue and orange): the homologous chromosomes. After DNA replication, each chromosome comprises a pair of sister chromatids held together by cohesin complexes (yellow). Sister centromeres (circles)

Figure 5 :

 5 Figure 5: Schematic representation of the five meiotic prophase I stages At leptotene, the axial element (AE) forms between two sister chromatids. At zygotene, AEs from each homolog pair and initiate the polymerisation of the central region of the Synaptonemal Complex (SC).

Figure 6 :

 6 Figure 6: Leptotene A-Schematic representation of chromosomes at leptotene. B-DAPI-stained Arabidopsis male meiocyte at the leptotene stage.C-ASY1-stained Arabidopsis male meiocyte at leptotene stage.

Figure 7 :

 7 Figure 7: The Axial Element (AE) Schematic representation of sister chromatids in the axis-loop organisation at leptotene. Axis are associated by axial proteins, whereas sister chromatids remain together through cohesion.

Figure 9 :

 9 Figure 9: Zygotene A-Schematic representation of the homologous chromosomes that start to synapse at zygotene. B-Polymerisation of the central element is visualised by the immunolocalisation of the transverse element protein ZYP1 in Arabidopsis meiocytes, together with immunolocalisation of the axial protein ASY1.

Figure 10 :

 10 Figure 10: Synaptonemal complex formation Schematic representation of the pairing of axial elements (AEs) from each homologous chromosome,

Figure 11 :

 11 Figure 11: Early recombination nodules (ENs) Examples of segments of spread zygotene synaptonemal complexes with early nodules (arrows) from (A) C. betacea. (B) T. edwardsiana and (C) P. nudum. From (Anderson et al., 2001).

Figure 12 :

 12 Figure 12: Pachytene A-Schematic representation of fully synapsed chromosomes at pachytene. B-Chromosome axis marked by the ASY1 immunolabelling of an Arabidopsis meiocyte at pachytene. C-The same pachytene meiocyte immune-labelled for the transverse filament protein ZYP1. D-Superposition of B and C pictures, showing complete polymerisation of the synaptonemal complex.

Figure 13 :

 13 Figure 13: Locusta migratoria synaptonemal complexes (SCs) A-Complete SCs, each with a recombination nodule (arrows). nc-non-centromeric end. Bar represents 2 µm. B-Enlargement of RN (arrow) in A; The RN is on the central element (ce) of the SC (se). lelateral element. Bar represents 0.5 µm. From (Bernelot-Moens and Moens, 1986).

Figure 14 :

 14 Figure 14: Diplotene and diakinesis A-Schematic representation of chromosomes at diplotene. B-DAPI-stained Arabidopsis chromosomes at the diplotene stage. C-Schematic representation of chromosomes at diakinesis. D-DAPI-stained Arabidopsis chromosomes at diakinesis.

Figure 15 :

 15 Figure 15: Metaphase I and anaphase I A-Schematic representation of metaphase I: Homologous chromosomes are connected through a chiasma and sister cohesion is present at chromosome arms and centromeres. B-Arabidopsis meiotic chromosomes at metaphase I stained with DAPI C-Schematic representation of anaphase I: Cohesion is lost from the chromosome arms, allowing homologous chromosomes to segregate to opposite pole from the cell. Centromeric cohesion is maintained. D-DAPI-stained Arabidopsis chromosomes in anaphase I. Homologous chromosomes migrate to opposite poles of the cell after loss of cohesion from chromosome arms.

Figure 16 :

 16 Figure 16: Metaphase II, anaphase I and telophase II A-Schematic representation of metaphase II: Sister chromatids are connected only through centromeric cohesion and prepare to segregate. B-DAPI-stained Arabidopsis cell at metaphase II, showing sister chromatids at the metaphase plate. C-DAPI-stained Arabidopsis cell at anaphase II, where sister chromatids have already segregated to the opposite poles. D-DAPI-stained Arabidopsis cell at telophase II. Four batches of five sister chromatids are observed and start to decondense.

Figure 17 :

 17 Figure 17: Cohesin complex Cohesin complexes are composed of two SMC proteins, SMC1 and SMC3, and two non-SMC proteins, SCC3 and SCC1 or REC8 (in meiosis).

Figure 18

 18 Figure 18: Loss of cohesion A-In mitosis, cohesion is lost at the same time from chromosome arms and centromeres B-In meiosis, there is a stepwise loss of cohesion : first, cohesion from chromosome arms is lost at the metaphase I to anaphase I transition, then, centromeric cohesion is lost at the metaphase II to anaphase II transition.

Figure 19 :

 19 Figure 19: Condensin complexes Subunit composition of three different condensin complexes. Condensin I (left) and condensin II (center) share the same pair of SMC2 and SMC4 as their core subunits. The SMC dimer has a characteristic V shape with two ATP-binding ''head'' domains and a ''hinge'' domain responsible for dimerization. Each of the three non-SMC subunits of condensin I has a distantly related counterpart in those of condensin II. The CAP-H and CAP-H2 subunits belong to the kleisin family of proteins, whereas the CAP-D2, CAP-G, CAP-D3, and CAP-G2 subunits contain HEAT repeats. (Right) C. elegans has a condensin I-like complex (condensin IDC) that participates in dosage compensation. Condensin IDC differs from canonical condensin I by only one subunit: DPY-27, an SMC4 variant (SMC4V), replaces SMC4 in condensin IDC. Modified from[START_REF] Hirano | Condensins: universal organizers of chromosomes with diverse functions[END_REF].

