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Abstract

:

Meiosis is a key event in the manufacturing of an oocyte. During this process, the oocyte creates a set of unique chromosomes by recombining paternal and maternal copies of homologous chromosomes, and by eliminating one set of chromosomes to become haploid. While meiosis is conserved among sexually reproducing eukaryotes, there is a bewildering diversity of strategies among species, and sometimes within sexes of the same species, to achieve proper segregation of chromosomes. Here, we review the very first steps of meiosis in females, when the maternal and paternal copies of each homologous chromosomes have to move, find each other and pair. We explore the similarities and differences observed in C. elegans, Drosophila, zebrafish and mouse females.
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1. Introduction


The oocyte is the final product of germ cell differentiation in females. It is an end and, at the same time, a new beginning for sexually reproducing organisms. Germ cell differentiation starts with the formation of primordial germ cells (PGCs) at embryonic stages. PGCs associate with somatic cells to form gonads, and increase their numbers by mitosis to create a pool of precursor cells [1]. Depending on the species, these precursors can either become stable germline stem cells or differentiate by undergoing a limited number of mitosis. At the end of this mitotic phase, germ cells enter meiosis. Throughout the adult life of males, all differentiating germ cells complete meiosis and become sperm. In females, depending on the species, all or only a few germ cells complete meiosis and differentiate as oocytes. The remaining germ cells become support cells for nurturing the oocyte. In mammals, such as humans and mice, these early stages of differentiation are limited to fetal ovaries, which makes their study challenging, while in C. elegans, Drosophila and zebrafish, oocytes are produced throughout adulthood.



Meiosis is a special type of cell division that is specific to germ cells, whereby diploid cells undergo two rounds of nuclear division to produce four haploid cells [2,3]. Homologous chromosomes (homologues) segregate during the first division (meiosis I) and chromatids separate during the second division (meiosis II). Each of the four daughter cells eventually inherits one set of chromatids. In order to segregate properly at meiosis I, each chromosome first needs to pair with its homologue. Pairing defines the association of homologous chromosomes. It can be initiated by a looser coupling or alignment of homologues. Pairing is then stabilised by the polymerisation of a proteinaceous scaffold called the synaptonemal complex (SC), which holds together homologous axes (synapsis), and promotes genetic recombination. Recombination is induced by the formation of developmentally programmed double-strand breaks (DSBs), which are repaired using the homologous sequence as template, resulting in reciprocal exchanges of genetic material between paternal and maternal chromosomes. Meiotic DSBs are induced by the topoisomerase-like Spo11, which is conserved in all species studied so far. Some species require DSBs to initiate homologous pairing, while it can be completely dispensable in other species, or only required for late stages of pairing (Table 1). Exchanges, or crossovers, allow for the formation of physical links, chiasmata, which maintain homologues associated in pairs upon depolymerisation of the SC. Associated homologues then orient toward opposite poles of the spindle. The initial pairing of homologues is thus crucial for correct segregation from each other at anaphase I. The pairing process, synapsis (the polymerisation of the SC), and recombination occur earlier at the onset of meiosis, during an extended prophase I (Figure 1). Five stages are distinguished during prophase I: leptotene is when homologues start to condense and become visible upon staining; zygotene is when homologous chromosomes start to synapse; pachytene marks the completion of synapsis along the full length of every chromosome pair; at diplotene, the SC depolymerises and homologues remain linked only by chiasmata; diakinesis is the final stage of prophase I, when chromosomes are condensed enough to make chiasmata detectable.



At least three different features appear common to the pairing process in most organisms (Table 1). The first is chromosome movements [76]. Homologues are thought to be randomly positioned in the nuclear space. Thus, in order to pair, they must first move from their initial position to meet and find their homologues. Depending on the species, chromosomes can move individually, or follow general nuclear movements, or a combination of both. The second is the links with the cytoplasmic cytoskeleton [76]. Chromosome movements are driven by the cellular cytoskeleton, usually microtubules but also actin. A conserved family of transmembrane proteins (SUN/KASH, also known as LINC complex) has been found to link cytoskeletal forces to chromosomes through the two layers of the nuclear envelope (NE). Indeed, at this stage, the NE is intact, chromosomes are nuclear, while the cytoskeleton is cytoplasmic. The third is the clustering of chromosomes. Global clustering of telomeres or centromeres of all chromosomes has been observed in many species, referred to as telomeres bouquets or centromeres coupling, respectively. These non-specific interactions are hypothesized to facilitate homologues recognition and pairing. These three features have been best characterized in unicellular organisms such as the budding yeast S. cerevisiae and the fission yeast S. pombe. These two simple model systems will serve as very useful reference points to compare with more complex multicellular organisms, which we address later (Figure 1).



Saccharomyces cerevisiae has 16 pairs of chromosomes and clusters its telomeres as a bouquet upon entry into meiosis. Around the same time, centromeres become associated (or coupled). Both processes are independent of DSB formation and are not driven by homology. Nevertheless, it requires Zip1 at centromeres, a protein of the synaptonemal complex, which only polymerises at later stages [4]. These early associations later become homology-dependent and require DSBs to mature as stable homologous pairings. Efficient pairing necessitates sustained and rapid movements of chromosomes from leptotene to pachytene. These movements, as well as telomere clustering, depend on Ndj1p and Csm4p, which both accumulate to telomeres and whose function is to allow the anchoring of telomeres to the nuclear envelope. Ndj1p interacts with the SUN-domain protein Mps3p that links nuclear components to the cytoskeleton [36,43,44]. No clear equivalent of a KASH domain-like protein that would bridge the inner-nuclear envelope protein Mps3p to the cytoskeleton has been identified, but it could be Mps2p [44,56]. In the budding yeast, meiotic forces are ensured by actin, which localises close to the spindle pole body (SPB), tangent to and following the curvature of the nuclear envelope [37,40]. Microtubules or dynein are not involved. Movements occur through polymerisation of actin rather than via an active “sliding” of chromosome ends over actin cables [36,37]. Interestingly, in pachytene, telomeric movements are accompanied by nuclear envelope deformations [37,38]. Actin forces seem to be applied towards the nuclear envelope, causing its deformations, rather than directly on chromosome ends. Indeed, chromosome end movements and envelope deformation can be correlated as they appear with the same dynamics, but while telomere movements depend on nuclear envelope deformation, deformations are not suppressed when chromosome movements are impeded through the depletion of the telomeric anchor Ndj1p [37,77]. Chromosome ends usually move in groups, with a leading chromosome end, which can travel abruptly 0.5 µm to 1 µm at 0.3–0.5 µm per second, followed by a coordinated movement of the telomeres to which the leader is associated. These rapid movements of a telomere cluster can affect the trajectory of non-associated nearby chromosomes or groups of chromosomes [37,44]. Like in other organisms, these movements are thought to promote stable homologous interactions and to prevent unstable associations [36,37,38,44]. The difference between movements in zygotene (telomere clustering), and in pachytene (abrupt movements) are proposed to be due to differences in chromosome compaction. Zygotene chromosomes may be looser and more flexible than the stiffer, more condensed pachytene chromosomes [37].



The fission yeast, Schizosaccharomyces pombe, has three pairs of chromosomes and does not form a synaptonemal complex. Prior to meiotic entry, centromeric kinetochores are grouped, and linked in a Csi1-dependent manner to the SPB through the LINC complex (composed of the SUN-domain protein Sad1, and the KASH-domain proteins Kms1 and Kms2). Telomeres are also attached to the nuclear membrane but located away from the SPB (Rabl orientation) [58,59,60]. A complex composed of Taz1, Rap1 and Bqt1/2 allows for the attachment of telomeres to microtubule organising centers called telocentrosomes (consisting of γ-tubulin and dynein), via the transmembrane LINC complex [48,49,50]. Upon entry into meiosis, directly following karyogamy (fusion of the two nuclei), telomeres slide over the nuclear envelope to the SPB, from which centromeres detach, thus forming a bouquet of chromosomes. The typical stages of meiotic prophase have not been characterised in S. pombe and this period is referred to as the horsetail stage. Centromere detachment is dependent on telomere clustering, and both events are regulated by the kinases MAP and Pat1 [50,64]. The nucleus then elongates and goes back and forth in the cell, in a movement resembling a horsetail, through the activity of dynein over microtubules nucleated from the SPB. Horsetail movements stop after approximately 2 h, just before the first division, and the telomere cluster is resolved [6,20,78,79]. The formation of the bouquet has been shown to be essential for chromosome pairing. It gives the kinetochores the properties that are compatible with the meiotic divisions, and with proper recombination between homologous chromosomes. Moreover, as nuclear envelope breakdown does not occur during meiotic divisions in S. pombe, the interaction between chromosomes and the SPB through the LINC-complex is essential to allow the SPB to penetrate the nuclear envelope in order to nucleate the spindle [80,81]. With these two unicellular model systems in mind, we now explore how homologous chromosomes move in C. elegans, Drosophila, zebrafish and mouse (Figure 1).



