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Recent studies in zebrafish have revealed key features of meiotic chromosome dynamics, including clustering of telomeres in the bouquet configuration, biogenesis of chromosome axis structures, and the assembly and disassembly of the synaptonemal complex that aligns homologs end-to-end. The telomere bouquet stage is especially pronounced in zebrafish meiosis and sub-telomeric regions play key roles in mediating pairing and homologous recombination. In this review, we discuss the temporal progression of these events in meiosis prophase I and highlight the roles of proteins associated with meiotic chromosome architecture in homologous recombination. Finally, we discuss the interplay between meiotic mutants and gonadal sex differentiation and future research directions to study meiosis in living cells, including cell culture.
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INTRODUCTION

Meiosis is a specialized cell division program required for the production of haploid gametes and sexual reproduction. The halving of chromosome number from the diploid state to the haploid state is achieved through two sequential rounds of segregation (meiosis I and meiosis II). While meiosis II resembles mitosis by which sister chromatids are segregated to two daughter cells, meiosis I requires a specialized mechanism where homologous chromosomes (homologs) recognize each other, pair, and undergo homologous recombination to form crossovers. The combination of crossover and cohesion between sister chromatids established during prophase I is required to produce tension and alignment on the meiotic spindle in metaphase I. Errors in any of these events can lead to the formation of aneuploid gametes and are a leading cause of birth defects in humans (Hunt and Hassold, 2002; Nagaoka et al., 2012).

The events leading to crossover formation are conserved among species and include the pairing and synapsis of homologous chromosomes (Table 1). Each homolog is organized around an axial core of proteins that make up the chromosome axis. Homolog pairing is an event that relies on DNA homology to bring regions of chromosomes into close alignment, at which point the synaptonemal complex (SC) is established and spreads to join the axes end-to-end. In addition, as homologs pair, meiotic chromosomes are organized in the nucleus in a way that telomeres are held transiently together near the nuclear envelope in the bouquet configuration.


TABLE 1. Conservation of amino acid sequence of meiosis proteins in zebrafish.
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Mechanisms supporting meiotic pairing and recombination have been extensively studied using a number of different model organisms that include yeasts and fungi, protists, plants, and animals (Klutstein and Cooper, 2014; Zickler and Kleckner, 2015, 2016; Loidl, 2016; Hughes et al., 2018; Grey and de Massy, 2021). Nevertheless, meiosis in fish groups, which occupy more than half of vertebrate species, remains largely unknown. Several studies in the teleost zebrafish (Danio rerio) have indicated that homologous recombination plays an essential role in gametogenesis, where diploid cells containing 25 pairs of chromosomes (note that zebrafish does not have sex chromosomes) are segregated to haploid gametes. Furthermore, recent studies have identified key structures of zebrafish meiotic chromosomes and their functions in recombination. These studies have revealed conserved roles of such structures and provided new insights into mechanisms leading to homolog pairing and meiotic recombination.

We were motivated to write this review based on the recent enthusiasm for using zebrafish as a “new” model organism to study meiosis. Our intended audience includes researchers who are new to zebrafish and would like to incorporate zebrafish biology in their studies as well as those interested in the breadth of chromosome-based strategies to properly segregate chromosomes across species. Here we review “when and where” each chromosome event takes place within the nucleus at each prophase stage of meiosis (sections “Overview of Zebrafish Gametogenesis” and “Progression Through Meiotic Prophase I”), and compare and contrast the functions of genes studied to date with mouse and human orthologs (sections “Chromosome Structures” and “Meiotic Recombination”). Next, we highlight some of the unique aspects of the zebrafish model that relate defects in oogenesis and gonadal sex differentiation that result in female-to-male sex reversal (sections Gonadal Sex Differentiation and Sex Reversal” and “Is the Synapsis Checkpoint Absent During Oogenesis?”). We also cover advantages and disadvantages of using zebrafish as an experimental organism to study the chromosome events of meiosis compared to mice and highlight the outstanding questions where zebrafish are well-suited for study (sections “Advantages and Disadvantages of the Zebrafish Model” and “Future Perspectives”).



OVERVIEW OF ZEBRAFISH GAMETOGENESIS

All juvenile zebrafish first develop bipotential ovaries with immature oocytes. Based on poorly understood effects of genetic and environmental contributions, immature oocytes degenerate in about half the population, leading animals to develop as males (Takahashi, 1977; Uchida et al., 2002; Maack and Segner, 2003; Rodríguez-Marí et al., 2005). The first round of oogenesis in the bipotential ovary progresses to the early follicle stage and gonadal sex differentiation occurs ∼20–25 days post fertilization (dpf) (Figure 1). Details of early oogenesis and gonad development in zebrafish are reviewed elsewhere (Selman et al., 1993; Elkouby and Mullins, 2017; Kossack and Draper, 2019). Early prophase I meiocytes can be observed in both testes and ovaries of adult zebrafish (Moens, 2006; Kochakpour and Moens, 2008; Draper, 2012; Beer and Draper, 2013). The zebrafish testis comprises lobules built of clusters of cystic germ cells, called spermatocysts, surrounded by Sertoli cells. Each spermatocyst contains a synchronously developing group of germ cells derived from a single spermatogonium (Schulz et al., 2010). A single spermatogonium undergoes nine rounds of mitotic division before entering meiosis, potentially yielding ∼512 meiocytes (spermatocytes) per spermatocyst. However, each spermatocyst has been found to contain only ∼400 germ cells at a similar sub-stage (Leal et al., 2009). Adult ovaries contain fewer prophase I meiocytes (oocytes) compared to males (Kochakpour and Moens, 2008). The majority of oocytes are located in the germinal zone, a discrete region on the surface of the ovary containing a population of germ cells <20 μm in diameter (Beer and Draper, 2013). Since female development depends on the ongoing production of oocytes (Kossack and Draper, 2019), several mutants that affect gametogenesis cause animals to undergo female-to-male sex reversal (described in section “Gonadal Sex Differentiation and Sex Reversal”).
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FIGURE 1. Gonadal sex differentiation and oocyte staging in zebrafish. Adapted from Blokhina et al. (2021). At 13-days post fertilization (dpf) the gonad is considered bipotential (i.e., can develop as either a testis or an ovary) and is made up of pre-follicle and early follicle stages (referred to as stage IA and IB, respectively, based on staging in Selman et al., 1993) and includes cells in meiotic prophase I. Following Stage IA oocyte formation, testis transitioning occurs ∼20–30 dpf in roughly 50% of larvae. In this case, oocytes undergo apoptosis and spermatogenesis is initiated. In animals that differentiate as females, oocytes develop further, and Stage IA oocyte production continues through adulthood. (A) Hematoxylin and Eosin (H&E) stained section of 24 dpf gonad. Scale bar = 20 μm. (B) H&E section of adult ovary. Scale bar = 100 μm. (C) H&E section of adult testis. Scale bar = 20 μm.




PROGRESSION THROUGH MEIOTIC PROPHASE I

Progression of meiotic prophase I can be followed cytologically by the presence or absence of key structural components of meiotic chromatin, as well as the expression of proteins involved in meiotic processes (Figure 2). Components and properties of key meiotic chromatin structures are discussed in detail later (see section “Chromosome Structures”). Proteins involved in meiotic recombination are discussed in section “Meiotic Recombination.” Prophase I is divided into five distinct stages in most studied species–leptotene, zygotene, pachytene, diplotene, and diakinesis based on cytological characteristics (Zickler and Kleckner, 1999). Because zebrafish meiocytes are more easily obtained from males, the chromosome events of meiosis prophase I have been better described in spermatocytes, however, limited characterization of oocytes shows that the stages from leptotene through pachytene are very similar to spermatocytes (Elkouby and Mullins, 2017; Blokhina et al., 2019). Prophase I of zebrafish meiocytes can be staged in a similar manner to that of other species, but with several distinguishing characteristics described below.
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FIGURE 2. Stages of meiotic prophase I in zebrafish. Immunofluorescence staining of synaptonemal complex protein 3 (Sycp3) with telomeres (Tel), DNA (DAPI) and/or stage specific markers on zebrafish spermatocyte spreads observed by conventional immunofluorescence microscopy (A–F) and by super resolution microscopy (G–K). Diagrams of homologous chromosome pairs (gray lines) indicate axis formation (green lines) and synapsis (blue lines) from telomeres (circles in magenta). (A) In the preleptotene stage, telomeres are yet to cluster and aggregates of Sycp3 are observed. (B) In the leptotene stage, telomeres cluster in the bouquet and axis formation as seen by the formation of Sycp3 lines immediately adjacent to telomeres. (C) DSBs near telomeres in leptotene and early/mid-zygotene (EZ/MZ) stages, visualized by staining DNA recombinases (Dmc1/Rad51; adapted from Takemoto et al., 2020). A region marked as a white rectangle is shown at a higher magnification at the top right. (D) Synapsis between homologs visualized by synaptonemal complex protein 1 (Sycp1) staining in a mid- to late zygotene (MZ/LZ) nucleus. (E) In the pachytene stage, axis formation and synapsis are completed and chromosomes are aligned from end-to-end. Future crossover sites are visualized by staining of MutL homolog 1 (Mlh1), which is involved in DSB repair. (F) A phosphohistone H3 (pH3) positive nucleus with broken Sycp3 signals. (G) Axes originate from telomere regions. (H) Coaignment between homologs, as indicated by parallel segments of axes (arrow). (I) Synapsis initiates between end regions. Telomeres are often seen associated with polycomplexes made up of Sycp3 and Sycp1 proteins (arrow). (J) End-to-end synapsis can result in interlocks where one or two chromosomes (in this case two synapsed homologs) can be trapped between another synapsed pair (arrow). Interlocks are often seen with local regions of asynapsis. (K) Telomere associations can persist into zygotene (shown here) and pachytene (not shown) although their numbers are reduced. Sometimes a stretch of axis can be seen spanning the ends of two unrelated chromosomes (arrow). Schematic diagrams of chromosome configurations are shown at the bottom. In (A,B,F) blue indicates DAPI stained DNA while in (D,G–J) blue indicates Sycp1 protein. (C) Is adapted from Takemoto et al. (2020). (F) Is modified from Ozaki et al. (2011). (G–I) Were previously published in Blokhina et al. (2019). (A,B,D,E,J) Replicate previously published images.



Preleptotene Stage

The preleptotene stage (also known as preleptonema) occurs shortly before or upon entry into meiotic prophase I. This stage can be identified by the presence of a few intranuclear aggregates of Sycp3 (Figure 2A; Saito et al., 2011), a structural component of the chromosome axis, similar to what is seen in male germ cells at late pre-leptotene stages in lizard (Newton et al., 2016), mouse (Scherthan et al., 1996), cattle (Pfeifer et al., 2003) and human females (Barlow and Hultén, 1998; Roig et al., 2004). In zebrafish, the bouquet has not yet formed, and telomeres are dispersed (Saito et al., 2011, 2014).



Leptotene Stage

In most species, the leptotene stage (also known as leptonema) is defined as the stage where chromosomes are organized into chromosome axes but are not yet synapsed (Westergaard and von Wettstein, 1972). In this stage, meiotic recombination is initiated by the formation of DNA double-strand breaks (DSBs, see section “DSB Formation in Zebrafish”). In zebrafish, the chromosome axis, as seen by Sycp3 staining, appears as short stretches immediately adjacent to the telomeres (Figures 2B,G; Saito et al., 2014; Blokhina et al., 2019). At the leptotene stage, the telomeres form a prominent bouquet configuration as seen in many organisms including human males (Scherthan, 2001). In addition, about 40% of telomeres are found to be associated in clusters that contain more than two telomeres per cluster (Figure 2K), suggesting their formation is not driven solely by homology (Blokhina et al., 2019). Evidence that homolog recognition has occurred is seen by the alignment of the chromosome axes in a parallel configuration without being joined by the SC (Figure 2H). Coalignment is likely a transient state since the SC has generally been established while the axes are still very short. DNA recombinases Dmc1/Rad51, which localize to DSB sites (Figure 2C; see section “DSB Repair in Zebrafish”), and γH2AX (histone H2A.X phosphorylated at Ser 139 upon DSB formation) staining shows that these DSBs form near subtelomeric regions during the leptotene stage (Saito et al., 2011, 2014; Blokhina et al., 2019; Takemoto et al., 2020; Imai et al., 2021).