Figure 20 :

 20 Figure 20: Synaptonemal complex formation Polymerisation of the transverse filament protein ZYP1 between two lateral elements, as already shown in Figure 10.

Figure 22 :

 22 Figure 22: DSB formation proteins in S. cerevisiae Schematic representation of DSB proteins and their interaction in budding yeast. Interaction detected by co-immunoprecipitation (red), or yeast two-hybrid assays (grey and black). In grey, interaction

(

  in this case by phosphorylation of Rec114). Second by global signalling of successful completion of homolog synapsis; this would result in irreversible global inactivation of the DSB machinery (in this case, by synapsis-dependent removal of Rec114 and Ndt80dependent degradation of Rec114).

Figure 24 :

 24 Figure 24: Spo11 removal and DSB-end resection After DSB formation by Spo11, DNA oligonucleotides covalently bound to Spo11 (Spo11 oligos) are removed after asymmetrical end resection by the endonuclease activity of the MRX complex and Sae2.

Figure 25 :

 25 Figure 25: Bidirectional DSB end resection Mre11-dependent nicking flanking the DSB ends creates initiation sites for bidirectional resection by Exo1 away from the DSB, and by Mre11 towards the DSB end. DSBs are blocked by covalently bound

Figure 26 :

 26 Figure 26: Single-end invasion After DSB end resection, Rpa loading occurs as a pre-requisite for recombinase loading. Rad51 and Dmc1 recombinases (violet and orange spiral chains, respectively) form nucleoprotein filaments on opposite sides of the DSB. Asymmetric strand invasion yields a stable strand exchange intermediate, called D-loop. Modified from[START_REF] Neale | Endonucleolytic processing of covalent protein-linked DNA double-strand breaks[END_REF].

Figure 27 :

 27 Figure 27: Inter-homolog (IH) bias In meiosis, DSB repair is biased towards the use of the homologous chromosome as a template, in order to guarantee CO formation and consequently, the correct chromosome segregation at the end of meiosis I. Sister-chromatid cohesion (SCC, in red) help maintaining the chromosome structure for DSB repair. Modified from (de Massy, 2013).

Figure 28 :

 28 Figure 28: Role of DMC1 in homologous DSB repair After DSB formation and end resection, RPA is loaded on both DNA strands of a sister chromatid.

Figure 29 :

 29 Figure 29: NCO formation A-SDSA: after D-loop formation, single end is displaced after limited amount of DNA synthesis. It subsequently anneals with the other DNA end, resulting in non-crossover formation. Sgs1 plays a role at this process.B-Dissolution of dHJs by branch migration and decatenation, generating a non-crossover. The yeast STR complex is responsible for this entire process. Sgs1 helicase acts on branch migration and the topoisomerase activity is required for decatenation.

Figure 30 :

 30 Figure 30: Revised DSB Repair Model A-NCO generation by SDSA through the activity of Sgs1. B-SEI stabilisation and protection by ZMM proteins, which leads to CO generation. C-Dissolution of joint molecules by the STR complex through branch migration and decatenation, generating NCOs. D-Overlapping activities of structure-selective nucleases (Mus81-Mms4, Yen1 and Slx4-Slx1), which generate COs, but also NCOs.

Figure 31 :

 31 Figure 31: Interference models Chromatids are shown in green and yellow. Small light blue circles represent recombination precursors and CO designated sites are shown as larger circles marked with "CO". A-The Polymerisation Model. The interference polymer is shown as a large arrow emanating from CO sites, and CO precursors removed by the polymer are shown to the right accompanied by a dashed arrow. B-The Counting Model. In this diagram, three intervening NCOs (outlined in a red box) occur between COs. From(Berchowitz and Copenhaver, 2010).

  HEI10 and mouse MSH4 foci formation suggest that these proteins are recruited early at DSB formation sites marked also by RAD51 and DMC1. These early foci were shown to present interference in mouse. Then, at late prophase, MSH4 and HEI10 foci number reduced and 92 were shown to co-localise with MLH1 foci at chiasmata. Their number corresponded to class I CO number. These mouse MLH1 foci presented stronger interference than early foci did[START_REF] De Boer | Meiotic interference among MLH1 foci requires neither an intact axial element structure nor full synapsis[END_REF]. Similarly in tomato, early recombination nodules (ENs) and late recombination nodules (LNs) show a distribution indicative of interference, but the interference strength is stronger between LNs. The occurrence of early HEI10 and MSH4 foci indicated that these proteins play an early role recognising all DSBs, selecting a fraction of the recombination intermediates that would generate class I COs through the activity of "late" ZMM proteins as MLH1. Other studies corroborate to this idea, showing that A.