1.1. Caenorhabditis Elegans


The nematode Caenorhabditis elegans has been at the forefront of our understanding of meiotic chromosome movements and pairing in multicellular organisms. In this worm, germline cells are produced by a pool of mitotic stem cells located at the distal tips of the gonad arms. Cells switch to the meiotic program in a region called the transition zone, where the chromatin adopts a peculiar half-moon shape while being pushed by the nucleolus towards one side of the nucleus (close to the microtubule-organising center) [21,29,30]. Meiocytes then undergo prophase I while progressing along the gonad arm. They progress to metaphase I upon fertilization while they pass through the spermatheca. C. elegans has six pairs of holocentric chromosomes, i.e., which centromeres are distributed along the entire chromosome length. Their pairing initiate upon entry in meiotic prophase I in the transition zone. In the nematode, alignment, pairing and synapsis of homologous chromosomes do not rely on the formation of meiotic DSBs. Homologues pair through regions of repetitive sequences located near one end of each chromosome called pairing centers (PCs), rather than through their telomeres. Chromosome-specific C2H2 zinc finger proteins bind the PCs: HIM-8 for chromosome X, ZIM-2 for chromosome V, ZIM-1 is recruited on both chromosomes II and III, and ZIM-3 for chromosomes I and IV [51,52]. Each of these proteins is able to recognize a specific 12-bp nucleic motif repeated on PCs [11]. Loss of a PC prevents the pairing as well as the synapsis of corresponding chromosomes, which can lead to their non-disjunction. Interestingly, while non-homologous chromosomes that share the same ZIM protein do not pair, the presence of homologous PCs is sufficient to ensure both pairing and synapsis of chromosomes that are not homologous along the whole length due to genetic rearrangements. This suggests that PC-bound zinc-finger proteins are not the sole determinant of chromosome identity but that they may reside inside the PC itself [12,13,14].



While PC-repeats are sufficient for the loading of PC-binding proteins, the localisation of autosomal PCs on the nuclear envelope is dependent on the activity of the kinase CHK-2. Interestingly, the localisation of the X chromosomes to the nuclear envelope is not affected by CHK-2 depletion [52]. The meiotic Polo-like kinases PLK-1 and PLK-2 are also essential players for chromosomal movements. These proteins are partially redundant and both are detected to the nuclear periphery at meiotic entry, although they do not colocalize consistently [65]. PLKs are not essential for the localisation of PCs on the nuclear envelope, but the recruitment of PLK-2 by the PC-binding proteins at the nuclear periphery allows the meiosis-specific phosphorylation of SUN-1 (on serine 12) by PLK-2 itself, and induces a relocalisation of the SUN and KASH-domain proteins to regions of the nuclear envelope where PCs are located [65,66]. The transmembrane SUN/KASH protein complex, like in other organisms, acts as a link between the chromosomes and the cytoskeleton, allowing the transfer of dynein-generated forces [46]. This results in highly dynamic, but random movements of the PCs, either in isolation or as small groups, while other chromosomal regions appear to be less mobile [30]. Although PCs can group, they never cluster to form a meiotic bouquet-like structure [42]. PC movements are thought to provoke random interactions of homologous PCs until they are stabilised by the polymerisation of the synaptonemal complex central region between homologous axes [29]. These movements are meant to prevent non-homologous interactions by shuffling unstable alignments [41,42]. Indeed, when chromosome movements are impeded (e.g., in mutants for SUN/KASH, or by preventing dynein function), pairing is greatly reduced and non-homologous synapsis is observed [41,46,82,83]. Interestingly, while in mutants for a single PC-binding protein, there is no synapsis for the corresponding pair(s) of homologous chromosomes; depletion of all four PC-proteins does not prevent the polymerisation of the synaptonemal complex. In such cases, however, synapsis occurs on folded-back univalent chromosomes [66]. This finding argued for the existence of a homolog-pairing checkpoint relying on forces transduced from the cytoskeleton to the nucleus [14].



Other proteins have been reported as essential to chromosome pairing in C. elegans. HAL-2/HAL-3 is an orphan protein complex located in the nucleoplasm. The loss of these proteins induces misregulation and mislocalisation of PLK-2, defective homolog pairing and abnormal loading of synaptonemal complex central region proteins onto unpaired axes. The HAL-2/HAL-3 complex is thought to be a regulator of meiotic Polo kinases PLK-1/2 [67,68]. FKB-6 is a DAF-21/Hsp90 co-chaperone, homolog to mammalian FKBP52 that localises at the outer periphery of the nuclear membrane. Fkb-6 mutant worms exhibit decreased chromosome pairing and non-homologous synapsis as well as meiotic DNA damage repair defects. FKB-6 has been proposed to regulate microtubule dynamics in the germline and to downregulate dynein activity. This would prevent excess chromosome movement, alleviating the nucleus transiently, and thus allowing time for the homologues to recognize each other [69]. MRG-1 is the homolog of the mammalian chromodomain protein MRG15 [70]. In C. elegans, it is associated to autosomes and is essential for the proliferation of primordial germ cells as well as for X-chromosome silencing in the germline [84]. During gametogenesis, mrg-1 mutants display defects in pre-synaptic pairing, synapsis and double-strand break repair [71,72]. While the depletion of MRG-1 function does not affect the pairing of PCs, this protein is essential to the proper alignment of non-PC loci and important to ensure that non-homologous synapsis does not occur [71]. PPH-4.1 is a widely conserved serine/threonine phosphatase whose depletion induces a reduction of autosomal pairing, synapsis between non-homologous chromosomes, and defects in double-strand break formation and repair. The protein PPH-4.1 has been proposed to regulate the phosphorylation of several proteins during gametogenesis, in particular PLK-2, SUN-1 and/or of components of the synaptonemal complex [73].



The polymerisation of the central region of the synaptonemal complex between homologous axes initiates close to (but not exactly at) the PC, and likely at loci located more distal to the PCs [85]. The SC polymerises progressively in the transition zone, starting as stretches associated with coalescing axes of aligned homologous chromosomes. Synapsis of the X chromosomes takes more time than the autosomes, but the reasons for this remain unknown [30]. Despite the fact that they are loci of synapsis initiation, PC regions are not essential to SC polymerisation. In mutant contexts, synapsis can even occur between homologous sequences at PC regions, while being non-homologous at distal loci [71]. Polymerisation of the central region of the SC between chromosome axes thus appears to rely more on the proximity between two axes and the physical properties of its components rather than on sequence homology [86]. PC pairing and SUN/KASH/cytoskeleton-driven movements ensure that non-homologous associations are disfavored and destabilized.



Upon entry in pachytene, when full synapsis is achieved on every chromosome, chromatin clustering and SUN/KASH-complex aggregation are relieved, PLK-2 relocates to the SC, and autosome movements are reduced. Only the X chromosomes remain mobile for a longer period [42]. Whilst the concomitance of a fully polymerised SC and chromosome movement arrest suggest a link between these two events, the signal transducer remains unknown. The dynamic localization of PLK-2 during early meiosis could be involved [68], possibly through a feedback signal of SC components on CHK-2 upon the completion of pairing and synapsis [87].




1.2. Drosophila Melanogaster


Surprisingly, it is only recently that meiotic chromosome pairing has been studied at the cytological level in Drosophila females, despite more than a century of genetic studies. One reason was the observation that the four pairs of homologous chromosomes are paired in all somatic cells studied in Drosophila. A phenomenon called somatic pairing is common to many dipteran. It was thus expected that meiotic pairing in germ cells was just a continuation of somatic pairing [88,89,90,91,92]. However, we and others have shown that chromosomes are not paired in embryonic PGCs and that this unpaired state is maintained into adult germline stem cells (GSCs) [15,16]. Of all the cells in the adult flies, the only cells with unpaired chromosomes are the early germ cells conceived to go through meiosis. In Drosophila females, mitosis and meiosis occur sequentially throughout adult life in two distinct regions of the germarium, at the tip of each ovary [93]. In the mitotic zone (called region 1), GSCs generate a precursor cell called a cystoblast (CB), which undergoes exactly four mitoses to produce a germline cyst made of 16 cells. These mitoses are not complete, and all 16 sister cells remain connected through ring canals and by an organelle called the fusome, which links all cells. After the last mitosis, 16-cell cysts enter region 2, and all 16 cells start meiosis [94]. During differentiation in region 2, only one cell per cyst, however, remains in meiosis, while the 15 others exit meiosis and endoreplicate their DNA [95]. We and others found that homologous chromosomes first pair through centromeres and euchromatic loci. This early pairing occurs progressively during the four mitotic cycles before the entry in meiosis and the formation of DSBs [15,16]. It is thus likely that centromere pairing is independent of DSBs. This is in agreement with previous studies showing that homologues are already paired when entering meiosis [15,16,31,32]. Interestingly, this premeiotic pairing requires components of the synaptonemal complex, such as C(3)G and Corona, which localise at centromeres [15]. It is also similar to the initiation of meiosis in budding yeast, where centromeres also become “coupled” early in meiotic prophase [4]. This early association depends on Zip1, a central component of the SC functionally similar to C(3)G in flies and SYCP1 in mice. Similarities further extend to the localisation of Zip1, which partially overlaps with yeast centromeres at this early stage, like C(3)G and CenpA in flies [4]. In contrast, the X chromosome behaves differently as it appears always paired at its centromeric regions throughout oogenesis [15]. This pairing is independent of C(3)G and Corona, and the underlying mechanisms remain to be identified. Since both X-chromosomes have centromeric clusters of rDNA repeats that localise to the same nucleolus, we hypothesised that mechanisms similar to Drosophila males X-Y pairing might contribute to pairing in this centromeric region [96]. It is thus likely that additional mechanisms also facilitate the pairing of autosomal homologues in germline cysts.