Zygotene Stage

In the zygotene stage (also known as zygonema), synapsis of homologous chromosomes is initiated by the formation of the SC, a ribbon-like structure that bridges two homologous axes. The SC is easily visualized using antibodies to the SC component Sycp1 (Figures 2D,I). Because the initiation and lengthening of the SC among all chromosome ends is largely synchronous, the zygotene stage can be divided into early, mid- and late-stages according to the progression status of synapsis based on the total length of Sypc1 lines: leptotene to early zygotene transition (L/EZ; Sycp1 = 1–10 μm), early to mid-zygotene (EZ/MZ; Sycp1 = 10–50 μm), mid- to late zygotene (MZ/LZ; Sycp1 = 50–100 μm), and late zygotene stage (LZ; Sycp1 > 100 μm) (Blokhina et al., 2019). The telomere bouquet becomes even more prominent at the EZ stage, yet as the zygotene stage progresses, the telomeres disperse over the nucleus (Saito et al., 2014; Blokhina et al., 2019). Interestingly, even though all chromosome ends appear to be associated with their homologous partner, homologous regions at interstitial locations are typically not “paired” until they are brought together by the SC, as determined using fluorescence in situ hybridization (FISH) (Blokhina et al., 2019; Imai et al., 2021). This is in contrast to mice and yeast in which pairing and the initiation of synapsis occurs in interstitial regions (Zickler and Kleckner, 2015). DSBs continue to occur through the zygotene stage, and Dmc1/Rad51 foci localize on the unsynapsed axes at interstitial sites (Figure 2C). It should be noted that the bouquet configuration is readily visible in whole-mount gonad sections stained with antibodies to SC components and a telomere-probe using FISH to telomere repeats (Saito et al., 2014; Blokhina et al., 2019).

Since synapsis initiates at the ends of chromosomes and then “zippers-up” the remaining unpaired regions, it is not surprising that some chromosomal segments would become trapped between another set of homologs to form entanglements or interlocks as seen in many species (Zickler and Kleckner, 1999). Since it is not uncommon to see these structures at the late zygotene and early pachytene stages, it appears to be a distinct stage that has been termed the interlock stage. Nuclei in the interlock stage are distinguished from the late zygotene stage since they frequently contain individual pairs of chromosomes with extensive or even complete de-synapsis (Figure 2J; Blokhina et al., 2019). Since these de-synapsed chromosomes do not have evident crossovers, this stage is presumably distinct from the diplotene stage, though future work to definitively distinguish these stages is warranted. An interesting avenue of research will be to determine how interlocks and entanglements are removed and how synapsis is reestablished. Recent work in the plant Arabidopsis shows increased levels of entanglements in strains where expression of Topoisomerase II is knocked down using RNAi (Martinez-Garcia et al., 2018). In many species, including zebrafish, the zygotene stage is marked by substantial telomere-led movement via cytoskeletal motor proteins. It has been proposed that these movements may function in part to remove entanglements or interlocks (Koszul and Kleckner, 2009; Elkouby et al., 2016; Burke, 2018; Mytlis and Elkouby, 2021).



Pachytene Stage

In the pachytene stage (also known as pachynema), homologous chromosomes are synapsed entirely from end-to-end (telomere-to-telomere) by the SC. In zebrafish, 25 paired chromosomes are observed at this stage (Figure 2E). Since zebrafish do not have sex chromosomes, there are no asynapsed regions that are typically associated with unpaired heteromorphic sex chromosomes as is seen in some fish species (Devlin and Nagahama, 2002; Wallace and Wallace, 2003). Occasionally, some asynapsis and separation of the axes is seen near telomeres, which can be easily observed using super-resolution microscopy, possibly indicating that the cells are transitioning to the diplotene stage (Blokhina et al., 2021). Up to the pachytene stage, staining and imaging of chromosomes using super-resolution microscopy or electron microscopy show spermatocytes and oocytes are nearly identical except that fully synapsed pachytene chromosomes are somewhat longer in females (Wallace and Wallace, 2003; Kochakpour and Moens, 2008; Blokhina et al., 2019).



Diplotene Stage

In the diplotene stage (also known as diplonema) homologous chromosomes detach from one another through the disassembly of the SCs, but the axes remain attached at sites of crossing over referred to as chiasmata (Zickler and Kleckner, 1999, 2015). In zebrafish, definitive identification of cells in the diplotene stage (vs. late zygotene-early pachytene) has remained elusive (Wallace and Wallace, 2003; Ozaki et al., 2011). It is also possible that this stage in spermatocytes is so brief that very few cells are recovered in chromosome spread preparations. Diplotene chromosomes in oocytes undergo significant decondensation and adopt a “lampbrush” chromosome structure that can be seen in intact gonad tissue with DNA stained by DAPI. This stage is also associated with increased transcription in oocytes (Selman et al., 1993; Sumner, 2008; Elkouby and Mullins, 2017).



Diakinesis/Metaphase I

In the last stage of prophase I, the nuclear envelope disappears and the meiotic spindle begins to form, similar to mitotic prometaphase (reviewed in Petronczki et al., 2003). Further condensation of chromosomes is observed at this stage relative to earlier prophase stages. In metaphase I, the chromosomes remain at the center of the cell (this alignment cannot be observed on chromosome spreads). Homologous chromosomes remain connected by the combination of at least one crossover and cohesion between sister chromatids. In zebrafish, spermatocyte chromosome spreads at this stage can be identified by the presence of the metaphase marker phosphohistone H3 (pH3), and fragmented Sycp3 axes (Figure 2F; Ozaki et al., 2011). These nuclei are most likely at diakinesis to metaphase I stages.




CHROMOSOME STRUCTURES

Recent studies have identified key structures of zebrafish meiotic chromosomes and their functions in pairing and recombination (Feitsma et al., 2007; Kochakpour and Moens, 2008; Saito et al., 2014; Blokhina et al., 2019, 2021; Takemoto et al., 2020; Zhang et al., 2020; Imai et al., 2021; Islam et al., 2021). These studies not only revealed conserved roles of such structures, but also provided new insights into how they contribute to meiotic recombination. These features are summarized below.


Telomere Bouquet

The telomere bouquet, first described in the flatworm in 1921 by József Gelei, is a conserved feature of meiotic prophase nuclei seen in yeasts, plants, protists, and animals (Scherthan, 2001). In the bouquet, telomeres cluster to one side of the nucleus and the extended chromosomes appear as stems in a bouquet of flowers. The telomere bouquet is a prominent feature of the zebrafish meiotic nucleus and provides a means to easily visualize the earliest contacts formed between homologous chromosomes (Wallace and Wallace, 2003; Saito et al., 2014; Elkouby et al., 2016; Blokhina et al., 2019). The timing of the bouquet varies among species (Zickler and Kleckner, 1998), but in zebrafish it is seen in the leptotene stage and extends into early zygotene. By late zygotene, cells begin to exit the bouquet and telomeres are dispersed, yet still attached at the nuclear envelope. It is likely that the telomeres are attached to components of the LINC complex, which forms a protein bridge linking telomeres to cytoskeletal motor proteins, but this has not been tested (Burke, 2018). Three findings support this model though. First, α− and γ− tubulin localize to the region where telomeres are clustered in the bouquet (Saito et al., 2014); second, treatment of oocytes with the microtubule inhibitor nocodazole results in the dispersal of telomeres (Elkouby et al., 2016); and third, live-imaging of oocytes shows a considerable degree of motion at this stage (Mytlis and Elkouby, 2021).

In zebrafish, components of the meiotic chromosome axis are assembled immediately adjacent to the telomeres in the leptotene stage (Figure 2G), suggesting that some component of the shelterin complex or meiosis-specific associated proteins, such as Terb1 and Terb2 or Majin may be involved in seeding the initiation of axis biogenesis (de Lange, 2005; Shibuya et al., 2014, 2015). In Terb1–/–, Terb2–/–, and Majin–/– mice, telomere attachment to the nuclear envelope is disrupted (Daniel et al., 2014; Shibuya et al., 2014, 2015; Pendlebury et al., 2017; Dunce et al., 2018; Wang et al., 2019, 2020). These proteins are conserved among metazoans, so they likely play a similar role in zebrafish (da Cruz et al., 2020).

Telomere associations represent some of the first contacts between chromosomes (Blokhina et al., 2019). In the leptotene stage, up to 50% of chromosome ends are engaged with one or more telomeres and this number decreases as prophase I progresses to ∼6% in the pachytene stage. It is possible that the process of synapsis itself physically disrupts telomere associations between unrelated chromosomes since the number of engaged ends remains high in the absence of synapsis (Blokhina et al., 2019), although the process may also be regulated and the release is coordinated with other events. Since telomere associations can involve multiple chromosomes, they likely do not depend on DNA homology, however, it is not known to what extent telomere associations are a prerequisite of bona fide homolog pairing.

In zebrafish, pairing begins exclusively at the ends of each homologous chromosome pair before the chromosome axis is fully formed. Prior to synapsis, coaligned axes less than 0.5 μm apart mark the earliest detectable signs of pairing at the leptotene stage prior to the appearance of the SC (Figure 2H), but this state is only transient since coaligned axes with no associated SC are relatively rare compared to synapsed ends (Figure 2I; Blokhina et al., 2019). Once paired, synapsis is initiated near the ends and extends toward the middle of the chromosome, lagging slightly behind the elongating axes (Wallace and Wallace, 2003; Ozaki et al., 2011; Saito et al., 2011, 2014; Blokhina et al., 2019). This feature is shared with spermatogenesis in humans and mice (Brown et al., 2005; Bisig et al., 2012; Pratto et al., 2014; Gruhn et al., 2016). Pairing and synapsis in zebrafish depends on the formation of meiotic DSBs (Blokhina et al., 2019; Takemoto et al., 2020). The localization of DSBs near subtelomeric regions in the bouquet are consistent with the skew of the positions of Mlh1 foci and crossing over by genetic mapping (Postlethwait et al., 1998; Kochakpour and Moens, 2008; Anderson et al., 2012).

Interestingly, the telomere bouquet is configured adjacent to the Balbiani body (Bb), a membraneless organelle that sits outside the nucleus of oocytes and comprises mRNA protein granules (mRNP) and embryonic patterning factors. Since the Bb is the site of the oocyte vegetal pole, the bouquet configuration and oocyte patterning appear to be functionally coupled (Marlow and Mullins, 2008; Abrams and Mullins, 2009). This is supported by experiments showing disruption of microtubules disrupts both the Bb and the bouquet (Elkouby et al., 2016). It thus appears that oogenesis in zebrafish has evolved to take advantage of a conserved feature of meiosis as a mechanism to break cell symmetry (Elkouby et al., 2016).



Chromosome Axis

Meiotic chromosomes are organized in a special higher-order structure that consists of chromatin loops anchored along proteinaceous axes (Zickler and Kleckner, 2015). The meiotic chromosome axis comprises meiosis-specific cohesin complexes, components of the SC, and HORMA-domain proteins (Figure 3; Grey and de Massy, 2021). In zebrafish, nearly all chromosome structures studied to date appear to originate from telomeres in the bouquet, including several cohesin proteins (Rad21l1, Smc3, Smc1β), the SC proteins (Sycp1, Sycp2, Sycp3), and Hormad1 (Ozaki et al., 2011; Saito et al., 2011, 2014; Takemoto et al., 2020; Blokhina et al., 2021; Imai et al., 2021; Islam et al., 2021).
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FIGURE 3. Meiotic chromosome axis structures. The synaptonemal complex comprises the lateral elements (LE, Sycp2 and Sycp3) that run along the lengths of homologous chromosomes joined by a central region that contains the transverse filament (Sycp1) and a central element (a region indicated in orange). Chromosomes joined by this tripartite structure are considered “synapsed.” Prior to synapsis, the LE is referred to as the axial elements (AE) where chromatin is organized into loops that are serially attached to the axis. The chromosome axis is made up of cohesins, the axial element proteins and HORMA-domain proteins. In zebrafish, axis localization has been observed for the cohesin components Smc3, Smc1β, and Rad21l1, the axial element proteins Sycp2 and Sycp3, and Hormad1. Localization of Rec8a/b (there are two paralogs in zebrafish) and Hormad2 (not shown) remains to be determined. Homologous chromosome pair at the ends as seen by the coalignment of axial elements. While the Rec8 cohesin complex most likely links sister chromatids together, it is not clear what DNA sequences are associated with Rad21l1 complex, however, it could play a role similar to the COH-3/4 cohesin complexes that enable the formation of asymmetric chromosome loops in C. elegans (Wolger et al., 2020).