Figure 32 :

 32 Figure 32: The ubiquitylation cascade Ubiquitin is first activated by the E1 enzyme using ATP. The second step is the transfer of ubiquitin from E1 to the active site (cysteine) of E2. Finally, E2 and ubiquitin bind to the E3 ubiquitin ligase, subsequently allowing the ubiquitylation of target substrates. Several cycles of ubiquitylation result in the formation of a polyubiquitin chain that targets the substrate for degradation by the 26S proteasome.

Figure 33 :

 33 Figure 33 : Composition of a CRL (Cullin-RING Ligase)

Figure 34 :

 34 Figure 34: Classes of CRLs Representation of active CRLs, which in addition to the core CRL, also have attached NEDD8 and Ub. A-CRL1: cullin-RING Ligase 1, composed of CUL1-RBX1, the adaptor SKP1 and a F-box protein as substrate receptor. CRL1 are also called SCF (SKP1-CUL1-F-box).

  pigmentosum complementation group C (XPC), Damaged DNA binding protein 1 (DDB1), Damaged DNA binding protein 2 (DDB2) and Cockayne syndrome A and B (CSA and CSB)

Figure 35 :

 35 Figure 35: Role of CRL4 and ubiquitylation in Nucleotide Excision Repair A-Helix-distorting lesions are substrates for XPC and DDB2. XPC binds to the undamaged strand of helix-distorted lesions. DDB2 becomes part of CRL4. CRL4 DDB2 binds to the damaged site. Both DDB2 and XPC are substrates of the CRL4, however only DDB2 is

Figure 36 :

 36 Figure 36: CRL Regulation Left-CRLs can be activated through neddylation and phosphorylation, leading to protein degradation by the 26S proteasome.

Figure 37 :

 37 Figure 37: Stimulation of CRL activity by neddylation A-An inactive CRL, containing only CUL-RBX1, can first associate with its adaptor and substrate receptor, and then be neddylated resulting in an active CRL.B-An inactive CRL, containing only CUL-RBX1, can first be neddylated and then it would assemble its adaptor and substrate receptor units, resulting in an active CRL.

Figure 39 :

 39 Figure 39: Comparison of the ubiquitylation pathway (left) to the neddylation pathway (right)

Figure 40 :

 40 Figure 40: Deneddylation by the COP9 Signalosome (CSN) NEDD8 is removed from an active CRL through the action of CSN, resulting in an inactive deneddylated CRL. Cycles of neddylation and deneddylation occurs.

Figure 41 :

 41 Figure 41: H yperneddylation and hyponnedylation lead to the same phenotype Left-Lack of deneddylation activity leads to hyperneddylation of CRLs. In this case, substrate receptor proteins are auto-ubiquitylated, significantly reducing the levels of substrate receptor and consequently, resulting in reduced CRL activity. Consequently, substrates accumulate.

Figure 42 :

 42 Figure 42: CAND1 binding to CRLs CAND1 interaction with CRLs prevents the reassembly of a new CRL by blocking both the adaptor binding site and the Nedd8 conjugation site. CAND1 binding inactivates the CRL.

Figure 43 :

 43 H ypothesis for Control of CRL Assembly by Substrate

120

  Many questions remain to be answered: Why is CAND1 required in addition to CSN to prevent auto-ubiquitylation? How is CAND1 released from CUL-Rbx1 in cells? Is dimerization a rule for cullin activity? What regulates the association of CRLs with CSN and the dissociation of CRLs from CSN? Further work is necessary in order to highlight details of CRL regulation in several species.

Figure 44 :

 44 Figure 44: Model of CRL Regulation Cycle

Figure 45 :

 45 Figure 45: axr1 Mutation Leads to Accumulation of Auxin Repressors Auxin regulates transcription by promoting ubiquitin-mediated degradation of Aux/IAA auxin repressors. In the absence of AXR1 (and neddylation), SCF TIR1/AFB is unable to recognise Aux/IAA, leading to accumulation of these repressors, which results in auxin resistance.

Figure 1 :

 1 Figure 1: AXR1 gene and axr1 mutations The arrow indicates the orientation of the open reading frame. Exons are shown as boxes (pink: UTR, black: CDS).The EGS344 mutant displays a large deletion associated with an insertion of exogenous Agrobaterium plasmid Ti that disrupts the AXR1 gene from nucleotide 91 (40bp 5' to the ATG). In the EVM8 mutant, an in frame deletion of 312 bp occurred between exons 3 and 4, generating a 20 aa deleted protein. In EIC174, a single nucleotide insertion (A) occurred in exon 6 (position 1364 of the genomic sequence, corresponding to nt 688 in the cDNA) leading to a premature stop codon (a 222 aa protein will be produced instead of 540 aa in wild type).

  N877898, corresponding to Sail_904E06 line, a T-DNA insertion occurred in intron 11. References used for this figure are Tair Accession 4010763662 for genomic sequence, and Tair accession 4010730885 for the cDNA sequence.