More recently, we found that one such mechanism, which facilitates chromosome pairing, is nuclear rotation driven by microtubules [39]. By tracking the movements of centromeres and the nuclear envelope, we observed that nuclei became highly dynamic, undergoing cycles of rotations. We measured that centromeres move at an average speed of 300 nm/sec. These rotations are driven by microtubules nucleated mainly from the fusome, but also from the nuclear envelope and from centrosomes. The microtubule motor Dynein is required, as no rotation is observed in dynein mutant germ cells. Consequently, homologues fail to pair and SC formation is greatly compromised. Like C. elegans, cytoskeletal forces are transmitted to the nuclear envelope and chromosomes by the LINC complex, made of the SUN-domain protein Klaroid and the KASH-domain protein Klarsicht. Both Klaroid and Klarsicht localise as dots at the nuclear envelope and colocalise with centromeres. In the absence of the LINC complex, rotations are severely slowed down, but some movements still occur. In these conditions, homologous chromosomes managed to pair to some extent, in a very delayed timing, which disrupted the formation of the SC. Similarly, in mutant germ cells without centrosomes, rotations were reduced and the initial pairing of homologues was disrupted. However, the clustering of centromeres in older cysts was only mildly affected. It will be interesting to investigate what drives the movements of chromosomes in addition to nuclear rotations.



Next, the four pairs of centromeres cluster to form one or two masses when entering meiosis [31,32] (reminiscent of the chromocenter of polytene chromosomes in salivary glands [97]). The clustering of paired centromeres requires SC components but does not depend on DSB formation. Polymerisation of the SC starts at centromeres, followed by several euchromatic sites and then at many more loci along chromosomes. Telomeres do not form a bouquet in Drosophila [31,94]. Centromeres clustering may thus be the functional equivalent of the bouquet in other species.



Conformation capture technology such as Hi-C has revealed that the fly genome is organised into topologically associated domains (TADs). These chromatin territories may represent functional units of the genome on each chromosome. Recently, TADs were also proposed to be high-affinity pairing sites between homologous chromosomes in somatic cells [98]. TADs would act like “buttons” driving close pairing of homologues. Transgenes containing entire TADs were shown to be sufficient to initiate homologous pairing. It will be very interesting to test if such a model applies to meiotic pairing in germ cells.




1.3. Danio Rerio


Excellent genetics and genomic tools have made the success of the zebrafish (Danio rerio) as a complementary model organism to C. elegans, Drosophila and mammal model organisms. Regarding meiosis, females produce oocytes throughout their adult life, ensuring a steady production of the different meiotic stages. The zebrafish karyotype is made of 25 pairs of chromosomes. Most chromosomes are subtelomeric and submetacentric, and only two are metacentric [99]. It is only recently that the timing of meiotic progression has been described systematically in males and females [17]. It was found that the formation of a telomere bouquet was a key event of early meiosis in zebrafish. Indeed, DSB formation, homologues pairing and synapsis, all start at, or close to, telomeric ends, when telomeres cluster in leptotene/early zygotene. Thus, there is a dramatic polarisation of DSBs and synapsis at telomeres [17,100]. Synapsis then proceeds from telomeres inward to the rest of the chromosome. Analysis of spo11 mutant zebrafish showed that the initial formation of the bouquet does not depend on Spo11. However, the subsequent co-alignment of homologous chromosomes and the formation of the SC does depend on DSBs. Furthermore, DSBs appear and localise near telomere ends just before the onset of pairing and synapsis at these same loci. This timing and localisation support the idea that DSBs initiate pairing and synapsis in zebrafish. A second wave of DSBs along chromosomes may help pairing and synapsis of interstitial sites between homologues at later stages.



The pattern and timing of DSBs, pairing and synapsis initiation are very similar in male and female zebrafish. However, there are some interesting differences. In males, the localisation of crossing-overs is marked by Mlh1 and follows DSB polarisation toward the bouquet [101]. In contrast, in females, Mlh1 is more evenly distributed along chromosomes. This difference translates into dissimilarities in the genetic map with recombination biased toward telomeres in males but not in females [102,103]. In addition, spo11 mutant males are completely sterile, whereas mutant females produce some viable oocytes. The progeny of these mutant females is, however, often abnormal. The causes of these differences remain to be explored.



Studies on fixed samples set the stage for further analysis of chromosome movements and dynamics [17,100]. Microtubule inhibitors are known to disrupt both the formation of the bouquet and of the Balbiani body (a structure containing mitochondria, ER and Golgi vesicles) [47]. Microtubules may thus play an important role in pairing and synapsis of chromosomes in zebrafish. Taking advantage of transparency of gonads, future studies will surely reveal the dynamics of chromosomal movements and pairing of homologues in zebrafish meiosis.




1.4. Mus Musculus


In mouse, primordial germ cells (PGCs) are derived from a small number of epiblast cells. Once specified, PGCs migrate across the embryo to reach the developing genital ridge (GR) around E10.5 [104], where they proliferate rapidly [105,106]. In female embryos, PGCs proliferate until ∼E13.5. Then, they enter meiotic prophase I [107,108] until they arrest at the diplotene stage of meiotic prophase I. Hormonal stimulation triggers the completion of the first meiotic division, while the second meiotic division happens after fertilization. Since early meiotic stages from leptotene to pachytene are embryonic, it is technically difficult to observe these stages in oocytes by live imaging, unless they have been prepared as two-dimensional spreads. In male embryos, PGCs stay quiescent for the remaining embryonic development [107,109]. At day 5 postpartum (P5), many PGCs resume active proliferation and some become spermatogonial stem cells (SSCs) [110,111]. Since prophase spermatocytes can be massively collected from juvenile male mice without microdissection, chromosome dynamics and synapsis have thus been extensively studied in males rather than in females.



Recent transcriptomic analyses have shown that meiotic genes involved in prophase I are expressed and translated long before the initiation of the meiotic process. For example, REC8 and synaptonemal complex proteins are expressed in spermatogonia, which go through several mitotic divisions before meiotic entry [112,113]. This is similar to the expression of C(3)G in Drosophila during pre-meiotic stages. Interestingly, homologue associations have also been detected very early in mouse spermatocytes, before the appearance of DSBs. One study observed evidence of pairing as early as the pre-meiotic S-phase [22], while two other studies detected pairing in early leptotene [23,24]. They both agreed that these early pairing events are DSB-independent. However, Boateng and colleagues found that it was dependent on Spo11, but independent of SPO11 catalytic activity. In contrast, Ishiguro and colleagues found a requirement for RAD21L, a meiotic-specific cohesin, but not for SPO11. This requirement seems stronger in males than in females, as Rad21L mutant oocytes progressed to pachytene with a substantial number of chromosomes paired. Despite some differences, these studies revealed that homologues associate much earlier than previously thought in male mice, which is consistent with data obtained in S. cerevisiae and Drosophila. However, this has not been observed in females [19]. This “early” pairing of homologues is later stabilised by recombination events and the formation of the SC [114]. In females, synapsis initiation is biased toward distal and interstitial regions of chromosomes, whereas centromeric regions appear to synapse much later [19]. Furthermore, SC initiation occurs in oocytes with little or no sign of bouquet [19]. These conclusions are based, however, on fixed oocytes, and the presence of a bouquet may be highly dynamic and only visible by live-imaging at this stage (see [115]). Nevertheless, in both males and females, these early signs of homologous chromosome associations question the role of the bouquet for homologous synapsis. The bouquet is only transiently observed at leptotene/zygotene in males and for a bit longer during zygotene/pachytene in oocytes. In addition, several studies showed that pairing occurs at many interstitial sites along the entire chromosome length (except at centromeres) and not only at telomeres [22,23,116,117]. A possible function for the bouquet would be to promote pairing in regions not paired during the previous leptotene stage, such as the peri-centromeric domains.



Direct observations of chromosome movements and pairing are challenging in male spermatocytes, but it is even more difficult in oocytes because early meiosis occurs during fetal development. Most published studies thus analysed spermatogenesis, and here, we will compare these results with chromosome dynamics in oocytes when data are available in females. In mouse spermatocytes, chromosomes display oscillations from late leptotene to early pachytene with the fastest movements happening at the zygotene stage (with speed ranging from 24 to 130 nm/sec) [35]. These fast movements are a combination of rotations of the entire nuclear envelope and individual chromosome movements. The bouquet stage is thus not the stage with the highest velocity. To observe oocyte meiotic chromosomes, transgenic mice expressing N- or C-terminal fluorescent-tagged SYCP3 (lateral element of SC) were generated to label the SC [115]. As in males, two types of movements were observed in prophase oocytes: nuclei rotations and individual chromosomes movements at the nuclear envelope. At zygotene, oocytes were observed rotating for long periods of time in a single direction, whereas spermatocytes displayed wiggling movements at pachytene. In males, clustered telomeres move less compared to stages preceding or following bouquet formation [34]. Centromeres also remain close to the nuclear periphery at early leptotene and cluster with the bouquet [18]. These telomere movements rely on the microtubule cytoskeleton and microtubule-associated Dynein [34,35]. A complex microtubule network associated with the outside nuclear envelope has been described in spermatocytes by cytology [34,35]. These microtubule cables are organised dynamically around the nucleus, depending on the stage of prophase I [35]. Observations of trajectories have revealed that several chromosomes can move along the same path; one chromosome can also move back and forth along a particular trajectory displaying frequent directional changes [35]. Whether a similar microtubule network exists in oocytes remains to be determined. Live-imaging in oocytes, nonetheless, has revealed that telomeres cluster as a bouquet during mid- to late zygotene, confirming previous observations made on fixed samples. It further showed that this conformation is highly dynamic with rapid cycles of bouquet formation and dissolution. In some instances, these cycles appear synchronised between neighboring oocytes, suggesting that they could be sister oocytes linked by cytoplasmic bridges and part of a single syncytium [118].