DNA loop lengths can vary in different organisms. For example, the average size in mice is a few hundred kb and ∼28 kb in S. cerevisiae (Grey and de Massy, 2021). In zebrafish, total SC length (= axis length in the pachytene stage) per nucleus has been reported from several labs and ranges from 166 to 260 μm (Traut and Winking, 2001; Wallace and Wallace, 2003; Moens, 2006). Since the zebrafish genome size is ∼1.4 Gb (the latest zebrafish genome assembly, GRCz11), a rough estimation of SC length per Mb DNA is ∼153 nm SC/Mb DNA. Similarly, total autosomal SC length has been measured in several mouse strains and ranges from 150 to 163 μm (Vranis et al., 2010). In mice, this gives roughly ∼74 nm SC/Mb DNA for 2.1 Gb of all autosomal DNA (GRCm39). If we assume that loop density along the SC is similar among species (Zickler and Kleckner, 1999), loop size in zebrafish might be smaller than mouse, though it remains to be determined.


Cohesins

Following premeiotic DNA replication in S-phase, sister chromatids must remain together until meiosis II. Sister chromatid cohesion relies on ring-like protein complexes called cohesins. Cohesins are composed of two SMC (structural maintenance of chromosomes) proteins that form the ring and the additional protein subunits, kleisin and SA, that close the ring. The meiotic cohesin complex consists of four core subunits. The ring comprises SMC1β and SMC3, a kleisin subunit (RAD21L, REC8 or RAD21), and the SA subunit STAG3 (Rankin, 2015; Ishiguro, 2019). Several orthologs of these proteins have been characterized in zebrafish as summarized below (Takemoto et al., 2020; Blokhina et al., 2021; Islam et al., 2021).

SMC1β/Smc1β is one of two vertebrate SMC1 proteins: SMC1α and SMC1β. Mouse SMC1β has been shown to be a meiosis-specific component of the cohesin complex, while SMC1α is specific to somatic cells (reviewed in Ishiguro, 2019). Mouse Smc1β is essential for meiosis in both sexes and its mutation leads to meiotic arrest at the pachytene stage in males and at metaphase II in females (Revenkova et al., 2004). Zebrafish Smc1β is also required for both spermatogenesis and oogenesis and is expressed in both testis and ovaries (Islam et al., 2021). smc1β–/– spermatocytes enter the leptotene to early zygotene stages before undergoing apoptosis. Prior to arrest, short Sycp3 lines form near the bouquet, yet undergo only limited extension and do not assemble a full SC. DSBs are located near telomeres in the bouquet in this mutant suggesting that early pairing may take place but is quickly lost as cells undergo apoptosis. Smc3 lines are also not seen in this mutant as would be expected if Smc1β is required to make the meiosis-specific cohesin.

Rad21l1, a meiosis-specific cohesin subunit, is the zebrafish homolog of mouse RAD21L and human RAD21L1 (Gutiérrez-Caballero et al., 2011; Ishiguro et al., 2011; Polakova et al., 2011; Blokhina et al., 2021). Zebrafish Rad21l1 is expressed from the leptotene stage through the pachytene stage (Takemoto et al., 2020; Blokhina et al., 2021). At the leptotene stage, Rad21l1 colocalizes with the chromosome axes at the ends of chromosomes and is also found throughout the nucleus as dispersed foci. Rad21l1 loads onto axes during extension and is also found associated with the central region of the synaptonemal complex once homologs are synapsed in both spermatocytes and oocytes. At the pachytene stage, Rad21l1 remains on both the axes and central region. The dispersed foci that are observed in the leptotene and early zygotene stages have largely disappeared by late zygotene, likely having been incorporated during synapsis. In mouse, a similar staining pattern is seen except that the ortholog RAD21L transiently disappears from synapsed chromosomes at the pachytene stage (Gutiérrez-Caballero et al., 2011; Ishiguro et al., 2011; Lee and Hirano, 2011; Lee, 2013; Biswas et al., 2016; Rong et al., 2016). Spermatocytes of rad21l1–/– zebrafish show normal telomere bouquet formation and overall normal homolog pairing, yet small stretches of axes of pachytene chromosomes remain partially unsynapsed (Blokhina et al., 2021). Moreover, the rad21l1–/– males are fertile and give rise to normal progeny indicating normal recombination and chromosome segregation has occurred. This phenotype is in striking contrast to Rad21l–/– mice where the telomere bouquet, synapsis, and recombination are all severely compromised in spermatocytes (Gutiérrez-Caballero et al., 2011; Ishiguro et al., 2011, 2014; Llano et al., 2012; Biswas et al., 2016). The rad21l1–/– zebrafish populations develop almost entirely as males (see section “Gonadal Sex Differentiation and Sex Reversal”) so its localization in oocytes has not been tested (Blokhina et al., 2021).



Sycp2 and Sycp3

Sycp2 and Sycp3 are AE proteins conserved among metazoans (Fraune et al., 2012, 2014). SYCP2 was first identified in rats as a component of the LEs of the SC and shows some similarity to the yeast axis protein Red1 (Offenberg et al., 1998). Mouse SYCP2 directly interacts with SYCP3 through its internal coiled-coil domain (Yang et al., 2006; West et al., 2019), and the deletion of the SYCP3-interacting domain of SYCP2 leads to mislocalization of SYCP3 as aggregates (Yang et al., 2006). In zebrafish spermatocytes, Sycp3 appears as a few intense foci at the pre-leptotene stage, whereas Sycp2 is not yet observed on chromosome spreads (Ozaki et al., 2011; Takemoto et al., 2020). It is unknown whether Sycp3 at this stage forms aggregates or polycomplexes, which are observed with SC components in different species (reviewed in Hughes and Hawley, 2020). At the leptotene stage, Sycp3 starts to form short stretches upon the appearance of Sycp2 signals, immediately adjacent to telomeres (see above) (Takemoto et al., 2020). In sycp2–/– spermatocytes, Sycp3 remains as aggregates similar to what is observed in the wild-type pre-leptotene stage (Takemoto et al., 2020). Therefore, Sycp2 expression is essential for Sycp3 loading to the chromosome axis, suggesting that the zebrafish Sycp2 and Sycp3 may form a filament structure together, similar to their mammalian orthologs (Yang et al., 2006; West et al., 2019). Because Sycp3 loading also initiates adjacent to telomeres in spo11–/– zebrafish spermatocytes (Blokhina et al., 2019), DSB formation does not trigger this process. SYCP2 is observed as short fragments or dots colocalizing with telomeres in Sycp3–/– mutant mice and may have telomere specific binding properties (Liebe et al., 2004). It is possible that this function of Sycp2 in zebrafish is responsible for initiating axis formation solely at telomeres.

In sycp2–/– spermatocytes, Sycp1 is observed as aberrant filaments that are not homogeneous in length, and their numbers are decreased compared to those in wild-type nuclei (Takemoto et al., 2020). The majority (∼75%) of the aberrant Sycp1 filaments do not colocalize with telomere foci, while they are costained with Rad21l1. Thus, Sycp1 seems to be ectopically loaded onto chromatin in the absence of Sycp2. Along with the synaptic defects, homologous pairing is also defective in sycp2–/– spermatocytes as indicated from increases in numbers of telomere foci and dissociation of an interstitial locus (Takemoto et al., 2020).



Hormad1 and Hormad2

Members of the meiotic HORMAD family share the evolutionarily conserved HORMA (Hop1, Rev7, Mad2) domain (reviewed in Rosenberg and Corbett, 2015; Grey and de Massy, 2021). In many species, the meiotic chromosome axis contains HORMAD proteins: yeast Hop1, mammalian HORMAD1, and HORMAD2, plant ASY1 and ASY-2, and nematode HIM-3, HTP-1, HTP-2, and HTP-3. Mouse HORMAD1 is essential for both male and female fertility (Shin et al., 2010; Daniel et al., 2011), while HORMAD2 mutations cause sterility in males only (Kogo et al., 2012; Wojtasz et al., 2012). In mice, HORMAD1 appears at the preleptotene stage as distinct foci co-localizing mostly with the cohesins REC8 and RAD21L (Fujiwara et al., 2020), and form short stretches in the zygotene stage (Wojtasz et al., 2009; Fukuda et al., 2010). In zebrafish, the Hormad1 ortholog appears as punctate or short filamentous signals that partially colocalize with Sycp2-stained axes in the leptotene stage, localizes with unsynapsed axes during the zygotene stage, yet disappears in regions where synapsis occurs through the pachytene stage (Imai et al., 2021). This localization pattern on unsynapsed axes resembles that of mouse HORMAD1 (Wojtasz et al., 2009; Fukuda et al., 2010). Zebrafish knockouts of hormad1 and hormad2 have not been characterized.




Synaptonemal Complex

The SC comprises two lateral elements (LEs, axes of each homolog) and a ∼100 nm wide central region that consists of transverse filaments (TFs) interacting with each LE at one side and with the central elements (CEs) at the other side (reviewed in Fraune et al., 2012; Cahoon and Hawley, 2016). Formation of LE precedes loading of TFs, and at this stage, LEs are generally mentioned as axial elements (AEs). Although the amino acid sequences of SC components proteins are poorly conserved among species (Table 1), the basic structure of the SC is highly conserved. In mammals, eight SC components have been identified: AE/LE proteins SYCP2 and SYCP3, the transverse filament protein SYCP1 (Meuwissen et al., 1992), and central element proteins SYCE1, SYCE2, SYCE3, SIX6OS1, and TEX12 (Costa et al., 2005; Hamer et al., 2006; Schramm et al., 2011; Gómez et al., 2016). Orthologs of these proteins are found in zebrafish, except for SIX6OS1, which is possibly absent in bony fish (Gómez et al., 2016). Sycp1 staining has been used to follow SC formation (synapsis) in zebrafish meiosis (Moens, 2006; Saito et al., 2014; Blokhina et al., 2019; Imai et al., 2021). The Sycp1 loading is promoted by DSB formation, since no or a few short fragments of Sycp1 are observed in spo11–/– zebrafish meiocytes (Blokhina et al., 2019). In sycp2–/– zebrafish, Sycp1 forms aberrant filaments that are heterogeneous in length, with the majority located away apart from telomeres (Takemoto et al., 2020) indicating a role for Sycp2 in SC assembly. In contrast, Sycp1 is not required for the AE/LE formation (Imai et al., 2021).




MEIOTIC RECOMBINATION


Meiotic Recombination: A General View

Meiotic recombination is initiated by the formation of programmed DSBs catalyzed by the meiosis specific endonuclease SPO11 (Bergerat et al., 1997; Keeney et al., 1997), together with accessory DSB proteins (reviewed in de Massy, 2013). SPO11 is widely conserved among eukaryotes, including zebrafish (Malik et al., 2007; Sansam and Pezza, 2015; see section “DSB Formation in Zebrafish”). To ensure the proper segregation of homologous chromosomes at meiosis I, a subset of DSBs are repaired by homologous recombination to form at least one crossover per homolog pair (Figure 4). The recombination process can be broken up into 3 main stages (reviewed in Hunter, 2015): (1) DSB sites are processed by endo- and exonucleases that generate 3′-overhang single-stranded DNA (ssDNA) tails; (2) strand invasion of ssDNA is catalyzed by recombinases and co-factors; (3) recombination intermediates are processed to form either crossover or non-crossover products. A subset of DSBs are repaired using the sister chromatid in yeast (Goldfarb and Lichten, 2010; Lam and Keeney, 2014). Measuring these events in metazoans has remained elusive, yet recent work in C. elegans has shown they occur, though at reduced levels (Almanzar et al., 2021; Toraason et al., 2021).


[image: image]

FIGURE 4. Meiotic recombination pathway showing steps mediated by proteins described in the text. Adapted from Baudat et al., 2013. Red and blue lines represent double strand DNAs of maternal and paternal origins. Broken lines indicate newly synthesized DNA strands during DSB repair. (A) DSB formation requires the topoisomerase-like protein Spo11. (B) The repair of meiotic DSBs involves strand exchange mediated by the ssDNA binding complex RPA, the recombinases Dmc1 and Rad51, and Brca2. (C) Recombination intermediates are resolved to form either crossover or non-crossover products. Crossover resolution involves Mlh1. Other proteins have also been shown to act in meiotic recombination in mammals (reviewed in Baudat et al., 2013) and in budding yeast (reviewed in Yadav and Claeys Bouuaert, 2021). Presented proteins have been studied in zebrafish by mutation and/or cytological analyses. It has not been definitively shown that FANCL/Fancl acts at these stages in both mouse and zebrafish.