  During wild-type meiosis prophase I (Figure 3A-D), meiotic chromosomes condense, recombine, and undergo synapsis, resulting in the formation of five bivalents, each consisting of two homologous chromosomes attached to each other by sister chromatid cohesion and chiasmata, which become visible at diakinesis (Figure 3D, arrows). The close association of homologous chromosomes along their length, indicative of synaptonemal complex

Figure 3 :

 3 Figure 3: axr1 mutants show normal meiotic progression but a reduction in bivalent formation at metaphase I DAPI staining of meiotic chromosomes in wild type (A-H) and axr1 (I-P). At the onset of meiotic prophase I (A, I) chromosomes can be identified. Then, alignment and synapsis proceeds, leading eventually to pachytene stage in wild type (B) where homologous chromosomes are synapsed on all

Figure 5 :

 5 Figure 5: Bivalent shortage affects similarly each pair of chromosomes Fluorescent In Situ Hybridisation (FISH) on metaphase I cells was performed with probes directed against the 45S (green) and the 5S (red) rDNA that allow the identification of chromosomes 1 (unlabelled), 2 (green labelled) and 4 (green and red labelled), while chromosomes 3 and 5 cannot be distinguished (red labelled). In wild type, each chromosome pair represents 20% of the total number of bivalents (A, D, centre circle, in light, n=21 cells). In axr1 (B, D, N877898 allele, external circle, n=28)

Figure 6 :

 6 Figure 6: Chromosome axis is similar between wild type and axr1 Immunolocalisation of ASY1 (A, B), REC8 (C, D) and SCC3 (E, F) on wild type (A, C, E) and axr1 (B, D, F) prophase meiotic cells. Bar= 5 µm

Figure 7 :

 7 Figure 7: COs in axr1 are ZMM dependent The level of bivalent formation as well as the minimum chiasma numbers were measured and given in proportion to the respective axr1 level (in Col-0 background: axr1zip4, axr1msh5, axr1msh5mus81, axr1mus81 and axr1mlh1 and in Ws-4 ecotype: axr1hei10 axr1mer3 and axr1msh4).

Figure 8 :

 8 Figure 8: Aberrant localisation of class I COs in axr1 HEI10 or MLH1 was immuno-localised on spread chromosomes from wild-type (A, B, E, Col-0) or axr1 (C, D, F) meiocytes from late pachytene to diakinesis. In axr1, the average amount of HEI10 or MLH1 foci per cell is similar than in wild type (G).

Figure 10 :

 10 Figure 10: CULLIN4 is involved in meiotic recombination in the same pathway as axr1.

Fig. 1 :

 1 Fig. 1: The ecr1-1 mutant A-Plant height (cm) (From Woodward et al., 2007). B-Pollen viability of Col-0. C-Pollen viability of ecr1-1.

Fig. 2

 2 Fig. 2 Phenotypes of described ECR1 C215A transgenic lines A-Phenotypes of ECR1 C215A transgenic plants at 42 days. B-Phenotype of a wild type plant at 42 days.

Fig. 3

 3 Fig. 3 rce1 mutants A-Phenotypes of rce1-2 mutant (left) and wild-type (right) plants. B-Alexander of rce1-2 (left) and wild-type (right). Dead pollen is indicated by an arrow. C-Tetrads of microspore of rce1-2 (left) and wild-type (right).

Fig. 5

 5 Fig. 5 Phenotypes of RBX1 overexpression lines A-Morphology of siliques: wt (left) and two Col(35S::RBX1) plants (right). B-Phenotype of a wild type plant. C and D-Phenotype of two independent Col(35S::RBX1) plants.

Fig. 6

 6 Fig. 6 Phenotypes of csn5a mutants A-six-week-old wild type and csn5a plants grown in the greenhouse B-six-week-old plants grown in the culture chamber: blue arrows indicate csn5a plants, red circles indicate csn5acsn5b+/-plants

Fig. 8

 8 Fig. 8 Phenotype of cul1 plants Vegetative phenotype of Col-0 and cul1 mutant plants (cul1-6 and eta1) and the heterozygous axr6-2.

Fig. 9

 9 Fig. 9 Chromosome DAPI staining of male meiocytes.

Fig. 10

 10 Fig. 10 Metaphase I cells from auxin signalling mutants Bar: 10µm

Fig. 13

 13 Fig. 13 Meiotic phenotype of ddb1 and ddb2 mutants A-C: Alexander, metaphase I and telophase II cells of ddb1a+/-ddb1b-/-mutants. D-F: Alexander, metaphase I and telophase II cells of ddb1a-/-ddb1b+/-mutants. G-I: Alexander, metaphase I and telophase II cells of ddb2 mutants. Bar: 10µm.

For

  the DDB2 gene, I scored three different alleles. For the FLAG_286F01 line (containing a T-DNA insertion in the first DDB2 intron) no homozygous mutant plants could be recovered, showing that this mutation is lethal. The second allele I analysed, a SALK T-DNA insertion (N674556/ddb2-3) located in DDB2 promotor was already shown to provoke an overall reduced DDB2 expression (Biedermann and Hellmann, 2010). ddb2-3 mutants have normal pollen grains and balanced microspore tetrad formation. DAPI staining of meiotic chromosomes revealed completely normal meiosis (n=21, Fig 13H-I). The last ddb2 mutant line (RATM53-3351-1) I analysed is an already described hypomorph mutant (Molinier et al., 2008) for which no defects neither in pollen viability nor in meiosis could be detected.. Considering the CSA-1 gene, I analysed two SALK T-DNA insertion lines: N658172

Fig. 14

 14 Fig. 14 Phenotype of cand1 plants A-Wild type (left) and cand1-2 (right) plants. B-Strong vegetative phenotype of cand1-3 plants.