As in other species, microtubules forces are transduced to chromosomes by the LINC complex localised at the nuclear envelope. In mouse, the complex is composed of SUN1, forming attachment sites for telomeres at the inner nuclear membrane (INM), and the meiotic specific KASH5, linked to Dynein, at the outer nuclear membrane (ONM). Both SUN1 and KASH5 are also found in oocytes. SUN2, another SUN domain protein also found in oocytes, partially compensates for SUN1 function in both males and females in Sun1 null mutants [62]. SUN1 and SUN2 are distributed evenly around the nuclear envelope at leptotene [61,62]. At later stages, SUN1 forms aggregates, which colocalise with telomeres at the nuclear envelope [61]. Whether SUN2 displays the same pattern as SUN1 in oocytes is unknown [119]. KASH5 also forms dots and localises next to telomeres [63]. In Sun1 mutant oocytes, telomere attachment to the nuclear envelope is lost, and SC formation is greatly impaired. Telomere movements disappear in Kash5 mutant males and are strongly impaired in Sun1 mutant males [35]. Both mutant conditions lead to pachytene arrest and massive apoptosis of spermatocytes [61,120].



In both spermatocytes and oocytes, great advances have been made to understand how telomeres are recruited to the LINC complex. Despite several differences between males and females, most molecular components are shared. At early prophase I, TERB1 links SUN1 and the telomere binding protein TRF1 [53,54]. At mid-prophase I, the TERB2–MAJIN complex binds telomeres through the MAJIN DNA binding domain [55]. TERB2 and MAJIN are required for TERB1 recruitment to LINC [55]. Interestingly, MAJIN has a trans-membrane domain (in addition to its DNA binding domain) that may help to stabilise the LINC-TERB1 complex at the nuclear membrane [55]. In males, CDK2 (cyclin-dependent kinase 2) has been proposed to regulate the LINC complex by phosphorylating TERB1 [55]. On the other hand, CDK2 may regulate the interaction between the LINC complex and SUN1 [74]. Speedy/RINGO, a non-canonical activator of CDKs, was shown to be important for CDK2 localisation at telomeres in mouse oocytes and spermatocytes, suggesting that a telomeric pre-complex includes Speedy/RINGO and CDK2. [74,75]. Although telomeric proteins are rarely conserved between species, this molecular framework deciphered in mouse will certainly help investigate similar processes in other species.





2. Concluding Remarks


The main purpose of the oocyte is to transmit meiotic chromosomes to the next generation. During the making of the oocyte, chromosomes arguably go through the most complex and dramatic events of any cell type. Here, we described an exciting diversity of mechanisms to reach that goal, but common themes are also emerging among metazoan. For instance, microtubules and the LINC complex seem to facilitate chromosomes dynamics and pairing in all species studied so far. These movements are also needed to disentangle and to remove inappropriate interactions in all species. The geometry of chromosome movements varies, however, in different species. It can follow global rotations or oscillations of entire nuclei or random movements of single telomeres. These principles also extend to plants. In maize zygotene nuclei, telomeres are attached to the inner nuclear membrane and form a bouquet. Live-imaging studies found that the large chromosomes of maize undergo coordinated, rapid and abrupt telomere-led movements [121]. In Arabidopsis, telomeres also cluster as a bouquet, and SUN-homolog mutants have a delayed meiotic progression, defective SC formation, and decrease in chiasmata [122]. These results suggest that chromosome movements are probably important for meiosis in Arabidopsis too, although not yet directly observed by live-imaging.



How these movements are regulated remains mostly unknown. What triggers chromosome motion? Additionally, what stops it when chromosomes have fully synapsed? It may involve some sort of bi-directional communications between inside the nucleus and the cytoplasm. This feedback remains to be identified. As we described here, chromosome movements depend on microtubule organization, which itself depends on the organisation and polarisation of the cell. How cell polarity relates to nuclear polarity will be a very interesting field of research. For example, in mouse and Drosophila, microtubule-driven nuclear rotations are required for homologues pairing. What organization of microtubules and motor proteins underlies these rotations in a constant direction? In the zebrafish, the Balbiani body is a microtubule-organizing center, which polarises the oocyte. How does the polarisation of the Balbiani body relate to the formation of the bouquet?



There are also interesting differences between males and females within the same species. In Drosophila, males do not induce DSBs or form SC, but still manage to pair and segregate their chromosomes. In many species, the X chromosome also behaves differently to the autosomes. In Drosophila females, X chromosomes appear always paired, while they are the last ones to pair in C. elegans. The reasons and molecular mechanisms underlying this sexual dimorphism are mostly unknown and are exciting future studies. The advance of genome engineering technologies, such as CRISPR/Cas9, will allow us to investigate meiosis mechanisms in a wider range of species from different branches of the tree of life. The more species studied, the more general principles will emerge of how to manufacture an oocyte.







Author Contributions


Writing, writing review, editing, T.R., N.M. and J.-R.H.; funding acquisition, J.-R.H.; supervision, J.-R.H. All authors have read and agreed to the published version of the manuscript.




Funding


J.-R.H. lab is supported by CNRS, Inserm, Collège de France, FRM (Equipe FRM DEQ20160334884), ANR (ANR-15-CE13-0001-01, AbsCyStem) and Bettencourt-Schueller foundations.




Acknowledgments


We are grateful to T.R. for discussions, and to J.R.H. lab for helpful comments on the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Richardson, B.E.; Lehmann, R. Mechanisms guiding primordial germ cell migration: Strategies from different organisms. Nat. Rev. Mol. Cell Boil. 2010, 11, 37–49. [Google Scholar] [CrossRef]

	



Zickler, D.; Kleckner, N. Recombination, Pairing, and Synapsis of Homologs during Meiosis. Cold Spring Harb. Perspect. Boil. 2015, 7, a016626. [Google Scholar] [CrossRef]

	



Zickler, D.; Kleckner, N. A few of our favorite things: Pairing, the bouquet, crossover interference and evolution of meiosis. Semin. Cell Dev. Boil. 2016, 54, 135–148. [Google Scholar] [CrossRef]

	



Tsubouchi, T.; Roeder, G.S. A Synaptonemal Complex Protein Promotes Homology-Independent Centromere Coupling. Science 2005, 308, 870–873. [Google Scholar] [CrossRef] [PubMed]

	



Obeso, D.; Dawson, D. Temporal Characterization of Homology-Independent Centromere Coupling in Meiotic Prophase. PLoS ONE 2010, 5, e10336. [Google Scholar] [CrossRef] [PubMed]

	



Ding, D.-Q.; Yamamoto, A.; Haraguchi, T.; Hiraoka, Y. Dynamics of homologous chromosome pairing during meiotic prophase in fission yeast. Dev. Cell 2004, 6, 329–341. [Google Scholar] [CrossRef]

	



Scherthan, H.; Bahler, J.; Kohli, J. Dynamics of chromosome organization and pairing during meiotic prophase in fission yeast. J. Cell Boil. 1994, 127, 273–285. [Google Scholar] [CrossRef]

	



Sharif, W.D.; Glick, G.G.; Davidson, M.K.; Wahls, W.P. Distinct functions of S. pombe Rec12 (Spo11) protein and Rec12-dependent crossover recombination (chiasmata) in meiosis I; and a requirement for Rec12 in meiosis II. Cell Chromosom. 2002, 1, 1. [Google Scholar] [CrossRef]

	



Davis, L.; Smith, G.R. Nonrandom homolog segregation at meiosis I in Schizosaccharomyces pombe mutants lacking recombination. Genetics 2003, 163, 857–874. [Google Scholar]

	



Wells, J.L.; Pryce, D.; McFarlane, R. Homologous chromosome pairing inSchizosaccharomyces pombe. Yeast 2006, 23, 977–989. [Google Scholar] [CrossRef]

	



Phillips, C.; Meng, X.; Zhang, L.; Chretien, J.H.; Urnov, F.D.; Dernburg, A.F. Identification of chromosome sequence motifs that mediate meiotic pairing and synapsis in C. elegans. Nat. Cell Biol. 2009, 11, 934–942. [Google Scholar] [CrossRef] [PubMed]

	



MacQueen, A.J.; Phillips, C.; Bhalla, N.; Weiser, P.; Villeneuve, A.M.; Dernburg, A.F. Chromosome sites play dual roles to establish homologous synapsis during meiosis in C. elegans. Cell 2005, 123, 1037–1050. [Google Scholar] [CrossRef] [PubMed]

	



Edgley, M.L.; Baillie, D.L.; Riddle, D.L.; Rose, A.M. Genetic balancers. Methods Cell Biol. 1995, 48, 147–184. [Google Scholar] [PubMed]

	



Rog, O.; Dernburg, A.F. Chromosome pairing and synapsis during Caenorhabditis elegans meiosis. Curr. Opin. Cell Boil. 2013, 25, 349–356. [Google Scholar] [CrossRef]

	



Christophorou, N.; Rubin, T.; Huynh, J.-R. Synaptonemal Complex Components Promote Centromere Pairing in Pre-meiotic Germ Cells. PLoS Genet. 2013, 9, e1004012. [Google Scholar] [CrossRef]

	



Joyce, E.F.; Apostolopoulos, N.; Beliveau, B.J.; Wu, C.-T. Germline Progenitors Escape the Widespread Phenomenon of Homolog Pairing during Drosophila Development. PLoS Genet. 2013, 9, e1004013. [Google Scholar] [CrossRef]

	



Blokhina, Y.P.; Nguyen, A.; Draper, B.W.; Burgess, S. The telomere bouquet is a hub where meiotic double-strand breaks, synapsis, and stable homolog juxtaposition are coordinated in the zebrafish, Danio rerio. PLoS Genet. 2019, 15, e1007730. [Google Scholar] [CrossRef]

	



Scherthan, H.; Weich, S.; Schwegler, H.; Heyting, C.; Härle, M.; Cremer, T. Centromere and telomere movements during early meiotic prophase of mouse and man are associated with the onset of chromosome pairing. J. Cell Boil. 1996, 134, 1109–1125. [Google Scholar] [CrossRef]

	