Several DSB repair proteins are used to visualize the recombination process. For example, foci of DMC1 and RAD51 recombinases loaded to ssDNA are used to estimate the number and location of DSBs. Localization of MLH1 (MutL protein homolog 1), a protein required for crossover resolution, indicates putative crossover sites (Figure 2E). These proteins are also conserved among vertebrates (Table 1) and have been used to characterize the recombination process (Kochakpour, 2009; Sansam and Pezza, 2015). One challenge in the field has been to find antibodies to human and mouse proteins that cross-react with zebrafish proteins. Examples of antibodies that work (or do not work) in our hands are reported elsewhere (Blokhina et al., 2020).



Double-Strand Break Formation in Zebrafish

Like other species, zebrafish Spo11 is essential for DSB formation, since γH2AX signals and Dmc1/Rad51 localization are abolished in spo11–/– spermatocytes (Blokhina et al., 2019; Takemoto et al., 2020). In mice, the RMMAI complex (REC114-MEI4-MEI1-ANKRD31-IHO1) is recruited onto chromosome axis via the interaction of HORMAD1 and IHO1 (Libby et al., 2003; Kumar et al., 2010, 2018; Stanzione et al., 2016; Papanikos et al., 2019; Boekhout et al., 2019). Since all of the RMMAI complex proteins, aside from ANKRD31, are essential for DSB formation in mice, this complex is thought to promote DSB formation catalyzed by the SPO11-TOP6BL complex (Libby et al., 2003; Kumar et al., 2010, 2018; Robert et al., 2016; Stanzione et al., 2016). These accessory DSB proteins exist in zebrafish, at least at the genome sequence level, though their functional conservation remains to be elucidated. Zebrafish Iho1 appears on axes at leptotene through early zygotene stages and localizes on unsynapsed axes as punctate foci or short stretches during the zygotene stage and disappears from axes at the pachytene stage (Imai et al., 2021). Iho1 foci are observed in spo11–/– zebrafish spermatocytes (Imai et al., 2021), indicating that Iho1 loading to the axis occurs prior to DSB formation, as observed in mice (Dereli et al., 2021).

In mice and humans, PRDM9 binding sites shape the DSB landscape (Baudat et al., 2010; Myers et al., 2010; Parvanov et al., 2010; Brick et al., 2012; Pratto et al., 2014). PRDM9 is a DNA-binding, zinc finger, histone methyltransferase that determines the location of recombination hotspots in a number of mammalian species (Paigen and Petkov, 2018). Zebrafish Prdm9 is missing several domains and is unlikely to play a role in DSB localization (Baker et al., 2017). However, it is an outlier since most bony fish appear to have a functional ortholog (Baker et al., 2017). Other examples of vertebrates lacking a functional Prdm9 gene, include sticklebacks (Shanfelter et al., 2019), birds and crocodiles (Oliver et al., 2009; Singhal et al., 2015), canids (Oliver et al., 2009; Muñoz-Fuentes et al., 2011), and amphibians (Baker et al., 2017). Prdm9 knockout mice in specific genetic backgrounds and a rare healthy PRDM9 human female can reproduce normally (Muñoz-Fuentes et al., 2011; Singhal et al., 2015; Narasimhan et al., 2016; Mihola et al., 2019). In sticklebacks, birds, and dogs, recombination hotspots are typically found in promoter regions (Auton et al., 2013; Singhal et al., 2015) and is also seen in budding yeast (Lam and Keeney, 2015), which also lacks Prdm9. It is plausible that DSBs in zebrafish may be directed at promoter regions as well.

Notably, γH2AX and Dmc1/Rad51 signals in zebrafish spermatocytes appear in proximity to telomeres at the leptotene to early zygotene stages, indicating that DSBs first occur at DNA sequence near the ends of chromosomes (Saito et al., 2011; Sansam and Pezza, 2015; Blokhina et al., 2019; Takemoto et al., 2020). How DSBs are induced near telomeres in zebrafish is unknown, but recent work in human males points to early DNA replication timing influencing the skew of both DSBs and crossovers to the ends of chromosomes (Coop et al., 2008; Pratto et al., 2014, 2021). Since zebrafish do not appear to have a functional PRDM9 gene, it will be interesting to test if trimethylated H3K4 and/or H3K36 modifications, the marks created by PRDM9, are found to be enriched near telomeres. Understanding how the sites of DSBs are determined in zebrafish will likely provide insights into human spermatogenesis (Blokhina et al., 2019).

In zebrafish, each nucleus at the leptotene to early zygotene stages has an average of ∼80 Dmc1/Rad51 foci, though the number fluctuates from cell to cell (Imai et al., 2021). While this is fewer than the ∼200–400 Dmc1/Rad51 foci observed at the leptotene stage in mice and humans (Reviewed in Baudat and de Massy, 2007), it remains to be elucidated whether this lower number reflects fewer DSBs overall, rapid turnover of Dmc1/Rad51 at DSB sites, and/or an extended time window when DSBs can form.



Double-Strand Break Repair Zebrafish

In zebrafish, Dmc1/Rad51 foci localize to chromosome axes, and based on their proximity to telomeres in the bouquet, they are most likely involved in homolog pairing (Blokhina et al., 2019; Takemoto et al., 2020; Imai et al., 2021). It is not known, however, if zebrafish Rad51 and Dmc1 localize to the same or different sites and/or play distinct roles in DSB repair, as reported in several species (Shinohara et al., 1997; Pittman et al., 1998; Yoshida et al., 1998; Howard-Till et al., 2011; Steinfeld et al., 2019; Slotman et al., 2020). In mice, RPA (Replication Protein A complex) is required for DMC/RAD51 recruitment and strand invasion as well as efficient meiotic crossover formation (Sugiyama et al., 1997; Soustelle et al., 2002; Shi et al., 2019; Hinch et al., 2020). Zebrafish RPA likely plays similar roles in meiotic recombination, since it is observed as punctate foci or short stretches mostly at chromosome ends in the leptotene and zygotene stages, and the majority of these signals disappear at the pachytene stage (Moens, 2006; Takemoto et al., 2020). Zebrafish Brca2 (Breast cancer 2) and Fancl (Fanconi anemia complementation group L) could also be involved in meiotic DSB repair, since their mutation causes defects in gametogenesis (see section “Gonadal Sex Differentiation and Sex Reversal”) (Rodríguez-Marí et al., 2010; Shive et al., 2010; Rodríguez-Marí and Postlethwait, 2011).



Crossover Resolution in Zebrafish

MLH1–MLH3 function together to create the MutLγ nuclease that functions to bias the repair of Spo11-induced DSBs to form crossover products (Rogacheva et al., 2014; Hunter, 2015; Cannavo et al., 2020). As seen in most species, Mlh1 foci localize to the SC of pachytene chromosomes and mark the sites of putative crossovers (Hunter, 2015). In zebrafish, there are on average ∼1.0 Mlh1 foci per homologous pair in spermatocytes and ∼1.6 in oocytes in the pachytene stage (Moens, 2006; Kochakpour and Moens, 2008). Mlh1 localization shows extensive sex differences: Mlh1 foci are mostly located at distal regions of the SCs in males but tend to be more evenly distributed in females (Kochakpour and Moens, 2008). The sex-differences are also supported by zebrafish recombination mapping that predict male crossovers are skewed toward the ends of chromosomes and female crossovers are more evenly distributed along chromosomes (Postlethwait et al., 1998; Singer et al., 2002; Anderson et al., 2012). It is not known how crossover landscapes are established in females, yet it should be noted that synapsis initiates near the telomeres in the bouquet in both male and female zebrafish (Blokhina et al., 2019). Rad51 foci have also been observed at interstitial regions of pachytene chromosomes and are potential sites of crossing over (Blokhina et al., 2019; Imai et al., 2021). It will be of future interest to understand how DSBs could result in different crossover outcomes between male and female zebrafish.



The Role of the Synaptonemal Complex in Meiotic Recombination in Zebrafish

In sycp2–/– spermatocytes, the number of Dmc1/Rad51 foci are dramatically reduced compared to wild-type (Takemoto et al., 2020). It is possible that the sycp2 mutation could prevent: (1) the formation of DSBs; and/or (2) induce the rapid repair by homologous recombination using the sister chromatid as a substrate. The former idea is supported by a recent report in mice showing that axis localization of RAD51 foci and the DSB protein IHO1 is reduced in Sycp2–/– spermatocytes (Fujiwara et al., 2020). The latter is consistent with the conserved interaction of Red1/SYCP2 with HORMAD proteins (West et al., 2019), which promote inter-homolog bias (reviewed in Pradillo and Santos, 2011). Not surprisingly, based on the phenotypes in mice, homologous pairing is also impaired in sycp2–/– zebrafish spermatocytes (Takemoto et al., 2020). This would be because of the absence of homologous interactions mediated by Dmc1/Rad51 and/or defects in the SC formation as discussed above.

Sycp1 is also essential for zebrafish gametogenesis (Saito et al., 2011; Imai et al., 2021). In contrast to sycp2–/– zebrafish, signals of DSB marker proteins Dmc1/Rad51, RPA, and γH2AX are observed in sycp1–/– zebrafish spermatocytes (Imai et al., 2021). However, DSB repair is compromised in the sycp1–/– spermatocytes, and homologous pairing only transiently occurs at chromosome ends and is largely lost. Therefore, Sycp1 appears to function in later stages of homologous recombination to maintain alignment of homologs as observed with Sycp1 orthologs in other species (Zickler and Kleckner, 1999; de Vries et al., 2005; Higgins et al., 2005). Notably, in sycp1–/– spermatocytes, the majority of DSB marker signals appear at the proximity to telomeres on or adjacent to chromosome axes. This indicates that synapsis does not play a critical role in DSB localization to subtelomeres in zebrafish spermatocytes. Interestingly, Hormad1 persists on the axes in the absence of Sycp1, while bright Iho1 foci appear in leptotene and early zygotene-like spermatocytes and mostly disappear in the late zygote or pachytene-like stages, as in wild-type cells (Imai et al., 2021). In Sycp1–/– mice, IHO1 depletion from all axes has been observed in late zygotene to early pachytene stages (Dereli et al., 2021). How DSBs are directed to subtelomeric regions in zebrafish spermatocytes remains to be elucidated.




GONADAL SEX DIFFERENTIATION AND SEX REVERSAL

In zebrafish, female development requires the continuous formation of oocytes, without which animals undergo female-to-male sex reversal (Kossack and Draper, 2019). Thus, mutations that disrupt oocyte development will cause animals to develop solely as males. This is feasible since male development does not depend on the presence of a Y chromosome. Mutations that knockout spo11 or mlh1 do not cause female-to-male sex reversal, possibly due to the absence of a synapsis checkpoint function absent in females as described in section “Is the Synapsis Checkpoint Absent During Oogenesis?”. As mentioned above, several mutations that affect the chromosome events of meiotic prophase also cause most or all of the homozygous mutant population to develop as males, including the axial component gene sycp2, the meiosis-specific cohesin subunits smc1β and rad21l1, and the DNA repair genes brca2 and fancl (Rodríguez-Marí et al., 2010, 2011; Shive et al., 2010; Rodríguez-Marí and Postlethwait, 2011; Ramanagoudr-Bhojappa et al., 2018; Takemoto et al., 2020; Blokhina et al., 2021). One of our labs has reported that sycp1isa/isa populations develop solely as males (Imai et al., 2021), while the other has found females in a population of independently derived sycp1–/– mutants (Olaya and Burgess, unpublished). As sex is determined in zebrafish by both genetic and environmental factors, it is not surprising that they could also have epistatic effects on meiotic mutant phenotypes.

Tp53, the homolog of mouse and human TP53 plays dual roles in gonadal sex differentiation and as a checkpoint protein that can be activated by DNA damage. In a brca2 mutant (brca2Q658X/Q658X) and fancl–/– zebrafish, mutation of tp53 suppresses sex reversal and allows a portion of homozygous mutant animals to develop as females, yet these females produce malformed offspring due to aneuploidy (Rodríguez-Marí et al., 2010, 2011; Shive et al., 2010; Rodríguez-Marí and Postlethwait, 2011). These results suggest that the brca2 and fancl mutations result in unrepaired DNA damage that would otherwise cause cells to be removed via a Tp53 mechanism.