Fig. 16 DAPI

 16 Fig. 16 DAPI staining of cand1-3 male meiocytes. A-pachytene-like stage; in detail: red arrow indicates synapsed region of chromosome, blue arrow indicates non-synapsed chromosome region; B-diakinesis; C-metaphase I; D-anaphase I; E-anaphase II; F-telophase II. Bar: 10µm.

Fig. 17

 17 Fig. 17 Absence of bivalent formation A-metaphase I cells from single spo11 mutant B-metaphase I cells from the double mutant cand1-3spo11. Bar: 10µm.

Fig. 18

 18 Fig. 18 Evidence of chromosome fragmentation or cohesion lossThis was observed in 97% of cand1-3 metaphase II cells and in 42% of cand1-3spo11 metaphase Ianaphase I cells. Bar: 10µm.

Fig. 21

 21 Fig. 21 Immunolocalisation of MLH 1 protein Left: wild-type meiocytes; right: cand1-3 meiocytes. Arrows indicate MLH1 foci in the mutant. Bar: 5µm.

Fig. 22

 22 Fig. 22 Frequency of chiasmata in different mutantsFrequency of chiasmata (in %) of metaphase I cells presenting zero (0), one[START_REF] Jones | The control of chiasma distribution[END_REF], two (2), three (3), four[START_REF] Mézard | The road to crossovers: plants have their say[END_REF] or five[START_REF] Keeney | Initiation of meiotic recombination by formation of DNA doublestrand breaks: mechanism and regulation[END_REF] chiasmata in different mutants.

Fig. 23 DAPI

 23 Fig. 23 DAPI staining of male meiocytes Meiosis of rad51 (A, C, E) and cand1-3rad51 (B, D, F) mutants at metaphase I (A, B), anaphase I C, D) or anaphase II (E, F). Bar: 10µm.

Fig. 24

 24 Fig. 24 Epistasis analysis showing the mean number of bivalents per cell in cand1-3 and each double mutant
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 1 DSB formation proteins

Table 3 :

 3 Number comparison of cullin-RING ligase adaptors among selected eukaryotesFigure 35: Role of CRL4 and ubiquitylation in Nucleotide Excision Repair

Table 4 :

 4  

Table 1 :

 1 List of neddylation mutants analysed in this work

  Drosophila and mammals, the majority of COs are class I COs, while S. pombe presents only class II COs, and and C. elegans presents only class I COs in normal conditions

. On the other hand, the second class of COs (class II COs) is not subjected to interference. Different organisms present different requirements of each CO pathway. For example, in S. cerevisiae, Arabidopsis, tomato (Solanum lycopersicum),

Table 2 :

 2 Class I CO formation genes

Identified genes homologous to budding yeast Class I CO formation genes. From Macaisne 2010, thesis.

Table 3 :

 3 

	During my PhD, I identified a new function of cullin 4 during meiosis, which drives me to
	present in more details our knowledge on this cullin.

Number comparison of cullin-RING ligase adaptors among selected eukaryotes

a The first number indicates the total gene number and the second number indicates likely intact genes without predicted pseudogenes. From

(Hua and Vierstra, 2011)

.

Table 1 :

 1 List of neddylation mutants analysed in this work

						microspore
	Function	Gene	ID	allele	pollen viability	tetrad
				ecr1-1	normal	normal
	E1	ECR1	AT5g19180	N676666	normal	normal
					heterozygous	
				N643848	/normal	not done
	E1	AXL1	At2g32410	FLAG_181G12	normal	normal
	E2	RCE1	At4g36800	FLAG_378F11/rce1-2	1% abortion	normal
	E3	RBX1A	At5g20570	N675661	heterozygous	not done
					/normal	
				FLAG_087B01	heterozygous	not done
					/normal	

Table 2 :

 2 List of all auxin-signalling genes analysed in this work

Table 3 :

 3 CRL4-interacting proteins analysed in this work

	202

Table A :

 A List of mutant lines described in the complementary results and genotyping oligonucleotides