Tankimanova, M.; Tease, C.; Hultén, M. The initiation of homologous chromosome synapsis in mouse fetal oocytes is not directly driven by centromere and telomere clustering in the bouquet. Cytogenet. Genome Res. 2004, 105, 172–181. [Google Scholar] [CrossRef]

	



Chikashige, Y.; Ding, D.-Q.; Funabiki, H.; Haraguchi, T.; Mashiko, S.; Yanagida, M.; Hiraoka, Y. Telomere-led premeiotic chromosome movement in fission yeast. Science 1994, 264, 270–273. [Google Scholar] [CrossRef]

	



Crittenden, S.L.; Leonhard, K.A.; Byrd, D.T.; Kimble, J. Cellular Analyses of the Mitotic Region in the Caenorhabditis elegans Adult Germ Line. Mol. Boil. Cell 2006, 17, 3051–3061. [Google Scholar] [CrossRef] [PubMed]

	



Boateng, K.A.; Bellani, M.A.; Gregoretti, I.V.; Pratto, F.; Camerini-Otero, R.D. Homologous pairing preceding SPO11-mediated double-strand breaks in mice. Dev. Cell 2013, 24, 196–205. [Google Scholar] [CrossRef] [PubMed]

	



Ishiguro, K.-I.; Kim, J.; Shibuya, H.; Hernández-Hernández, A.; Suzuki, A.; Fukagawa, T.; Shioi, G.; Kiyonari, H.; Li, X.C.; Schimenti, J.; et al. Meiosis-specific cohesin mediates homolog recognition in mouse spermatocytes. Genes Dev. 2014, 28, 594–607. [Google Scholar] [CrossRef] [PubMed]

	



Scherthan, H.; Schöfisch, K.; Dell, T.; Illner, D. Contrasting behavior of heterochromatic and euchromatic chromosome portions and pericentric genome separation in pre-bouquet spermatocytes of hybrid mice. Chromosoma 2014, 123, 609–624. [Google Scholar] [CrossRef]

	



Giroux, C.N.; Dresser, M.E.; Tiano, H.F. Genetic control of chromosome synapsis in yeast meiosis. Genome 1989, 31, 88–94. [Google Scholar] [CrossRef]

	



Dernburg, A.F.; McDonald, K.; Moulder, G.; Barstead, R.; Dresser, M.; Villeneuve, A.M. Meiotic recombination in C. elegans initiates by a conserved mechanism and is dispensable for homologous chromosome synapsis. Cell 1998, 94, 387–398. [Google Scholar] [CrossRef]

	



McKim, K.S.; Buck, E.; Li, J.; Chen, Y.; Weng, G.; Scarlata, S.; Iyengar, R. Meiotic Synapsis in the Absence of Recombination. Science 1998, 279, 876–878. [Google Scholar] [CrossRef]

	



Trelles-Sticken, E.; Loidl, J.; Scherthan, H. Bouquet formation in budding yeast: Initiation of recombination is not required for meiotic telomere clustering. J. Cell Sci. 1999, 112, 651–658. [Google Scholar]

	



Woglar, A.; Jantsch, V. Chromosome movement in meiosis I prophase of Caenorhabditis elegans. Chromosoma 2013, 123, 15–24. [Google Scholar] [CrossRef]

	



Mlynarczyk-Evans, S.; Villeneuve, A.M. Time-Course Analysis of Early Meiotic Prophase Events Informs Mechanisms of Homolog Pairing and Synapsis inCaenorhabditis elegans. Genetics 2017, 207, 103–114. [Google Scholar] [CrossRef]

	



Takeo, S.; Lake, C.M.; De Sá, E.M.; Sunkel, C.; Hawley, R.S. Synaptonemal Complex-Dependent Centromeric Clustering and the Initiation of Synapsis in Drosophila Oocytes. Curr. Boil. 2011, 21, 1845–1851. [Google Scholar] [CrossRef] [PubMed]

	



Tanneti, N.S.; Landy, K.; Joyce, E.F.; McKim, K.S. A Pathway for Synapsis Initiation during Zygotene in Drosophila Oocytes. Curr. Boil. 2011, 21, 1852–1857. [Google Scholar] [CrossRef] [PubMed]

	



Liebe, B.; Petukhova, G.; Barchi, M.; Bellani, M.; Braselmann, H.; Nakano, T.; Pandita, T.K.; Jasin, M.; Fornace, A.J.; Meistrich, M.; et al. Mutations that affect meiosis in male mice influence the dynamics of the mid-preleptotene and bouquet stages. Exp. Cell Res. 2006, 312, 3768–3781. [Google Scholar] [CrossRef] [PubMed]

	



Shibuya, H.; Morimoto, A.; Watanabe, Y. The Dissection of Meiotic Chromosome Movement in Mice Using an In Vivo Electroporation Technique. PLoS Genet. 2014, 10, e1004821. [Google Scholar] [CrossRef] [PubMed]

	



Lee, C.-Y.; Horn, H.; Stewart, C.L.; Burke, B.; Bolcun-Filas, E.; Schimenti, J.C.; Dresser, M.E.; Pezza, R.J. Mechanism and regulation of rapid telomere prophase movements in mouse meiotic chromosomes. Cell Rep. 2015, 11, 551–563. [Google Scholar] [CrossRef] [PubMed]

	



Scherthan, H.; Wang, H.; Adelfalk, C.; White, E.J.; Cowan, C.; Cande, W.Z.; Kaback, D. Chromosome mobility during meiotic prophase in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. USA 2007, 104, 16934–16939. [Google Scholar] [CrossRef] [PubMed]

	



Koszul, R.; Kim, K.P.; Prentiss, M.; Kleckner, N.; Kameoka, S. Meiotic Chromosomes Move by Linkage to Dynamic Actin Cables with Transduction of Force through the Nuclear Envelope. Cell 2008, 133, 1188–1201. [Google Scholar] [CrossRef]

	



Brown, M.S.; Zanders, S.E.; Alani, E. Sustained and Rapid Chromosome Movements Are Critical for Chromosome Pairing and Meiotic Progression in Budding Yeast. Genetics 2011, 188, 21–32. [Google Scholar] [CrossRef]

	



Christophorou, N.; Rubin, T.; Bonnet, I.; Piolot, T.; Arnaud, M.; Huynh, J.-R. Microtubule-driven nuclear rotations promote meiotic chromosome dynamics. Nat. Cell Biol. 2015, 17, 1388–1400. [Google Scholar] [CrossRef]

	



Trelles-Sticken, E.; Adelfalk, C.; Loidl, J.; Scherthan, H. Meiotic telomere clustering requires actin for its formation and cohesin for its resolution. J. Cell Boil. 2005, 170, 213–223. [Google Scholar] [CrossRef]

	



Baudrimont, A.; Penkner, A.; Woglar, A.; Machacek, T.; Wegrostek, C.; Gloggnitzer, J.; Fridkin, A.; Klein, F.; Gruenbaum, Y.; Pasierbek, P.; et al. Leptotene/Zygotene Chromosome Movement Via the SUN/KASH Protein Bridge in Caenorhabditis elegans. PLoS Genet. 2010, 6, e1001219. [Google Scholar] [CrossRef] [PubMed]

	



Wynne, D.; Rog, O.; Carlton, P.M.; Dernburg, A.F. Dynein-dependent processive chromosome motions promote homologous pairing in C. elegans meiosis. J. Cell Boil. 2012, 196, 47–64. [Google Scholar] [CrossRef] [PubMed]

	



Conrad, M.N.; Lee, C.-Y.; Wilkerson, J.L.; Dresser, M.E. MPS3 mediates meiotic bouquet formation in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. USA 2007, 104, 8863–8868. [Google Scholar] [CrossRef] [PubMed]

	



Conrad, M.N.; Lee, C.-Y.; Chao, G.; Shinohara, M.; Kosaka, H.; Shinohara, A.; Conchello, J.-A.; Dresser, M.E. Rapid Telomere Movement in Meiotic Prophase Is Promoted By NDJ1, MPS3, and CSM4 and Is Modulated by Recombination. Cell 2008, 133, 1175–1187. [Google Scholar] [CrossRef]

	



Ding, D.Q.; Chikashige, Y.; Haraguchi, T.; Hiraoka, Y. Oscillatory nuclear movement in fission yeast meiotic prophase is driven by astral microtubules, as revealed by continuous observation of chromosomes and microtubules in living cells. J. Cell Sci. 1998, 111, 111. [Google Scholar]

	



Sato, A.; Isaac, B.; Phillips, C.; Rillo, R.; Carlton, P.M.; Wynne, D.; Kasad, R.A.; Dernburg, A.F. Cytoskeletal Forces Span the Nuclear Envelope to Coordinate Meiotic Chromosome Pairing and Synapsis. Cell 2009, 139, 907–919. [Google Scholar] [CrossRef]

	



Elkouby, Y.; Jamieson-Lucy, A.; Mullins, M.C. Oocyte Polarization Is Coupled to the Chromosomal Bouquet, a Conserved Polarized Nuclear Configuration in Meiosis. PLoS Boil. 2016, 14, e1002335. [Google Scholar] [CrossRef]

	



Chikashige, Y.; Tsutsumi, C.; Yamane, M.; Okamasa, K.; Haraguchi, T.; Hiraoka, Y. Meiotic Proteins Bqt1 and Bqt2 Tether Telomeres to Form the Bouquet Arrangement of Chromosomes. Cell 2006, 125, 59–69. [Google Scholar] [CrossRef]

	



Yoshida, M.; Katsuyama, S.; Tateho, K.; Nakamura, H.; Miyoshi, J.; Ohba, T.; Matsuhara, H.; Miki, F.; Okazaki, K.; Haraguchi, T.; et al. Microtubule-organizing center formation at telomeres induces meiotic telomere clustering. J. Cell Boil. 2013, 200, 385–395. [Google Scholar] [CrossRef]