In zebrafish, the mutant rad21l1–/– population also displays a dramatic shift in the sex ratio toward males due to late female-to-male sex reversal, and like fancl and brca2 mutants, sex reversal can be partially suppressed in tp53 rad21l1 double mutants (Blokhina et al., 2021). However, rad21l1–/– zebrafish display exceptional sexually dimorphic phenotypes, with males producing healthy offspring and tp53 rad21l1 females producing poor quality eggs and malformed embryos compared to tp53 (Blokhina et al., 2021). This differs from the reproductive phenotype of Rad21l–/– mice where males are infertile and females display age-dependent sterility (Herrán et al., 2011). The fertility of rad21l1–/– zebrafish may be due in part to the upregulation of the rec8b paralog (Blokhina et al., 2021). Interestingly, there are rare instances of rad21l1–/– female zebrafish with a normal reproductive phenotype, again another possible epistatic effect of the environment. The presence of lampbrush chromosomes at the follicle stage in 45 dpf animals demonstrates that these mutant oocytes can progress through meiosis prophase I to the diplotene stage but then undergo Tp53-mediated apoptosis, thus stimulating female-to-male sex reversal. The arrest is not likely due to the failure to repair Spo11-induced DSBs since the spo11–/– rad21l1–/– population develops as infertile males. This raises the possibility that Rad21l1 plays a role specific to oogenesis, either arising at or before the lampbrush stage.



IS THE SYNAPSIS CHECKPOINT ABSENT DURING OOGENESIS?

In zebrafish, the recombination mutants mlh1–/– and spo11–/– have similar phenotypes: in both strains, males are sterile and produce no sperm while mutant females are fertile, yet produce malformed progeny that fail to develop, likely due to severe aneuploidy (Feitsma et al., 2007; Leal et al., 2008; Blokhina et al., 2019). In Mlh1–/– and Spo11–/– mice, a significant number of oocytes form follicles after reaching the diplotene stage, yet accelerated loss of oocytes dramatically reduces the number of primordial follicles at the early postnatal period during follicle formation (Di Giacomo et al., 2005). The loss in oocytes has been attributed to a synapsis checkpoint that acts independently of a DSB repair checkpoint in mutants that fail to repair Spo11-DSBs. A similar synapsis checkpoint has been described in other model organisms (Roeder and Bailis, 2000; Bhalla and Dernburg, 2005; Subramanian and Hochwagen, 2014). The sexually dimorphic phenotypes associated with mlh1–/– and spo11–/– zebrafish suggest that a synapsis checkpoint may be absent during oogenesis but functional during spermatogenesis. These sexually dimorphic phenotypes may reflect infertility in humans. Azoospermia is a common phenotype associated with male infertility, while defects in the chromosome events of oogenesis tend to result in the formation of aneuploid embryos and is a major cause of pregnancy loss. Thus, infertility in human females may arise, in part, due to less robust checkpoint mechanisms (Nagaoka et al., 2012; Gray and Cohen, 2016). On the other hand, activation of meiotic checkpoints in male mammals can be traced to the meiotic silencing of unpaired chromosomes due to a disruption of the mechanism that accommodate the presence of unpaired sex chromosomes during normal meiosis (Turner et al., 2005). Notably, zebrafish do not have heteromorphic sex chromosomes, which enables the study of mutations affecting meiotic processes independent of the meiotic sex chromosome inactivation response (MSCI) (Burgoyne et al., 2009).



ADVANTAGES AND DISADVANTAGES OF THE ZEBRAFISH MODEL

In addition to the low cost in housing large numbers of animals (∼1/1000th the cost of mice), zebrafish share ∼70% of genes with humans and about 85% of human disease genes. Zebrafish have several unique features that make them a useful model organism to study the chromosome events of meiosis. First, progeny numbers in the hundreds and embryos develop outside of the body. The vast number of progeny generated in a single cross can account for large n values for reporting experimental results, on par with Drosophila and worm models. The transparency of the embryos enables researchers to pinpoint the stages of development that are affected by aneuploidy or chromosome abnormalities, whereas embryonic development is not as easily studied in mice. Second, oogenesis occurs over the course of adulthood in zebrafish, unlike in mice where the stages of meiotic prophase occur in the fetal ovary (discussed in section “Overview of Zebrafish Gametogenesis”). Thus, experiments involving the same female can be performed multiple times over the course of weeks. A single female can potentially breed 30 times. Third, sexually dimorphic phenotypes provide insights into meiotic errors. Maintenance of the ovary depends on the formation of oocytes, even into adulthood, and failure in oogenesis results in female-to-male sex reversal (discussed in section “Gonadal Sex Differentiation and Sex Reversal”). Therefore, defects in oogenesis can be assessed simply by assaying sex ratios in a tank of fish, not unlike the high incidence of male (him) phenotype in C. elegans that is used as a proxy for monitoring chromosome segregation errors (Hodgkin et al., 1979).

There are of course some downsides to working with zebrafish. The time to sexual maturity in zebrafish (∼60 days) is longer than in mice (∼35 days). While early gametogenesis can be studied in both species in a matter of weeks, the larval zebrafish gonads are so small it is difficult to obtain enough material to do chromosome spreads. This is especially challenging for studying mutants that undergo female-to-male sex reversal in the early larval stages. Conversely, the oocytes in adult fish contain a large amount of yolk, which is prohibitive for chromosome spreads. Development of meiocytes in these stages is not synchronous and is affected by environmental factors. Therefore, unlike mice, sampling of gonads enriched in a specific stage of prophase I is difficult. Since zebrafish have no sex chromosomes, processes that have evolved to accommodate unpaired sex chromosomes may be absent.

For the purposes of this review, the exceptional advantage to using zebrafish is the use of superresolution imaging to view the temporal events of meiotic prophase. While pairing occurs at several locations along a chromosome in many organisms, in a select few, pairing and the SC are established near the telomeres located in the bouquet, including human males. For this reason, zebrafish is a reasonable model to study sexually dimorphic features of human meiosis. Moreover, the isolation of pairing events to a specific region of the nucleus provides a window to examine how the crowding of chromosomes, in addition to chromosome movement, may support pairing. The possible role of bouquet in oocyte patterning is intriguing and should prove to be an interesting area of research. Any mechanism that supports pairing at the ends of chromosomes must also account for the removal of interlocks if chromosomes are to be properly synapsed at pachytene. Interlocks are commonly seen in chromosome spreads; it will be interesting to determine if there is a specific machinery to remove interlocks or entanglements. Since most chromosomes in spermatocytes have on average 1 crossover located at the end of the chromosomes, the loss of the SC at diplotene would naturally remove any interlocks. Thus, it is possible that interlock removal is not even necessary to progress through to anaphase (i.e., there is no interlock checkpoint) but this remains to be tested. The ability to easily see the coalignment of axes during the leptotene stage provides insight into the very early stages of pairing. It will be interesting to test if any epigenetic features of chromatin, or the chromosome axis, aid in homolog pairing. Axis proteins load at the telomeres and extend to the middle of the chromosome suggesting there may be an axis “seed” associated with telomere repeats. It is also unknown how/why telomeres of unrelated chromosomes associate with one another in the bouquet and if telomere-associated RNAs are involved. Another open question is whether the axis seeding and/or telomere-associated factors are involved in DSB induction at subtelomeric regions, potentially via recruitment of proteins essential for DSB formation.



FUTURE PERSPECTIVES

While zebrafish is a relative newcomer to the field of model organisms that are commonly used to study the dynamic chromosome events of meiosis, as a model, it has key features that are shared in common with human spermatogenesis that are less pronounced in other models; these include the positioning of DSBs, the initiation of pairing and synapsis of homologous chromosomes, and the skew of crossovers toward telomeres in the bouquet (Brown et al., 2005; Feitsma et al., 2007; Bisig et al., 2012; Pratto et al., 2014; Saito et al., 2014; Gruhn et al., 2016; Blokhina et al., 2019). Characterizing these features in zebrafish may provide insight into male infertility. Zebrafish is an important model for toxicology studies (Dai et al., 2014), providing the potential for doing research on chemicals that can affect gamete aneuploidy. In addition, in vitro culture systems are available for studying zebrafish meiosis. Recently, rapid chromosomal movements during early prophase I have been captured in culture juvenile zebrafish ovaries (Mytlis and Elkouby, 2021). The entire spermatogenesis process, from stem cell propagation to differentiation of functional sperm, has been recapitulated in culture (Sakai, 2002; Kawasaki et al., 2012, 2016). These resources are promising tools to investigate functions of meiotic chromosome dynamics along the absolute time axis by live and time-lapse imaging. Furthermore, forward-genetic screening approaches using ENU-mutagenesis identified mutations in sycp2, sycp1, and mlh1 (Feitsma et al., 2007; Saito et al., 2011). The mutant phenotypes in gonadogenesis defects indicated that meiotic defects are the most common abnormalities. Continued genetic screening has the potential to identify additional meiotic actors. Genomic approaches to map the transcriptome of oocytes and spermatocytes, as has been done in mice, also has the potential to identify new genes with possible roles in meiosis (da Cruz et al., 2016; Geisinger et al., 2021). Teleost fish display remarkable diversity of reproductive strategies, though the underlying molecular mechanism remains largely unknown. Zebrafish studies will provide fundamental knowledge to approach these aspects in other fish species.

The basic framework for understanding the meiotic chromosome events of early to mid-prophase in zebrafish are coming into focus from studies reported in this review, including: (1) the analysis of key landmarks of meiotic prophase I in relationship to the bouquet in chromosome spreads at super-resolution imaging; (2) specifying the roles of key meiotic proteins Spo11, Sycp2, and Sycp1 and the cohesins Smc1β and Rad21l in processes related to the pairing, recombination and synapsis of homologous chromosomes; and (3) the development of methods for culturing and imaging live meiocytes. There are many unanswered questions and many opportunities for new researchers in the field.



AUTHOR CONTRIBUTIONS

YI and SB conceived the framework of the entire manuscript. YI, IO, NS, and SB wrote the manuscript. YI and IO prepared the figures. All the authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the JSPS KAKENHI (Grant Nos. JP19K16045 and JP18H06057 to YI, and 25251034, 25114003, 19K22437, and 21K06159 to NS) and NIH funding to SB (R01GM075119). The funders had no role in the study design, data collection and analysis, decision to publish, or preparation of the manuscript.



ACKNOWLEDGMENTS

We would like to acknowledge Kenji Saito, Yuichi Ozaki and Kazumasa Takemoto for their early contributions to the study of zebrafish meiosis in Sakai Lab and, similarly, Yana Blokhina and An Nguyen in the Burgess lab.



REFERENCES

Abrams, E. W., and Mullins, M. C. (2009). Early zebrafish development: it’s in the maternal genes. Curr. Opin. Genet. Dev. 19, 396–403. doi: 10.1016/j.gde.2009.06.002

Almanzar, D. E., Gordon, S. G., and Rog, O. (2021). Meiotic sister chromatid exchanges are rare in C. elegans. Curr. Biol. 31, 1499.e3–1507.e3.

Anderson, J. L., Rodríguez Marí, A., Braasch, I., Amores, A., Hohenlohe, P., Batzel, P., et al. (2012). Multiple sex-associated regions and a putative sex chromosome in Zebrafish revealed by RAD mapping and population genomics. PLoS One 7:e40701. doi: 10.1371/journal.pone.0040701

Auton, A., Rui Li, Y., Kidd, J., Oliveira, K., Nadel, J., Holloway, J. K., et al. (2013). Genetic recombination is targeted towards gene promoter regions in dogs. PLoS Genet. 9:e1003984. doi: 10.1371/journal.pgen.1003984

Baker, Z., Schumer, M., Haba, Y., Bashkirova, L., Holland, C., Rosenthal, G. G., et al. (2017). Repeated losses of PRDM9-directed recombination despite the conservation of PRDM9 across vertebrates. eLife 6:e24133. doi: 10.7554/eLife.24133

Barlow, A. L., and Hultén, M. A. (1998). Combined immunocytogenetic and molecular cytogenetic analysis of meiosis I oocytes from normal human females. Zygote 6, 27–38. doi: 10.1017/s0967199400005050

Baudat, F., Buard, J., Grey, C., Fledel-Alon, A., Ober, C., Przeworski, M., et al. (2010). PRDM9 is a major determinant of meiotic recombination hotspots in humans and mice. Science 327, 836–840. doi: 10.1126/science.1183439

Baudat, F., and de Massy, B. (2007). Regulating double-stranded DNA break repair towards crossover or non-crossover during mammalian meiosis. Chromosome Res. 15, 565–577. doi: 10.1007/s10577-007-1140-3

Baudat, F., Imai, Y., and de Massy, B. (2013). Meiotic recombination in mammals: localization and regulation. Nat. Rev. Genet. 14, 794–806. doi: 10.1038/nrg3573

Beer, R. L., and Draper, B. W. (2013). nanos3 maintains germline stem cells and expression of the conserved germline stem cell gene nanos2 in the zebrafish ovary. Dev. Biol. 374, 308–318. doi: 10.1016/j.ydbio.2012.12.003

Bergerat, A., de Massy, B., Gadelle, D., Varoutas, P. C., Nicolas, A., and Forterre, P. (1997). An atypical topoisomerase II from Archaea with implications for meiotic recombination. Nature 386, 414–417. doi: 10.1038/386414a0

Bhalla, N., and Dernburg, A. F. (2005). A conserved checkpoint monitors meiotic chromosome synapsis in Caenorhabditis elegans. Science 310, 1683–1686. doi: 10.1126/science.1117468

Bisig, C. G., Guiraldelli, M. F., Kouznetsova, A., Scherthan, H., Höög, C., Dawson, D. S., et al. (2012). Synaptonemal complex components persist at centromeres and are required for homologous centromere pairing in mouse spermatocytes. PLoS Genet. 8:e1002701. doi: 10.1371/journal.pgen.1002701

Biswas, U., Hempel, K., Llano, E., Pendas, A., and Jessberger, R. (2016). Distinct roles of meiosis-specific cohesin complexes in mammalian spermatogenesis. PLoS Genet. 12:e1006389. doi: 10.1371/journal.pgen.1006389

Blokhina, Y. P., Frees, M. A., Nguyen, A., Sharifi, M., Chu, D. B., Bispo, K., et al. (2021). Rad21l1 cohesin subunit is dispensable for spermatogenesis but not oogenesis in Zebrafish. PLoS Genet. 17:e1009127. doi: 10.1371/journal.pgen.1009127

Blokhina, Y. P., Nguyen, A. D., Draper, B. W., and Burgess, S. M. (2019). 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. 15:e1007730. doi: 10.1371/journal.pgen.1007730

Blokhina, Y. P., Olaya, I., and Burgess, S. M. (2020). Preparation of meiotic chromosome spreads from Zebrafish spermatocytes. J. Vis. Exp. doi: 10.3791/60671 [Epub ahead of print].