	Allele	From	PCR genotyping -WT	Mutant
	ecr1-1	Bonnie Bartel	LP CTCAAGTGAAGTTTCCGTTGTGGACT	digested with HinfI
			RP AGACTACAGAAAGAATTCATTGACATACC	
	N676666	SALK	LP GGGACCGTGATAATGATGATG	RP + LbSalk2
			RP TTGAGAAGCTCACAACCCAAC	
	N643848	SALK	LP CAGCTGAGGGATGACATAAGG	RP + LbSalk2
			RP CAGCTCTCCTGATAGCCTGTG	
	FLAG_181G12	INRA Versailles	LP CTCTGCGGAATATACGCAAAC	RP + Tag5
			RP AAGAGTGCACCTTAGCTGACG	
	FLAG_378F11/rce1-2	INRA Versailles	LP TAGGGTTGTGTTACGGAATGG	RP + Tag5
			RP ACCCACACACACAGCTGTGAC	
	N675661	SALK	LP GAGAATGGAGTATGCGAGCTG	RP + LbSalk2
			RP GATCCATGATGTGGTTTCTGC	
	FLAG_087B01	INRA Versailles	LP CGAGTCTTTAGCCATCTGCTG	RP + Tag5
			RP CGTCGTCTTCCAACAAGAAAG	
	N678375/ddb1a-2	Pascal Genschik	LP TGGGCTCAACTAGAAAATATGG	RP + LbSalk2
			RP CTTGAGGAATTGCAGGTTCTG	
	N677755/ddb1b-2	Pascal Genschik	LP TGTTTCGTGGATGTAGGGAAG	RP + LbSalk2
			RP GAGCTTGGATTTGCTTCAGTG	
	FLAG_286F01	INRA Versailles	LP AGTATTGCTCGTGAGAGCCAC	RP + Tag5
			RP AGGAATTCTCGGTTGGAGTTG	
	N674556	SALK	LP GGAAGTGGGAGTAGGAACTCG	RP + LbSalk2
			RP TTTTCCCTCCATTTTTAACCG	
	RATM53_3351-1	RIKEN	LP CAAGCAAGGAAGCAAAGTTTG	RP+Ds5-2a
			RP CTTCATCGTCTTCATCATCGC	
	N658172	SALK	LP TGTGGATTTTAAAATGCCTGG	RP + LbSalk2
			RP CCAGCAGATGCTGCCTATAAC	
	N651258/csa-1,1	SALK	LP GCTGCTGGAACTGAAGATGTC	RP + LbSalk2
			RP CCAGCAGATGCTGCCTATAAC	
	FLAG_269E12	INRA Versailles	LP ACCCACACATCAGAGTGGAAG	RP + Tag5
			RP GGAAGAACTGACTTAGCGTTGG	
	N432522	SALK	LP AGGTGGTTGTGCGTAAAAATG	RP + LBGabi
			RP TCTTTGGTTTGGTTTGGTTTG	
	CS403514	SALK	LP AACATTGGGCCATAATAAGGC	RP + LBGabi
			RP TATTTCCCAACACCTCACCTG	
	cand1-2/N599479	SALK	LP ATTTCGGATCCCATCAAAATC	RP + LbSalk2
			RP AAGCTATACTCGCGAAGCTCC	
	cand1-3/N610696	SALK	LP CATCCACAACATGCTTGAATG	RP + LbSalk2
			RP TATGCTCTTGGAAACATTGCC	
	csn5a-1/N563436	Pascal Genschik	LP CCCTCCCAAGTTTTAAAATCG	RP + LbSalk2
			RP ATGCCAAATCTATGTGTTGCC	
	csn5b-1/N659643	Pascal Genschik	LP AATCCCCGAAGTAACATTTTTG	RP + LbSalk2
			RP CATTACCCAGCAGTGGAGAAG	

Table 4: DDB1-interacting proteins in A. thalianaCo-IP, Co-immunoprecipitation; Y2H, Yeast two-hybrid system. Reviewed in(Biedermann and Hellmann, 2011).
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five chromosomes (Figure 3G and 3H), which gives rise to tetrads of four spores (Figure 2E). In order to analyse further the bivalent shortage observed in axr1, we used fluorescence in situ hybridization (FISH) analyses on PMCs. Metaphase I chromosomes were labelled with probes for the 45S and 5S rDNA repeats, allowing the identification of chromosomes 1, 2 and 4 individually (Figure 5). Chromosomes 3 and 5 could not be discriminated from each other with these probes and were pooled. First, we observed A: Genetic distances were compared among wild type, axr1, and axr1 mus81 using the fluorescenttagged lines developed by [START_REF] Berchowitz | Fluorescent Arabidopsis tetrads: a visual assay for quickly developing large crossover and crossover interference data sets[END_REF]. Intervals are described in [START_REF] Berchowitz | Fluorescent Arabidopsis tetrads: a visual assay for quickly developing large crossover and crossover interference data sets[END_REF] and correspond to three pairs of adjacent intervals (I5a and I5b, I5c and I5d, I3c and I3d) either on chromosome 5 or 3. B: Interference ratio (IR) where calculated comparing the map distance without adjacent CO to the map distance with adjacent COs as defined in [START_REF] Berchowitz | Fluorescent Arabidopsis tetrads: a visual assay for quickly developing large crossover and crossover interference data sets[END_REF]. When the occurrence of a crossover reduces the probability of another CO from occurring in the adjacent interval, the interference ratio is below 1.

When COs in the two adjacent intervals are independent of each other, the interference ratio is 1. axr1 and axr1 mus81 IR were all statistically different from the corresponding wild-type IR (p<0.01). When compared to 1, IR statistically different from 1 were only observed in wild type (*: p<0.05, **: p<0.01). 

Materials and Methods

Plant material

Ws-4 lines (including EGS344, EIC174 and EVM8) were obtained from the Versailles collection of Arabidopsis T-DNA transformants available at http://wwwijpb.versailles.inra.fr/en/sgap/equipes/variabilite/ crg/ [START_REF] Bechtold | In Planta, Agrobacterium mediated gene transfer by integration of adult Arabidopsis thaliana plants[END_REF].