	



Yamamoto, T.G.; Chikashige, Y.; Ozoe, F.; Kawamukai, M.; Hiraoka, Y. Activation of the pheromone-responsive MAP kinase drives haploid cells to undergo ectopic meiosis with normal telomere clustering and sister chromatid segregation in fission yeast. J. Cell Sci. 2004, 117, 3875–3886. [Google Scholar] [CrossRef]

	



Phillips, C.; Wong, C.; Bhalla, N.; Carlton, P.M.; Weiser, P.; Meneely, P.M.; Dernburg, A.F. HIM-8 binds to the X chromosome pairing center and mediates chromosome-specific meiotic synapsis. Cell 2005, 123, 1051–1063. [Google Scholar] [CrossRef] [PubMed]

	



Phillips, C.; Dernburg, A.F. A Family of Zinc-Finger Proteins Is Required for Chromosome-Specific Pairing and Synapsis during Meiosis in C. elegans. Dev. Cell 2006, 11, 817–829. [Google Scholar] [CrossRef] [PubMed]

	



Shibuya, H.; Ishiguro, K.-I.; Watanabe, Y. The TRF1-binding protein TERB1 promotes chromosome movement and telomere rigidity in meiosis. Nat. Cell Biol. 2014, 16, 145–156. [Google Scholar] [CrossRef] [PubMed]

	



Daniel, K.; Tränkner, D.; Wojtasz, L.; Shibuya, H.; Watanabe, Y.; Alsheimer, M.; Toth, A. Mouse CCDC79 (TERB1) is a meiosis-specific telomere associated protein. BMC Cell Boil. 2014, 15, 17. [Google Scholar] [CrossRef] [PubMed]

	



Shibuya, H.; Hernández-Hernández, A.; Morimoto, A.; Negishi, L.; Höög, C.; Watanabe, Y. MAJIN Links Telomeric DNA to the Nuclear Membrane by Exchanging Telomere Cap. Cell 2015, 163, 1252–1266. [Google Scholar] [CrossRef]

	



Jaspersen, S.L.; Martin, A.E.; Glazko, G.; Giddings, T.H.; Morgan, G.; Mushegian, A.R.; Winey, M. The Sad1-UNC-84 homology domain in Mps3 interacts with Mps2 to connect the spindle pole body with the nuclear envelope. J. Cell Boil. 2006, 174, 665–675. [Google Scholar] [CrossRef]

	



Lee, C.-Y.; Bisig, C.G.; Conrad, M.M.; Ditamo, Y.; De Almeida, L.P.; Dresser, M.E.; Pezza, R.J. Extranuclear Structural Components that Mediate Dynamic Chromosome Movements in Yeast Meiosis. Curr. Boil. 2020. [Google Scholar] [CrossRef]

	



Hagan, I.; Yanagida, M. The product of the spindle formation gene sad1+ associates with the fission yeast spindle pole body and is essential for viability. J. Cell Boil. 1995, 129, 1033–1047. [Google Scholar] [CrossRef]

	



Miki, F.; Kurabayashi, A.; Tange, Y.; Okazaki, K.; Shimanuki, M.; Niwa, O. Two-hybrid search for proteins that interact with Sad1 and Kms1, two membrane-bound components of the spindle pole body in fission yeast. Mol. Genet. Genom. 2003, 270, 449–461. [Google Scholar] [CrossRef]

	



Wälde, S.; King, M.C. The KASH protein Kms2 coordinates mitotic remodeling of the spindle pole body. J. Cell Sci. 2014, 127, 3625–3640. [Google Scholar] [CrossRef]

	



Ding, X.; Xu, R.; Yu, J.; Xu, T.; Zhuang, Y.; Han, M. SUN1 Is Required for Telomere Attachment to Nuclear Envelope and Gametogenesis in Mice. Dev. Cell 2007, 12, 863–872. [Google Scholar] [CrossRef] [PubMed]

	



Link, J.; Leubner, M.; Schmitt, J.; Göb, E.; Benavente, R.; Jeang, K.-T.; Xu, R.; Alsheimer, M. Analysis of Meiosis in SUN1 Deficient Mice Reveals a Distinct Role of SUN2 in Mammalian Meiotic LINC Complex Formation and Function. PLoS Genet. 2014, 10. [Google Scholar] [CrossRef] [PubMed]

	



Morimoto, A.; Shibuya, H.; Zhu, X.; Kim, J.; Ishiguro, K.-I.; Han, M.; Watanabe, Y. A conserved KASH domain protein associates with telomeres, SUN1, and dynactin during mammalian meiosis. J. Cell Boil. 2012, 198, 165–172. [Google Scholar] [CrossRef] [PubMed]

	



Harigaya, Y.; Yamamoto, M. Molecular mechanisms underlying the mitosis–meiosis decision. Chromosom. Res. 2007, 15, 523–537. [Google Scholar] [CrossRef]

	



Labella, S.; Woglar, A.; Jantsch, V.; Zetka, M. Polo Kinases Establish Links between Meiotic Chromosomes and Cytoskeletal Forces Essential for Homolog Pairing. Dev. Cell 2011, 21, 948–958. [Google Scholar] [CrossRef]

	



Harper, N.C.; Rillo, R.; Jover-Gil, S.; Assaf, Z.J.; Bhalla, N.; Dernburg, A.F. Pairing centers recruit a Polo-like kinase to orchestrate meiotic chromosome dynamics in C. elegans. Dev. Cell 2011, 21, 934–947. [Google Scholar] [CrossRef]

	



Zhang, W.; Miley, N.; Zastrow, M.S.; MacQueen, A.J.; Sato, A.; Nabeshima, K.; Martinez-Perez, E.; Mlynarczyk-Evans, S.; Carlton, P.M.; Villeneuve, A.M. HAL-2 Promotes Homologous Pairing during Caenorhabditis elegans Meiosis by Antagonizing Inhibitory Effects of Synaptonemal Complex Precursors. PLoS Genet. 2012, 8, e1002880. [Google Scholar] [CrossRef]

	



Roelens, B.; Barroso, C.; Montoya, A.; Cutillas, P.; Zhang, W.; Woglar, A.; Girard, C.; Martinez-Perez, E.; Villeneuve, A.M. Spatial Regulation of Polo-Like Kinase Activity During Caenorhabditis elegans Meiosis by the Nucleoplasmic HAL-2/HAL-3 Complex. Genetics 2019, 213, 79–96. [Google Scholar] [CrossRef]

	



Alleva, B.; Balukoff, N.; Peiper, A.; Smolikove, S. Regulating chromosomal movement by the cochaperone FKB-6 ensures timely pairing and synapsis. J. Cell Boil. 2017, 216, 393–408. [Google Scholar] [CrossRef]

	



Olgun, A.; Aleksenko, T.; Pereira-Smith, O.M.; Vassilatis, D.K. Functional analysis of MRG-1: The ortholog of human MRG15 in Caenorhabditis elegans. Journals Gerontol. Ser. A: Boil. Sci. Med Sci. 2005, 60, 543–548. [Google Scholar] [CrossRef]

	



Dombecki, C.R.; Chiang, A.C.; Kang, H.-J.; Bilgir, C.; Stefanski, N.A.; Neva, B.J.; Klerkx, E.P.; Nabeshima, K. The Chromodomain Protein MRG-1 Facilitates SC-Independent Homologous Pairing during Meiosis in Caenorhabditis elegans. Dev. Cell 2011, 21, 1092–1103. [Google Scholar] [CrossRef] [PubMed]

	



Xu, J.; Sun, X.; Jing, Y.; Wang, M.; Liu, K.; Jian, Y.; Yang, M.; Cheng, Z.; Yang, C. MRG-1 is required for genomic integrity in Caenorhabditis elegans germ cells. Cell Res. 2012, 22, 886–902. [Google Scholar] [CrossRef] [PubMed]

	



Sato-Carlton, A.; Li, X.; Crawley, O.; Testori, S.; Martinez-Perez, E.; Sugimoto, A.; Carlton, P.M. Protein Phosphatase 4 Promotes Chromosome Pairing and Synapsis, and Contributes to Maintaining Crossover Competence with Increasing Age. PLoS Genet. 2014, 10, e1004638. [Google Scholar] [CrossRef] [PubMed]

	



Mikolcevic, P.; Isoda, M.; Shibuya, H.; Barrantes, I.D.B.; Igea, A.; Suja, J.A.; Shackleton, S.; Watanabe, Y.; Nebreda, A.R. Essential role of the Cdk2 activator RingoA in meiotic telomere tethering to the nuclear envelope. Nat. Commun. 2016, 7, 11084. [Google Scholar] [CrossRef]

	



Tu, Z.; Bayazit, M.B.; Liu, H.; Zhang, J.; Busayavalasa, K.; Risal, S.; Shao, J.; Satyanarayana, A.; Coppola, V.; Tessarollo, L.; et al. Speedy A–Cdk2 binding mediates initial telomere–nuclear envelope attachment during meiotic prophase I independent of Cdk2 activation. Proc. Natl. Acad. Sci. USA 2016, 114, 592–597. [Google Scholar] [CrossRef]

	



Alleva, B.; Smolikove, S. Moving and stopping: Regulation of chromosome movement to promote meiotic chromosome pairing and synapsis. Nucleus 2017, 8, 613–624. [Google Scholar] [CrossRef]

	



Li, P.; Shao, Y.; Jin, H.; Yu, H.-G. Ndj1, a telomere-associated protein, regulates centrosome separation in budding yeast meiosis. J. Cell Boil. 2015, 209, 247–259. [Google Scholar] [CrossRef]