Boekhout, M., Karasu, M. E., Wang, J., Acquaviva, L., Pratto, F., Brick, K., et al. (2019). REC114 partner ANKRD31 controls number, timing and location of meiotic DNA breaks. Mol. Cell. 74, 1053.e8–1068.e8.

Brick, K., Smagulova, F., Khil, P., Camerini-Otero, R. D., and Petukhova, G. V. (2012). Genetic recombination is directed away from functional genomic elements in mice. Nature 485, 642–645. doi: 10.1038/nature11089

Brown, P. W., Judis, L., Chan, E. R., Schwartz, S., Seftel, A., Thomas, A., et al. (2005). Meiotic synapsis proceeds from a limited number of subtelomeric sites in the human male. Am. J. Hum. Genet. 77, 556–566. doi: 10.1086/468188

Burgoyne, P. S., Mahadevaiah, S. K., and Turner, J. M. A. (2009). The consequences of asynapsis for mammalian meiosis. Nat. Rev. Genet. 10, 207–216. doi: 10.1038/nrg2505

Burke, B. (2018). LINC complexes as regulators of meiosis. Curr. Opin. Cell Biol. 52, 22–29. doi: 10.1016/j.ceb.2018.01.005

Cahoon, C. K., and Hawley, R. S. (2016). Regulating the construction and demolition of the synaptonemal complex. Nat. Struct. Mol. Biol. 23, 369–377. doi: 10.1038/nsmb.3208

Cannavo, E., Sanchez, A., Anand, R., Ranjha, L., Hugener, J., Adam, C., et al. (2020). Regulation of the MLH1–MLH3 endonuclease in meiosis. Nature 586, 618–622. doi: 10.1038/s41586-020-2592-2

Coop, G., Wen, X., Ober, C., Pritchard, J. K., and Przeworski, M. (2008). High-resolution mapping of crossovers reveals extensive variation in fine-scale recombination patterns among humans. Science 319, 1395–1398. doi: 10.1126/science.1151851

Costa, Y., Speed, R., Ollinger, R., Alsheimer, M., Semple, C. A., Gautier, P., et al. (2005). Two novel proteins recruited by synaptonemal complex protein 1 (SYCP1) are at the centre of meiosis. J. Cell Sci. 118, 2755–2762. doi: 10.1242/jcs.02402

da Cruz, I., Brochier-Armanet, C., and Benavente, R. (2020). The TERB1-TERB2-MAJIN complex of mouse meiotic telomeres dates back to the common ancestor of metazoans. BMC Evol. Biol. 20:55. doi: 10.1186/s12862-020-01612-9

da Cruz, I., Rodríguez-Casuriaga, R., Santiñaque, F. F., Farías, J., Curti, G., Capoano, C. A., et al. (2016). Transcriptome analysis of highly purified mouse spermatogenic cell populations: gene expression signatures switch from meiotic-to postmeiotic-related processes at pachytene stage. BMC Genomics 17:294. doi: 10.1186/s12864-016-2618-1

Dai, Y.-J., Jia, Y.-F., Chen, N., Bian, W.-P., Li, Q.-K., Ma, Y.-B., et al. (2014). Zebrafish as a model system to study toxicology: Zebrafish toxicology monitoring. Environ. Toxicol Chem. 33, 11–17. doi: 10.1002/etc.2406

Daniel, K., Lange, J., Hached, K., Fu, J., Anastassiadis, K., Roig, I., et al. (2011). Meiotic homologue alignment and its quality surveillance are controlled by mouse HORMAD1. Nat. Cell. Biol. 13, 599–610. doi: 10.1038/ncb2213

Daniel, K., Tränkner, D., Wojtasz, L., Shibuya, H., Watanabe, Y., Alsheimer, M., et al. (2014). Mouse CCDC79 (TERB1) is a meiosis-specific telomere associated protein. BMC Cell Biol. 15:17. doi: 10.1186/1471-2121-15-17

de Lange, T. (2005). Shelterin: the protein complex that shapes and safeguards human telomeres. Genes Dev. 19, 2100–2110. doi: 10.1101/gad.1346005

de Massy, B. (2013). Initiation of meiotic recombination: how and where? Conservation and specificities among eukaryotes. Annu. Rev. Genet. 47, 563–599. doi: 10.1146/annurev-genet-110711-155423

de Vries, F. A. T., de Boer, E., van den Bosch, M., Baarends, W. M., Ooms, M., Yuan, L., et al. (2005). Mouse Sycp1 functions in synaptonemal complex assembly, meiotic recombination, and XY body formation. Genes Dev. 19, 1376–1389. doi: 10.1101/gad.329705

Dereli, I., Stanzione, M., Olmeda, F., Papanikos, F., Baumann, M., Demir, S., et al. (2021). Four-pronged negative feedback of DSB machinery in meiotic DNA-break control in mice. Nucleic Acids Res. 49, 2609–2628. doi: 10.1093/nar/gkab082

Devlin, R. H., and Nagahama, Y. (2002). Sex determination and sex differentiation in fish: an overview of genetic, physiological, and environmental influences. Aquaculture 208, 191–364. doi: 10.1016/s0044-8486(02)00057-1

Di Giacomo, M., Barchi, M., Baudat, F., Edelmann, W., Keeney, S., and Jasin, M. (2005). Distinct DNA-damage-dependent and -independent responses drive the loss of oocytes in recombination-defective mouse mutants. Proc. Natl. Acad. Sci. U.S.A. 102, 737–742. doi: 10.1073/pnas.0406212102

Draper, B. W. (2012). Identification of oocyte progenitor cells in the Zebrafish ovary. Methods Mol. Biol. 916, 157–165. doi: 10.1007/978-1-61779-980-8_12

Dunce, J. M., Milburn, A. E., Gurusaran, M., da Cruz, I., Sen, L. T., Benavente, R., et al. (2018). Structural basis of meiotic telomere attachment to the nuclear envelope by MAJIN-TERB2-TERB1. Nat. Commun. 9:5355.

Elkouby, Y. M., Jamieson-Lucy, A., and Mullins, M. C. (2016). Oocyte polarization is coupled to the chromosomal bouquet, a conserved polarized nuclear configuration in meiosis. PLoS Biol. 14:e1002335. doi: 10.1371/journal.pbio.1002335

Elkouby, Y. M., and Mullins, M. C. (2017). Methods for the analysis of early oogenesis in Zebrafish. Dev. Biol. 430, 310–324. doi: 10.1016/j.ydbio.2016.12.014

Feitsma, H., Leal, M. C., Moens, P. B., Cuppen, E., and Schulz, R. W. (2007). Mlh1 deficiency in zebrafish results in male sterility and aneuploid as well as triploid progeny in females. Genetics 175, 1561–1569. doi: 10.1534/genetics.106.068171

Fraune, J., Alsheimer, M., Redolfi, J., Brochier-Armanet, C., and Benavente, R. (2014). Protein SYCP2 is an ancient component of the metazoan synaptonemal complex. Cytogenet. Genome Res. 144, 299–305. doi: 10.1159/000381080

Fraune, J., Schramm, S., Alsheimer, M., and Benavente, R. (2012). The mammalian synaptonemal complex: protein components, assembly and role in meiotic recombination. Exp. Cell Res. 318, 1340–1346. doi: 10.1016/j.yexcr.2012.02.018

Fujiwara, Y., Horisawa-Takada, Y., Inoue, E., Tani, N., Shibuya, H., Fujimura, S., et al. (2020). Meiotic cohesins mediate initial loading of HORMAD1 to the chromosomes and coordinate SC formation during meiotic prophase. PLoS Genet. 16:e1009048. doi: 10.1371/journal.pgen.1009048

Fukuda, T., Daniel, K., Wojtasz, L., Toth, A., and Höög, C. (2010). A novel mammalian HORMA domain-containing protein, HORMAD1, preferentially associates with unsynapsed meiotic chromosomes. Exp. Cell Res. 316, 158–171. doi: 10.1016/j.yexcr.2009.08.007

Geisinger, A., Rodríguez-Casuriaga, R., and Benavente, R. (2021). Transcriptomics of meiosis in the male mouse. Front. Cell Dev. Biol. 9:626020. doi: 10.3389/fcell.2021.626020

Goldfarb, T., and Lichten, M. (2010). Frequent and efficient use of the sister chromatid for DNA double-strand break repair during budding yeast meiosis. PLoS Biol. 8:e1000520. doi: 10.1371/journal.pbio.1000520

Gómez, R., Felipe-Medina, N., Ruiz-Torres, M., Berenguer, I., Viera, A., Pérez, S., et al. (2016). Sororin loads to the synaptonemal complex central region independently of meiotic cohesin complexes. EMBO Rep. 17, 695–707. doi: 10.15252/embr.201541060

Gray, S., and Cohen, P. E. (2016). Control of meiotic crossovers: from double-strand break formation to designation. Annu. Rev. Genet. 50, 175–210. doi: 10.1146/annurev-genet-120215-035111

Grey, C., and de Massy, B. (2021). Chromosome organization in early meiotic prophase. Front. Cell Dev. Biol. 9:688878. doi: 10.3389/fcell.2021.688878

Gruhn, J. R., Al-Asmar, N., Fasnacht, R., Maylor-Hagen, H., Peinado, V., Rubio, C., et al. (2016). Correlations between synaptic initiation and meiotic recombination: a study of humans and mice. Am. J. Hum. Genet. 98, 102–115. doi: 10.1016/j.ajhg.2015.11.019

Gutiérrez-Caballero, C., Herrán, Y., Sánchez-Martín, M., Suja, J. A., Barbero, J. L., Llano, E., et al. (2011). Identification and molecular characterization of the mammalian α-kleisin RAD21L. Cell Cycle 10, 1477–1487. doi: 10.4161/cc.10.9.15515

Hamer, G., Gell, K., Kouznetsova, A., Novak, I., Benavente, R., and Höög, C. (2006). Characterization of a novel meiosis-specific protein within the central element of the synaptonemal complex. J. Cell Sci. 119, 4025–4032. doi: 10.1242/jcs.03182

Herrán, Y., Gutiérrez-Caballero, C., Sánchez-Martín, M., Hernández, T., Viera, A., Barbero, J. L., et al. (2011). The cohesin subunit RAD21L functions in meiotic synapsis and exhibits sexual dimorphism in fertility. EMBO J. 30, 3091–3105. doi: 10.1038/emboj.2011.222

Higgins, J. D., Sanchez-Moran, E., Armstrong, S. J., Jones, G. H., and Franklin, F. C. H. (2005). The Arabidopsis synaptonemal complex protein ZYP1 is required for chromosome synapsis and normal fidelity of crossing over. Genes Dev. 19, 2488–2500. doi: 10.1101/gad.354705

Hinch, A. G., Becker, P. W., Li, T., Moralli, D., Zhang, G., Bycroft, C., et al. (2020). The configuration of RPA, RAD51, and DMC1 binding in meiosis reveals the nature of critical recombination intermediates. Mol. Cell 79, 689.e3–701.e3.