Col-0 lines (including N877898 (Sail_904E06) and N3076=axr1-12) were obtained from the collection of T-DNA mutants from the Salk Institute Genomic Analysis Laboratory (Columbia accession) (SIGnAL, http://signal. salk.edu/cgi-bin/tdnaexpress) [100] and provided by NASC (http://nasc.nott.ac.uk/).

Other mutant alleles used in this study are listed below: msh4 Ws (EXY25) [START_REF] Chelysheva | The Arabidopsis HEI10 is a new ZMM protein related to Zip3[END_REF], msh5 Col (SALK_026553)[101]; hei10 Ws (EQO124) [START_REF] Chelysheva | The Arabidopsis HEI10 is a new ZMM protein related to Zip3[END_REF], zip4 Col (SALK_068052) [START_REF] Chelysheva | Zip4/Spo22 is required for class I CO formation but not for synapsis completion in Arabidopsis thaliana[END_REF]; mer3 Col (mer3-2, SALK_091560) [START_REF] Mercier | Two meiotic crossover classes cohabit in Arabidopsis: one is dependent on MER3,whereas the other one is not[END_REF], mlh1 Col (SK_25975) [START_REF] Chelysheva | The Arabidopsis HEI10 is a new ZMM protein related to Zip3[END_REF],

mus81 Col (SALK_107515) [START_REF] Berchowitz | The role of AtMUS81 in interference-insensitive crossovers in A. thaliana[END_REF], rad51 Col (Gabi_134A01) [102], mre11 Col (mre11-4, Salk_067823), rmi1/blap75 Ws (blap75-1, FCN288) [START_REF] Chelysheva | The Arabidopsis BLAP75/Rmi1 homologue plays crucial roles in meiotic double-strand break repair[END_REF], cul1-6 Col [START_REF] Moon | A new CULLIN 1 mutant has altered responses to hormones and light in Arabidopsis[END_REF], axr6-2 Col (N3818) [52], axr6-3 Col (eta1) [START_REF] Quint | Characterization of a novel temperature-sensitive allele of the CUL1/AXR6 subunit of SCF ubiquitin-ligases[END_REF], cul3w Col [START_REF] Thomann | Arabidopsis CULLIN3 genes regulate primary root growth and patterning by ethylene-dependent andindependent mechanisms[END_REF], cul4-1 Col [START_REF] Bernhardt | CUL4 associates with DDB1 and DET1 and its downregulation affects diverse aspects of development in Arabidopsis thaliana[END_REF].

Growth conditions

Plants were cultivated in a greenhouse or growth chamber under the following conditions: photoperiod 16 h/day and 8 h/night; temperature 20°C day and night; humidity 70%.

AXR1 cloning

In a screen for A. thaliana T-DNA (Agrobacterium tumefaciens transferred DNA) insertions that generate meiotic mutants, we isolated three mutant lines (EGS344, EIC174, EVM8) that segregated 3:1 (indicating a single recessive mutation) for reduced fertility, meiotic defects and bushy vegetative phenotype. Linkage analysis between the From [START_REF] Dharmasiri | The RUB/Nedd8 conjugation pathway is required for early development in Arabidopsis[END_REF].

Supporting Information

II.1.2.4 RBX1

Two RBX-like genes can be identified in the Arabidopsis genome, RBX1A (At5g20570) and RBX1B (At3g42830). However, only RBX1A seems to be expressed [START_REF] Gray | Role of the Arabidopsis RING-H2 protein RBX1 in RUB modification and SCF function[END_REF]. The function of RBX1 is to bind the ubiquitin-conjugating enzyme E2 and to bring it into close proximity with the E3 substrate [START_REF] Gray | Role of the Arabidopsis RING-H2 protein RBX1 in RUB modification and SCF function[END_REF]. 

II.2.3 Meiotic screening of CRL4-interacting proteins

My work has highlighted the role of neddylation in meiotic recombination through the activation of a CRL4 complex. In order to better understand the role of CRL4 complexes in meiosis and to try to unravel which substrate protein(s) act(s) as a target during meiosis, I have investigated the meiosis of known cullin 4 interactors, as the adaptor protein DDB1 (DDB1A or DDB1B) and several substrate receptors having a DWD (DDB1-binding-WD40 protein) domain (table 3).

II.2.3.1 The DDB1 proteins

Two homologs of DDB1 are present in the Arabidopsis genome, DDB1A and DDB1B [START_REF] Schroeder | De-etiolated 1 and damaged DNA binding protein 1 interact to regulate Arabidopsis photomorphogenesis[END_REF]. Both proteins are required for embryo development, but their roles is not completely overlapping [START_REF] Bernhardt | Arabidopsis DDB1a and DDB1b are critical for embryo development[END_REF]. DDB1A was recently suggested to play a role in DNA damage repair, as its overexpression enhanced UV resistance (Al Khateeb and [START_REF] Al Khateeb | Overexpression of Arabidopsis damaged DNA binding protein 1A (DDB1A) enhances UV tolerance[END_REF].