	



Yamamoto, A.; West, R.R.; McIntosh, J.R.; Hiraoka, Y. A Cytoplasmic Dynein Heavy Chain Is Required for Oscillatory Nuclear Movement of Meiotic Prophase and Efficient Meiotic Recombination in Fission Yeast. J. Cell Boil. 1999, 145, 1233–1250. [Google Scholar] [CrossRef]

	



Yamamoto, A.; Tsutsumi, C.; Kojima, H.; Oiwa, K.; Hiraoka, Y. Dynamic Behavior of Microtubules during Dynein-dependent Nuclear Migrations of Meiotic Prophase in Fission Yeast. Mol. Boil. Cell 2001, 12, 3933–3946. [Google Scholar] [CrossRef]

	



Fernández-Álvarez, A.; Bez, C.; O’Toole, E.T.; Morphew, M.; Cooper, J.P. Mitotic Nuclear Envelope Breakdown and Spindle Nucleation Are Controlled by Interphase Contacts between Centromeres and the Nuclear Envelope. Dev. Cell 2016, 39, 544–559. [Google Scholar] [CrossRef]

	



Katsumata, K.; Nishi, E.; Afrin, S.; Narusawa, K.; Yamamoto, A. Position matters: Multiple functions of LINC-dependent chromosome positioning during meiosis. Curr. Genet. 2017, 27, 117–1052. [Google Scholar] [CrossRef] [PubMed]

	



Penkner, A.; Tang, L.; Novatchkova, M.; Ladurner, M.; Fridkin, A.; Gruenbaum, Y.; Schweizer, D.; Loidl, J.; Jantsch, V. The Nuclear Envelope Protein Matefin/SUN-1 Is Required for Homologous Pairing in C. elegans Meiosis. Dev. Cell 2007, 12, 873–885. [Google Scholar] [CrossRef] [PubMed]

	



Labrador, L.; Barroso, C.; Lightfoot, J.W.; Müller-Reichert, T.; Flibotte, S.; Taylor, J.; Moerman, N.G.; Villeneuve, A.M.; Martinez-Perez, E. Chromosome Movements Promoted by the Mitochondrial Protein SPD-3 Are Required for Homology Search during Caenorhabditis elegans Meiosis. PLoS Genet. 2013, 9. [Google Scholar] [CrossRef] [PubMed]

	



Takasaki, T.; Liu, Z.; Habara, Y.; Nishiwaki, K.; Nakayama, J.-I.; Inoue, K.; Sakamoto, H.; Strome, S. MRG-1, an autosome-associated protein, silences X-linked genes and protects germline immortality in Caenorhabditis elegans. Development 2007, 134, 757–767. [Google Scholar] [CrossRef] [PubMed]

	



Hayashi, M.; Mlynarczyk-Evans, S.; Villeneuve, A.M. The synaptonemal complex shapes the crossover landscape through cooperative assembly, crossover promotion and crossover inhibition during Caenorhabditis elegans meiosis. Genetics 2010, 186, 45–58. [Google Scholar] [CrossRef] [PubMed]

	



Rog, O.; Köhler, S.; Dernburg, A.F. The synaptonemal complex has liquid crystalline properties and spatially regulates meiotic recombination factors. Elife 2017, 6, 4482. [Google Scholar] [CrossRef]

	



Kim, Y.; Kostow, N.; Dernburg, A.F. The Chromosome Axis Mediates Feedback Control of CHK-2 to Ensure Crossover Formation in C. elegans. Dev. Cell 2015, 35, 247–261. [Google Scholar] [CrossRef]

	



Grell, R.F.; Day, J.W. Chromosome pairing in the oogonial cells of Drosophila melanogaster. Chromosoma 1970, 31, 434–445. [Google Scholar] [CrossRef]

	



Blumenstiel, J.; Fu, R.; Theurkauf, W.E.; Hawley, R.S. Components of the RNAi Machinery That Mediate Long-Distance Chromosomal Associations Are Dispensable for Meiotic and Early Somatic Homolog Pairing in Drosophila melanogaster. Genetics 2008, 180, 1355–1365. [Google Scholar] [CrossRef]

	



Gong, W.J.; McKim, K.S.; Hawley, R.S. All Paired Up with No Place to Go: Pairing, Synapsis, and DSB Formation in a Balancer Heterozygote. PLoS Genet. 2005, 1. [Google Scholar] [CrossRef]

	



Sherizen, D.; Jang, J.K.; Bhagat, R.; Kato, N.; McKim, K.S. Meiotic Recombination in Drosophila Females Depends on Chromosome Continuity Between Genetically Defined Boundaries. Genetics 2004, 169, 767–781. [Google Scholar] [CrossRef] [PubMed]

	



Vazquez, J.; Belmont, A.S.; Sedat, J.W. The dynamics of homologous chromosome pairing during male Drosophila meiosis. Curr. Boil. 2002, 12, 1473–1483. [Google Scholar] [CrossRef]

	



Spradling, A. Developmental genetics of oogenesis. In The development of Drosophila melanogaster; Bate, M., Martinez-Arias, A., Eds.; Cold Spring Harbor Laboratory Press: New York, NY, USA, 1993; pp. 1–70. [Google Scholar]

	



Carpenter, A.T.C. Electron microscopy of meiosis in Drosophila melanogaster females. Chromosoma 1975, 51, 157–182. [Google Scholar] [CrossRef] [PubMed]

	



Huynh, J.-R.; Johnston, D.S. The Origin of Asymmetry: Early Polarisation of the Drosophila Germline Cyst and Oocyte. Curr. Boil. 2004, 14, R438–R449. [Google Scholar] [CrossRef]

	



McKee, B.D.; Karpen, G.H. Drosophila ribosomal RNA genes function as an X-Y pairing site during male meiosis. Cell 1990, 61, 61–72. [Google Scholar] [CrossRef]

	



Jagannathan, M.; Cummings, R.; Yamashita, Y.M. The modular mechanism of chromocenter formation in Drosophila. eLife 2019, 8, 8. [Google Scholar] [CrossRef]

	



Viets, K.; Sauria, M.E.; Chernoff, C.; Viales, R.R.; Echterling, M.; Anderson, C.; Tran, S.; Dove, A.; Goyal, R.; Voortman, L.; et al. Characterization of Button Loci that Promote Homologous Chromosome Pairing and Cell-Type-Specific Interchromosomal Gene Regulation. Dev. Cell 2019, 51, 341–356.e7. [Google Scholar] [CrossRef]

	



Sola, L.; Gornung, E. Classical and molecular cytogenetics of the zebrafish, Danio rerio (Cyprinidae, Cypriniformes): An overview. Genetics 2001, 111, 397–412. [Google Scholar]

	



Saito, K.; Sakai, C.; Kawasaki, T.; Sakai, N. Telomere distribution pattern and synapsis initiation during spermatogenesis in zebrafish. Dev. Dyn. 2014, 243, 1448–1456. [Google Scholar] [CrossRef]

	



Kochakpour, N.; Moens, P.B. Sex-specific crossover patterns in Zebrafish (Danio rerio). Heredity 2008, 100, 489–495. [Google Scholar] [CrossRef]

	



Singer, A.; Perlman, H.; Yan, Y.; Walker, C.; Corley-Smith, G.; Brandhorst, B.; Postlethwait, J. Sex-specific recombination rates in zebrafish (Danio rerio). Genetics 2002, 160, 649–657. [Google Scholar] [PubMed]

	



Anderson, J.L.; Marí, A.R.; Braasch, I.; Amores, Á.; Hohenlohe, P.; Batzel, P.; Postlethwait, J.H. Multiple Sex-Associated Regions and a Putative Sex Chromosome in Zebrafish Revealed by RAD Mapping and Population Genomics. PLoS ONE 2012, 7, e40701. [Google Scholar] [CrossRef] [PubMed]

	



Molyneaux, K.A.; Stallock, J.; Schaible, K.; Wylie, C. Time-Lapse Analysis of Living Mouse Germ Cell Migration. Dev. Boil. 2001, 240, 488–498. [Google Scholar] [CrossRef] [PubMed]

	



Donovan, P. Migratory and postmigratory mouse primordial germ cells behave differently in culture. Cell 1986, 44, 831–838. [Google Scholar] [CrossRef]

	



Enders, G.C.; May, J.J. Developmentally Regulated Expression of a Mouse Germ Cell Nuclear Antigen Examined from Embryonic Day 11 to Adult in Male and Female Mice. Dev. Boil. 1994, 163, 331–340. [Google Scholar] [CrossRef] [PubMed]

	



Hilscher, B.; Hilscher, W.; Birke, A.; Pelzer, H.; Gauss, G. Kinetics of gametogenesis. Cell Tissue Res. 1974, 154, 443–470. [Google Scholar] [CrossRef]

	



Speed, R.M. Meiosis in the foetal mouse ovary. Chromosoma 1982, 85, 427–437. [Google Scholar] [CrossRef]

	



Western, P.; Miles, D.C.; Bergen, J.A.V.D.; Burton, M.; Sinclair, A. Dynamic Regulation of Mitotic Arrest in Fetal Male Germ Cells. STEM CELLS 2008, 26, 339–347. [Google Scholar] [CrossRef]

	



Yoshida, S. Stem cells in mammalian spermatogenesis. Dev. Growth Differ. 2010, 52, 311–317. [Google Scholar] [CrossRef]

	



Spradling, A.; Fuller, M.T.; Braun, R.E.; Yoshida, S. Germline Stem Cells. Cold Spring Harb. Perspect. Boil. 2011, 3, a002642. [Google Scholar] [CrossRef]

	