Hodgkin, J., Horvitz, H. R., and Brenner, S. (1979). Nondisjunction mutants of the nematode Caenorhabditis elegans. Genetics 91, 67–94. doi: 10.1093/genetics/91.1.67

Howard-Till, R. A., Lukaszewicz, A., and Loidl, J. (2011). The recombinases Rad51 and Dmc1 play distinct roles in DNA break repair and recombination partner choice in the meiosis of Tetrahymena. PLoS Genet. 7:e1001359. doi: 10.1371/journal.pgen.1001359

Hughes, S. E., and Hawley, R. S. (2020). Alternative synaptonemal complex structures: too much of a good thing? Trends Genet. 36, 833–844. doi: 10.1016/j.tig.2020.07.007

Hughes, S. E., Miller, D. E., Miller, A. L., and Hawley, R. S. (2018). Female meiosis: synapsis, recombination, and segregation in Drosophila melanogaster. Genetics 208, 875–908. doi: 10.1534/genetics.117.300081

Hunt, P. A., and Hassold, T. J. (2002). Sex matters in meiosis. Science 296, 2181–2183. doi: 10.1126/science.1071907

Hunter, N. (2015). Meiotic recombination: the essence of heredity. Cold Spring Harb. Perspect. Biol. 15:a016618. doi: 10.1101/cshperspect.a016618

Imai, Y., Saito, K., Takemoto, K., Velilla, F., Kawasaki, T., Ishiguro, K.-I., et al. (2021). Sycp1 is not required for subtelomeric DNA double-strand breaks but is required for homologous alignment in zebrafish spermatocytes. Front. Cell Dev. Biol. 9:664377. doi: 10.3389/fcell.2021.664377

Ishiguro, K. (2019). The cohesin complex in mammalian meiosis. Genes Cells 24, 6–30. doi: 10.1111/gtc.12652

Ishiguro, K., Kim, J., Fujiyama-Nakamura, S., Kato, S., and Watanabe, Y. (2011). A new meiosis-specific cohesin complex implicated in the cohesin code for homologous pairing. EMBO Rep. 12, 267–275. doi: 10.1038/embor.2011.2

Ishiguro, K., Kim, J., Shibuya, H., Hernández-Hernández, A., Suzuki, A., Fukagawa, T., et al. (2014). Meiosis-specific cohesin mediates homolog recognition in mouse spermatocytes. Genes Dev. 28, 594–607. doi: 10.1101/gad.237313.113

Islam, K. N., Modi, M. M., and Siegfried, K. R. (2021). The zebrafish meiotic cohesion complex protein Smc1b is required for key events in meiotic prophase I. Front. Cell Dev. Biol. 9:714245. doi: 10.3389/fcell.2021.714245

Kawasaki, T., Saito, K., Sakai, C., Shinya, M., and Sakai, N. (2012). Production of zebrafish offspring from cultured spermatogonial stem cells. Genes Cells 17, 316–325. doi: 10.1111/j.1365-2443.2012.01589.x

Kawasaki, T., Siegfried, K. R., and Sakai, N. (2016). Differentiation of zebrafish spermatogonial stem cells to functional sperm in culture. Development 143, 566–574.

Keeney, S., Giroux, C. N., and Kleckner, N. (1997). Meiosis-specific DNA double-strand breaks are catalyzed by Spo11, a member of a widely conserved protein family. Cell 88, 375–384. doi: 10.1016/s0092-8674(00)81876-0

Klutstein, M., and Cooper, J. P. (2014). The chromosomal courtship dance-homolog pairing in early meiosis. Curr. Opin. Cell Biol. 26, 123–131. doi: 10.1016/j.ceb.2013.12.004

Kochakpour, N. (2009). Immunofluorescent microscopic study of meiosis in Zebrafish. Methods Mol. Biol. 558, 251–260. doi: 10.1007/978-1-60761-103-5_15

Kochakpour, N., and Moens, P. B. (2008). Sex-specific crossover patterns in Zebrafish (Danio rerio). Heredity 100, 489–495. doi: 10.1038/sj.hdy.6801091

Kogo, H., Tsutsumi, M., Inagaki, H., Ohye, T., Kiyonari, H., and Kurahashi, H. (2012), HORMAD2 is essential for synapsis surveillance during meiotic prophase via the recruitment of ATR activity. Genes Cells 17, 897–912. doi: 10.1111/gtc.12005

Kossack, M. E., and Draper, B. W. (2019). Genetic regulation of sex determination and maintenance in Zebrafish (Danio rerio). Curr. Top. Dev. Biol. 134, 119–149. doi: 10.1016/bs.ctdb.2019.02.004

Koszul, R., and Kleckner, N. (2009). Dynamic chromosome movements during meiosis: a way to eliminate unwanted connections? Trends Cell Biol. 19, 716–724. doi: 10.1016/j.tcb.2009.09.007

Kumar, R., Bourbon, H.-M., and de Massy, B. (2010). Functional conservation of Mei4 for meiotic DNA double-strand break formation from yeasts to mice. Genes Dev. 24, 1266–1280. doi: 10.1101/gad.571710

Kumar, R., Oliver, C., Brun, C., Juarez-Martinez, A. B., Tarabay, Y., Kadlec, J., et al. (2018). Mouse REC114 is essential for meiotic DNA double-strand break formation and forms a complex with MEI4. Life Sci. Alliance 1:e201800259. doi: 10.1101/372052

Lam, I., and Keeney, S. (2014). Mechanism and regulation of meiotic recombination initiation. Cold Spring Harb. Perspect. Biol. 7:a016634. doi: 10.1101/cshperspect.a016634

Lam, I., and Keeney, S. (2015). Nonparadoxical evolutionary stability of the recombination initiation landscape in yeast. Science 350, 932–937. doi: 10.1126/science.aad0814

Leal, M. C., Cardoso, E. R., Nóbrega, R. H., Batlouni, S. R., Bogerd, J., França, L. R., et al. (2009). Histological and stereological evaluation of Zebrafish (Danio rerio) spermatogenesis with an emphasis on spermatogonial generations. Biol. Reprod. 81, 177–187. doi: 10.1095/biolreprod.109.076299

Leal, M. C., Feitsma, H., Cuppen, E., França, L. R., and Schulz, R. W. (2008). Completion of meiosis in male Zebrafish (Danio rerio) despite lack of DNA mismatch repair gene mlh1. Cell Tissue Res. 332, 133–139. doi: 10.1007/s00441-007-0550-z

Lee, J. (2013). Roles of cohesin and condensin in chromosome dynamics during mammalian meiosis. J. Reprod. Dev. 59, 431–436. doi: 10.1262/jrd.2013-068

Lee, J., and Hirano, T. (2011). RAD21L, a novel cohesin subunit implicated in linking homologous chromosomes in mammalian meiosis. J. Cell Biol. 192, 263–276. doi: 10.1083/jcb.201008005

Libby, B. J., Reinholdt, L. G., and Schimenti, J. C. (2003). Positional cloning and characterization of Mei1, a vertebrate-specific gene required for normal meiotic chromosome synapsis in mice. Proc. Natl. Acad. Sci. U.S.A. 100, 15706–15711. doi: 10.1073/pnas.2432067100

Liebe, B., Alsheimer, M., Höög, C., Benavente, R., and Scherthan, H. (2004). Telomere attachment, meiotic chromosome condensation, pairing, and bouquet stage duration are modified in spermatocytes lacking axial elements. Mol. Biol. Cell 15, 827–837. doi: 10.1091/mbc.e03-07-0524

Llano, E., Herrán, Y., García-Tuñón, I., Gutiérrez-Caballero, C., de Álava, E., Barbero, J. L., et al. (2012). Meiotic cohesin complexes are essential for the formation of the axial element in mice. J. Cell Biol. 197, 877–885. doi: 10.1083/jcb.201201100

Loidl, J. (2016). Conservation and variability of meiosis across the eukaryotes. Annu. Rev. Genet. 50, 293–316. doi: 10.1146/annurev-genet-120215-035100

Maack, G., and Segner, H. (2003). Morphological development of the gonads in zebrafish. J. Fish Biol. 62, 895–906. doi: 10.1046/j.1095-8649.2003.00074.x

Malik, S.-B., Ramesh, M. A., Hulstrand, A. M., and Logsdon, J. M. Jr. (2007). Protist homologs of the meiotic Spo11 gene and topoisomerase VI reveal an evolutionary history of gene duplication and lineage-specific loss. Mol. Biol. Evol. 24, 2827–2841. doi: 10.1093/molbev/msm217

Marlow, F. L., and Mullins, M. C. (2008). Bucky ball functions in Balbiani body assembly and animal–vegetal polarity in the oocyte and follicle cell layer in zebrafish. Dev. Biol. 321, 40–50. doi: 10.1016/j.ydbio.2008.05.557

Martinez-Garcia, M., Schubert, V., Osman, K., Darbyshire, A., Sanchez-Moran, E., and Franklin, F. C. H. (2018). TOPII and chromosome movement help remove interlocks between entangled chromosomes during meiosis. J. Cell Biol. 217, 4070–4079. doi: 10.1083/jcb.201803019

Meuwissen, R. L., Offenberg, H. H., Dietrich, A. J., Riesewijk, A., van Iersel, M., and Heyting, C. (1992). A coiled-coil related protein specific for synapsed regions of meiotic prophase chromosomes. EMBO J. 11, 5091–5100. doi: 10.1002/j.1460-2075.1992.tb05616.x

Mihola, O., Pratto, F., Brick, K., Linhartova, E., Kobets, T., Flachs, P., et al. (2019). Histone methyltransferase PRDM9 is not essential for meiosis in male mice. Genome Res. 29, 1078–1086. doi: 10.1101/gr.244426.118

Moens, P. B. (2006). Zebrafish: chiasmata and interference. Genome 49, 205–208. doi: 10.1139/g06-021

Muñoz-Fuentes, V., Di Rienzo, A., and Vilà, C. (2011). Prdm9, a major determinant of meiotic recombination hotspots, is not functional in dogs and their wild relatives, wolves and coyotes. PLoS One 6:e25498. doi: 10.1371/journal.pone.0025498

Myers, S., Bowden, R., Tumian, A., Bontrop, R. E., Freeman, C., MacFire, T. S., et al. (2010). Drive against hotspot motifs in primates implicates the PRDM9 gene in meiotic recombination. Science 327, 876–879. doi: 10.1126/science.1182363

Mytlis, A., and Elkouby, Y. M. (2021). Live and time-lapse imaging of early oogenesis and meiotic chromosomal dynamics in cultured juvenile Zebrafish ovaries. Methods Mol. Biol. 2218, 137–155. doi: 10.1007/978-1-0716-0970-5_12

Nagaoka, S. I., Hassold, T. J., and Hunt, P. A. (2012). Human aneuploidy: mechanisms and new insights into an age-old problem. Nat. Rev. Genet. 13, 493–504. doi: 10.1038/nrg3245

Narasimhan, V. M., Hunt, K. A., Mason, D., Baker, C. L., Karczewski, K. J., Barnes, M. R., et al. (2016). Health and population effects of rare gene knockouts in adult humans with related parents. Science 352, 474–477. doi: 10.1126/science.aac8624

Newton, A. A., Schnittker, R. R., Yu, Z., Munday, S. S., Baumann, D. P., Neaves, W. B., et al. (2016). Widespread failure to complete meiosis does not impair fecundity in parthenogenetic whiptail lizards. Development 143, 4486–4494.

Offenberg, H. H., Schalk, J. A., Meuwissen, R. L., van Aalderen, M., Kester, H. A., Dietrich, A. J., et al. (1998). SCP2: a major protein component of the axial elements of synaptonemal complexes of the rat. Nucleic Acids Res. 26, 2572–2579. doi: 10.1093/nar/26.11.2572

Oliver, P. L., Goodstadt, L., Bayes, J. J., Birtle, Z., Roach, K. C., Phadnis, N., et al. (2009). Accelerated evolution of the Prdm9 speciation gene across diverse metazoan taxa. PLoS Genet. 5:e1000753. doi: 10.1371/journal.pgen.1000753

Ozaki, Y., Saito, K., Shinya, M., Kawasaki, T., and Sakai, N. (2011). Evaluation of Sycp3, Plzf and Cyclin B3 expression and suitability as spermatogonia and spermatocyte markers in Zebrafish. Gene Expr. Patterns 11, 309–315. doi: 10.1016/j.gep.2011.03.002

Paigen, K., and Petkov, P. M. (2018). PRDM9 and its role in genetic recombination. Trends Genet. 34, 291–300. doi: 10.1016/j.tig.2017.12.017

Papanikos, F., Clément, J. A. J., Testa, E., Ravindranathan, R., Grey, C., Dereli, I., et al. (2019). Mouse ANKRD31 regulates spatiotemporal patterning of meiotic recombination initiation and ensures recombination between X and Y sex chromosomes. Mol. Cell 74, 1069.e11–1085.e11.