Considering the DDB1A gene, I analysed a SALK T-DNA insertion (ddb1a-2 -N678375 - [START_REF] Alonso | Moving forward in reverse: genetic technologies to enable genome-wide phenomic screens in Arabidopsis[END_REF]) that is located in the 9 th exon, leading to a non-functional truncated protein [START_REF] Bernhardt | Arabidopsis DDB1a and DDB1b are critical for embryo development[END_REF]. ddb1a-2 mutants cannot be distinguished from wild type in their vegetative or reproductive development (not shown). Considering the DDB1B gene, I used a SALK allele (ddb1b-2: N677755 - [START_REF] Alonso | Moving forward in reverse: genetic technologies to enable genome-wide phenomic screens in Arabidopsis[END_REF]), whose insertion locates in the last exon of DDB1B, leading to a partially functional protein [START_REF] Bernhardt | Arabidopsis DDB1a and DDB1b are critical for embryo development[END_REF].

Again, no vegetative, nor meiotic defect was observed. Considering that double mutant ddb1b-2 ddb1a-2 is lethal (described in [START_REF] Bernhardt | Arabidopsis DDB1a and DDB1b are critical for embryo development[END_REF], I analysed the ddb1a ddb1b-2/+ and ddb1b-2 ddb1a-2/+ sesquimutants. In both cases, strong pollen abortion was observed (Fig. 13A andD). Consequently, I investigated the meiotic chromosome behaviour of these two sesquimutants. No meiotic defect was detected in ddb1b-2 ddb1a-2/+ mutants (n=88); Fig. 13B-C), suggesting that the pollen lethality observed originates from a gametophytic abortion but is not a consequence of meiotic defects. Considering the ddb1a ddb1b-2/+ mutants, most meiotic cells were normal (n=18), but evidence of chromosomal translocation could be obtained from several metaphase I and diakinesis (n=3) cells (Fig. 13E, suggesting that chromosomal rearrangements might be present in one of the mutant line used. Besides, all telophase II cells presented the characteristic microspore tetrad (Fig. 13F), suggesting that Next, we analysed the nuclear distribution of the DMC1 protein, a meiosis-specific recombinase known to form foci at recombination sites (Chelysheva et al., 2007;Keeney and Neale, 2006;[START_REF] Vignard | The interplay of RecA-related proteins and the MND1-HOP2 complex during meiosis in Arabidopsis thaliana[END_REF]. To follow DMC1 foci formation throughout meiosis, coimmuno-localisation was performed with antibodies that recognise the meiotic cohesin protein REC8. In wild-type Arabidopsis, DMC1 foci appear at late leptotene/early zygotene reaching an average of 249.6 ± 47 foci per nucleus (n=22) (Fig. 19) and disappear by pachytene. We observed that in cand1-3, the mean number of DMC1 foci per cell is slightly reduced (194.4 ± 40, n = 54, p=2.7E-5) (Fig. 19), suggesting that either the average level of meiotic DSB is reduced, or that these DSBs are differently processed. 

II.3.3 Chromosome axis is not altered in cand1-3 mutants

Since homolog pairing is defective in cand1-3 mutants, we wondered if chromosome axis could be disrupted. The meiotic chromosome axis is composed of axial element (AE) proteins such as ASY1 and ASY3 in Arabidopsis (ARMSTRONG et al.;Ferdous et al., 2012) and cohesin proteins (REC8 and SCC3, (Cai et al., 2003;Chelysheva et al., 2005)). We analysed axis formation in wild type and cand1-3 mutants by immuno-labelling of PMCs with antibodies 209 directed against ASY1 and REC8. In wild-type meiotic cells, REC8 cohesin is loaded at premeiotic G1, while ASY1 appears at leptotene. ASY1 is loaded firstly as foci, then as a linear signal throughout the entire chromosome length (Fig. 20A), in a pattern similar to REC8 (Fig. 20B) (Chelysheva et al., 2005). The same pattern was observed in cand1-3 for both proteins (Fig. 20C and20D), suggesting that chromosome axes behave as in wild type in cand1-3 mutants. 

IV. Material and Methods

All the techniques used in this thesis were already described in the paper in the section II.I.I.

This includes, plant growth conditions, double mutant's generation, antibodies and microscopy techniques.

Antibodies used in this work:

The anti-ASY1 polyclonal antibody was described by (Armstrong, 2002). It was used at a dilution of 1:500. The anti-DMC1 antibody was described in (Chelysheva et al., 2007), the MLH1 antibody in (Chelysheva et al., 2010). They were used at a dilution of 1:20 and 1:200 respectively. The anti-REC8 polyclonal antibody was described in (Cromer et al., 2013). It was used at a dilution of 1:250.

Microscopy techniques:

Comparison of the early stages of microsporogenesis and the development of PMCs was carried out as described in (Grelon et al., 2001). Preparation of prophase stage spreads for immunocytology was performed according to (Armstrong, 2002) with the modifications described in (Chelysheva et al., 2005(Chelysheva et al., , 2010)). Chiasma number was estimated on metaphase I spread PMC chromosomes counterstained with DAPI based on bivalent configuration as described in (Sanchez Moran et al., 2001): a rod bivalent was considered to contain a single chiasma, while a ring bivalent was recorded as two (one on each arm).

Observations were made using a Leica (http://www.leica.com) DM RXA2 microscope or a Zeiss (http://www.zeiss.fr) Axio Imager 2 microscope; photographs were taken using a