Evans, E.; Hogarth, C.; Mitchell, D.; Griswold, M.D. Riding the spermatogenic wave: Profiling gene expression within neonatal germ and sertoli cells during a synchronized initial wave of spermatogenesis in mice. Boil. Reprod. 2014, 90, 108. [Google Scholar] [CrossRef] [PubMed]

	



Wang, P.J.; McCarrey, J.R.; Yang, F.; Page, D.C. An abundance of X-linked genes expressed in spermatogonia. Nat. Genet. 2001, 27, 422–426. [Google Scholar] [CrossRef] [PubMed]

	



Baudat, F.; Manova, K.; Yuen, J.P.; Jasin, M.; Keeney, S. Chromosome synapsis defects and sexually dimorphic meiotic progression in mice lacking Spo11. Mol. Cell 2000, 6, 989–998. [Google Scholar] [CrossRef]

	



Enguita-Marruedo, A.; Van Cappellen, W.A.; Hoogerbrugge, J.W.; Carofiglio, F.; Wassenaar, E.; Slotman, J.A.; Houtsmuller, A.; Baarends, W.M. Live cell analyses of synaptonemal complex dynamics and chromosome movements in cultured mouse testis tubules and embryonic ovaries. Chromosoma 2018, 127, 341–359. [Google Scholar] [CrossRef] [PubMed]

	



Bisig, C.G.; Guiraldelli, M.F.; Kouznetsova, A.; Scherthan, H.; Höög, C.; Dawson, D.; Pezza, R.J. Synaptonemal Complex Components Persist at Centromeres and Are Required for Homologous Centromere Pairing in Mouse Spermatocytes. PLoS Genet. 2012, 8, e1002701. [Google Scholar] [CrossRef]

	



Qiao, H.; Chen, J.K.; Reynolds, A.; Höög, C.; Paddy, M.; Hunter, N. Interplay between Synaptonemal Complex, Homologous Recombination, and Centromeres during Mammalian Meiosis. PLoS Genet. 2012, 8, e1002790. [Google Scholar] [CrossRef]

	



Lei, L.; Spradling, A.C. Mouse primordial germ cells produce cysts that partially fragment prior to meiosis. Development 2013, 140, 2075–2081. [Google Scholar] [CrossRef]

	



Schmitt, J.; Benavente, R.; Hodzic, D.; Höög, C.; Stewart, C.L.; Alsheimer, M. Transmembrane protein Sun2 is involved in tethering mammalian meiotic telomeres to the nuclear envelope. Proc. Natl. Acad. Sci. USA 2007, 104, 7426–7431. [Google Scholar] [CrossRef]

	



Horn, H.; Kim, D.I.; Wright, G.; Wong, E.S.M.; Stewart, C.L.; Burke, B.; Roux, K.J. A mammalian KASH domain protein coupling meiotic chromosomes to the cytoskeleton. J. Cell Boil. 2013, 202, 1023–1039. [Google Scholar] [CrossRef]

	



Sheehan, M.; Pawlowski, W.P. Live imaging of rapid chromosome movements in meiotic prophase I in maize. Proc. Natl. Acad. Sci. USA 2009, 106, 20989–20994. [Google Scholar] [CrossRef]

	



Varas, J.; Graumann, K.; Osman, K.; Pradillo, M.; Evans, D.; Santos, J.L.; Armstrong, S.J. Absence of SUN1 and SUN2 proteins inArabidopsis thalianaleads to a delay in meiotic progression and defects in synapsis and recombination. Plant J. 2015, 81, 329–346. [Google Scholar] [CrossRef] [PubMed]








[image: Cells 09 00696 g001 550] 





Figure 1. Comparison of chromosomal and nuclear meiotic movements in different species. Yeasts, C. elegans, Drosophila, zebrafish and mice exhibit dramatic changes throughout meiotic prophase I substages, i.e., leptotene, zygotene, pachytene and diakinesis (not shown). These substages are well defined, except for S. pombe, which has no synaptonemal complex (SC; lightest blue), but displays peculiar LINE structures reminiscent of SC. For our selected sexually reproducing models, data were obtained either only in females ♀ (oogenesis), or also from males (♀ + ♂) (spermatogenesis). At pre-meiotic stages (grey background) in yeasts and mouse, Rabl orientation is inherited from previous divisions, when centromeres (blue and red dots) are pulled toward the spindle pole body or centrosome (yellow oval with emanating microtubules), with trailing telomeres. C. elegans, Drosophila and mouse do not show such organization. Zebrafish chromosomes organization has not been defined at this stage. Chromosome dynamics start from early leptotene, except in Drosophila, where movements take place during premeiotic divisions (grey background). Nuclear movements (dashed arrows) occur in yeasts, Drosophila and mouse, thus generating coordinated chromosome dynamics, whereas solitary chromosome movements (plain arrows) occur in C. elegans and, in addition to coordinated movements, in mouse. These movements rely on the coordinated action of the microtubule cytoskeleton (except in S. cerevisiae, actin), the dynein motor and the LINC complex (SUN/KASH). In S. cerevisiae, early movements depend on actin, whose rapid polymerization cycles push on the nucleus, consequently shaking chromosomes. At pachytene, telomeres display abrupt movements concomitant with nuclear membrane deformations. In S. pombe, prophase I-like stage is called the horsetail stage: the nucleus elongates and moves back and forth between the ends of the cell. Telomeres remain clustered at the leading edge of the moving nucleus. Drosophila and mouse display entire nuclear rotations driven by the microtubule cytoskeleton. Solitary microtubules-driven movements (plain arrows) have also been identified in C. elegans through the coordinated action of microtubules, dynein and LINC complex at the nuclear membrane. Concomitantly with early movements, 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 a bouquet at leptotene/zygotene transition in yeast and mouse, or early leptotene in zebrafish. C. elegans oocytes pack their chromatin in a characteristic half-moon territory. Resulting proximity of specific chromosomal regions (see text) leads to initial homologous pairing (arrowheads). Except for zebrafish, initial pairing is DSB-independent. Entry in zygotene is marked by the initiation of the synaptonemal complex formation (green ladder-like structure). During zygotene, chromosomes move out of the bouquet. Completion of synapsis and resolution of interlocks marks pachytene, displaying well-separated chromosome pairs. Full synapsis of homologues requires DSBs, except in C.elegans and Drosophila. 
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Table 1. Comparison of chromosomes and nuclear meiotic movements in different species.
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	S. Cerevisiae
	S. Pombe
	C. Elegans
	D. Melanogaster
	D. Rerio
	M. Musculus





	Chomosome number (2n)
	32
	6
	12
	8
	50
	40



	Localisation of initial homologous pairing
	Centromere

[4,5]
	Arms [6,7]

Centromeres [8,9,10]
	Pairing Center [11,12,13,14]
	X-Y rDNA

Centromeres [15]

Euchromatic Loci [15,16]
	Sub Telomere [17]
	♂ Telomeres [18]

♀ Distal/Interstitial Regions [19]



	Timing of initial homologous pairing
	Zygotene [4]
	Prophase [20]
	Transition Zone [21]
	Mitotic Region

[15,16]
	Leptotene/Early Zygotene [17]
	Premeiotic S-phase [22]/Early Leptotene [23,24]



	Meiotic DSB dependent synapsis
	Yes [25]
	NA
	No [26]
	No [27]
	Yes [17]
	Yes [22,23,24]



	Type of bouquet
	Telomeres [28]
	Telomere [20]
	Half-moon Shape [21,29,30]
	Centromere Cluster [31,32]
	Centromere

Telomere [17]
	Centromere [18,33]

Telomere [34]



	Bouquet stage
	Lept/Zyg Transition [28]
	Prophase [20]
	NA
	NA
	Leptotene [17]
	♂ Lept/Zyg Transition

[34,35]

♀ Zyg/Pachytene Transition [19]



	Chromosome

movement type
	Coordinated-[36,37]

autonomous [37,38]
	Horsetail Movements [20]
	Autonomous [30]
	Nuclear Rotation [39]
	ND
	Nuclear Rotation

Autonomous [35]



	Chromosome

movement stages
	Prophase [36,40]
	Horsetail Stage [20]
	Leptotene-zygotene [41,42]
	8-cell cyst [39]
	ND
	Leptotene-zygotene [35]



	Force-inducing cytoskeleton
	Actin [36,43,44]
	Microtubules [45]
	Microtubules [46]
	Microtubules [39]
	Microtubules? [47]
	Microtubules [34,35]



	Speed (nm/sec)
	300–500 [37,44]
	83 [20]
	125–400 [41,42]
	300 [39]
	ND
	109–120 [35]



	Adaptors to nuclear envelope
	Ndj1p/Csm4p

[36,43,44]
	Taz1/Rap1

Bqt1/2 [48,49,50]
	HIM-8/ZIM-2/ZIM-1/ZIM-3 [51,52]
	ND
	ND
	TERB1-TRF1 [53,54]

TERB2-MAJIN [55].



	LINC
	Mps3p/Mps2p

[44,56,57]
	Sad1/Kms1/Kms2

[58,59,60]
	SUN-1/ZYG-12 [46]
	Klarsicht, Klaroid [39]
	ND
	SUN1/SUN2/ [61,62]

KASH5 [63]



	Motors
	ND
	Dynein [48,49,50]
	Dynein [46]
	Dynein [39]
	ND
	Dynein [34,35]



	Other regulators
	ND
	MAP/Pat1 [20,50,64]
	CHK-2/PLK-2 [65,66]/HAL-2/HAL-3 [67,68]

FKB-6 [69]

MRG-1 [70,71,72]

PPH-4.1 [73]
	ND
	ND
	Rad21 [23]

CDK/Cdk2 [74]/

SpeedyA

[74,75].
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