Parvanov, E. D., Petkov, P. M., and Paigen, K. (2010). Prdm9 controls activation of mammalian recombination hotspots. Science 327, 835–835. doi: 10.1126/science.1181495

Pendlebury, D. F., Fujiwara, Y., Tesmer, V. M., Smith, E. M., Shibuya, H., Watanabe, Y., et al. (2017). Dissecting the telomere-inner nuclear membrane interface formed in meiosis. Nat. Struct. Mol. Biol. 24, 1064–1072. doi: 10.1038/nsmb.3493

Petronczki, M., Siomos, M. F., and Nasmyth, K. (2003). Un ménage à quatre: the molecular biology of chromosome segregation in meiosis. Cell 112, 423–440.

Pfeifer, C., Scherthan, H., and Thomsen, P. D. (2003). Sex-specific telomere redistribution and synapsis initiation in cattle oogenesis. Dev. Biol. 255, 206–215. doi: 10.1016/s0012-1606(02)00093-3

Pittman, D. L., Weinberg, L. R., and Schimenti, J. C. (1998). Identification, characterization, and genetic mapping of Rad51d, a new mouse and human RAD51/RecA-related gene. Genomics 49, 103–111. doi: 10.1006/geno.1998.5226

Polakova, S., Cipak, L., and Gregan, J. (2011). RAD21L is a novel kleisin subunit of the cohesin complex. Cell Cycle 10, 1892–1893.

Postlethwait, J. H., Yan, Y. L., Gates, M. A., Horne, S., Amores, A., Brownlie, A., et al. (1998). Vertebrate genome evolution and the zebrafish gene map. Nat. Genet. 18, 345–349.

Pradillo, M., and Santos, J. L. (2011). The template choice decision in meiosis: is the sister important? Chromosoma 120, 447–454. doi: 10.1007/s00412-011-0336-7

Pratto, F., Brick, K., Cheng, G., Lam, K.-W. G., Cloutier, J. M., Dahiya, D., et al. (2021). Meiotic recombination mirrors patterns of germline replication in mice and humans. Cell doi: 10.1016/j.cell.2021.06.025 [Epub ahead of print].

Pratto, F., Brick, K., Khil, P., Smagulova, F., Petukhova, G. V., and Daniel Camerini-Otero, R. (2014). Recombination initiation maps of individual human genomes. Science 346:1256442. doi: 10.1126/science.1256442

Ramanagoudr-Bhojappa, R., Carrington, B., Ramaswami, M., Bishop, K., Robbins, G. M., Jones, M., et al. (2018). Multiplexed CRISPR/Cas9-mediated knockout of 19 Fanconi anemia pathway genes in zebrafish revealed their roles in growth, sexual development and fertility. PLoS Genet. 14:e1007821. doi: 10.1371/journal.pgen.1007821

Rankin, S. (2015). Complex elaboration: making sense of meiotic cohesin dynamics. FEBS J. 282, 2426–2443. doi: 10.1111/febs.13301

Revenkova, E., Eijpe, M., Heyting, C., Hodges, C. A., Hunt, P. A., Liebe, B., et al. (2004). Cohesin SMC1β is required for meiotic chromosome dynamics, sister chromatid cohesion and DNA recombination. Nat. Cell Biol. 6, 555–562. doi: 10.1038/ncb1135

Robert, T., Nore, A., Brun, C., Maffre, C., Crimi, B., Bourbon, H.-M., et al. (2016). The TopoVIB-Like protein family is required for meiotic DNA double-strand break formation. Science 351, 943–949. doi: 10.1126/science.aad5309

Rodríguez-Marí, A., Cañestro, C., Bremiller, R. A., Nguyen-Johnson, A., Asakawa, K., Kawakami, K., et al. (2010). Sex reversal in zebrafish fancl mutants is caused by Tp53-mediated germ cell apoptosis. PLoS Genet. 6:e1001034. doi: 10.1371/journal.pgen.1001034

Rodríguez-Marí, A., and Postlethwait, J. H. (2011). The role of Fanconi anemia/BRCA genes in zebrafish sex determination. Methods Cell Biol. 105, 461–490. doi: 10.1016/b978-0-12-381320-6.00020-5

Rodríguez-Marí, A., Wilson, C., Titus, T. A., Cañestro, C., BreMiller, R. A., Yan, Y.-L., et al. (2011). Roles of brca2 (fancd1) in oocyte nuclear architecture, gametogenesis, gonad tumors, and genome stability in zebrafish. PLoS Genet. 7:e1001357. doi: 10.1371/journal.pgen.1001357

Rodríguez-Marí, A., Yan, Y.-L., Bremiller, R. A., Wilson, C., Cañestro, C., and Postlethwait, J. H. (2005). Characterization and expression pattern of zebrafish Anti-Müllerian hormone (Amh) relative to sox9a, sox9b, and cyp19a1a, during gonad development. Gene Expr. Patterns 5, 655–667. doi: 10.1016/j.modgep.2005.02.008

Roeder, G. S., and Bailis, J. M. (2000). The pachytene checkpoint. Trends Genet. 16, 395–403. doi: 10.1016/s0168-9525(00)02080-1

Rogacheva, M. V., Manhart, C. M., Chen, C., Guarne, A., Surtees, J., and Alani, E. (2014). Mlh1-Mlh3, a meiotic crossover and DNA mismatch repair factor, is a Msh2-Msh3-stimulated endonuclease. J. Biol. Chem. 289, 5664–5673. doi: 10.1074/jbc.m113.534644

Roig, I., Liebe, B., Egozcue, J., Cabero, L., Garcia, M., and Scherthan, H. (2004). Female-specific features of recombinational double-stranded DNA repair in relation to synapsis and telomere dynamics in human oocytes. Chromosoma 113, 22–33.

Rong, M., Matsuda, A., Hiraoka, Y., and Jibak, L. E. E. (2016). Meiotic cohesin subunits RAD21L and REC8 are positioned at distinct regions between lateral elements and transverse filaments in the synaptonemal complex of mouse spermatocytes. J. Reprod. Dev. 62, 623–630. doi: 10.1262/jrd.2016-127

Rosenberg, S. C., and Corbett, K. D. (2015). The multifaceted roles of the HORMA domain in cellular signaling. J. Cell Biol. 211, 745–755. doi: 10.1083/jcb.201509076

Saito, K., Sakai, C., Kawasaki, T., and Sakai, N. (2014). Telomere distribution pattern and synapsis initiation during spermatogenesis in zebrafish. Dev. Dyn. 243, 1448–1456. doi: 10.1002/dvdy.24166

Saito, K., Siegfried, K. R., Nüsslein-Volhard, C., and Sakai, N. (2011). Isolation and cytogenetic characterization of zebrafish meiotic prophase I mutants. Dev. Dyn. 240, 1779–1792. doi: 10.1002/dvdy.22661

Sakai, N. (2002). Transmeiotic differentiation of zebrafish germ cells into functional sperm in culture. Development 129, 3359–3365. doi: 10.1242/dev.129.14.3359

Sansam, C. L., and Pezza, R. J. (2015). Connecting by breaking and repairing: mechanisms of DNA strand exchange in meiotic recombination. FEBS J. 282, 2444–2457. doi: 10.1111/febs.13317

Scherthan, H. (2001). A bouquet makes ends meet. Nat. Rev. Mol. Cell Biol. 2, 621–627. doi: 10.1038/35085086

Scherthan, H., Weich, S., Schwegler, H., Heyting, C., Härle, M., and Cremer, T. (1996). Centromere and telomere movements during early meiotic prophase of mouse and man are associated with the onset of chromosome pairing. J. Cell Biol. 134, 1109–1125. doi: 10.1083/jcb.134.5.1109

Schramm, S., Fraune, J., Naumann, R., Hernandez-Hernandez, A., Höög, C., Cooke, H. J., et al. (2011). A novel mouse synaptonemal complex protein is essential for loading of central element proteins, recombination, and fertility. PLoS Genet. 7:e1002088. doi: 10.1371/journal.pgen.1002088

Schulz, R. W., de França, L. R., Lareyre, J.-J., Le Gac, F., Chiarini-Garcia, H., Nobrega, R. H., et al. (2010). Spermatogenesis in fish. Gen. Comp. Endocrinol. 165, 390–411.

Selman, K., Wallace, R. A., Sarka, A., and Qi, X. (1993). Stages of oocyte development in the zebrafish, Brachydanio rerio. J. Morphol. 218, 203–224. doi: 10.1002/jmor.1052180209

Shanfelter, A. F., Archambeault, S. L., and White, M. A. (2019). Divergent fine-scale recombination landscapes between a freshwater and marine population of threespine stickleback fish. Genome Biol. Evol. 11, 1573–1585.

Shi, B., Xue, J., Yin, H., Guo, R., Luo, M., Ye, L., et al. (2019). Dual functions for the ssDNA-binding protein RPA in meiotic recombination. PLoS Genet. 15:e1007952. doi: 10.1371/journal.pgen.1007952

Shibuya, H., Hernández-Hernández, A., Morimoto, A., Negishi, L., Höög, C., and Watanabe, Y. (2015). MAJIN links telomeric DNA to the nuclear membrane by exchanging telomere cap. Cell 163, 1252–1266. doi: 10.1016/j.cell.2015.10.030

Shibuya, H., Ishiguro, K.-I., and Watanabe, Y. (2014). The TRF1-binding protein TERB1 promotes chromosome movement and telomere rigidity in meiosis. Nat. Cell Biol. 16, 145–156. doi: 10.1038/ncb2896

Shin, Y.-H., Choi, Y., Erdin, S. U., Yatsenko, S. A., Kloc, M., Yang, F., et al. (2010). Hormad1 mutation disrupts synaptonemal complex formation, recombination, and chromosome segregation in mammalian meiosis. PLoS Genet. 6:e1001190. doi: 10.1371/journal.pgen.1001190

Shinohara, A., Gasior, S., Ogawa, T., Kleckner, N., and Bishop, D. K. (1997). Saccharomyces cerevisiae recA homologues RAD51 and DMC1 have both distinct and overlapping roles in meiotic recombination. Genes Cells 2, 615–629. doi: 10.1046/j.1365-2443.1997.1480347.x

Shive, H. R., West, R. R., Embree, L. J., Azuma, M., Sood, R., Liu, P., et al. (2010). brca2 in zebrafish ovarian development, spermatogenesis, and tumorigenesis. Proc. Natl. Acad. Sci. U.S.A. 107, 19350–19355. doi: 10.1073/pnas.1011630107

Singer, A., Perlman, H., Yan, Y., Walker, C., Corley-Smith, G., Brandhorst, B., et al. (2002). Sex-specific recombination rates in zebrafish (Danio rerio). Genetics 160, 649–657. doi: 10.1093/genetics/160.2.649

Singhal, S., Leffler, E. M., Sannareddy, K., Turner, I., Venn, O., Hooper, D. M., et al. (2015). Stable recombination hotspots in birds. Science 350, 928–932. doi: 10.1126/science.aad0843

Slotman, J. A., Paul, M. W., Carofiglio, F., de Gruiter, H. M., Vergroesen, T., Koornneef, L., et al. (2020). Super-resolution imaging of RAD51 and DMC1 in DNA repair foci reveals dynamic distribution patterns in meiotic prophase. PLoS Genet. 16:e1008595. doi: 10.1371/journal.pgen.1008595

Soustelle, C., Vedel, M., Kolodner, R., and Nicolas, A. (2002). Replication protein A is required for meiotic recombination in Saccharomyces cerevisiae. Genetics 161, 535–547. doi: 10.1093/genetics/161.2.535

Stanzione, M., Baumann, M., Papanikos, F., Dereli, I., Lange, J., Ramlal, A., et al. (2016). Meiotic DNA break formation requires the unsynapsed chromosome axis-binding protein IHO1 (CCDC36) in mice. Nat. Cell Biol. 18, 1208–1220. doi: 10.1038/ncb3417

Steinfeld, J. B., Beláň, O., Kwon, Y., Terakawa, T., Al-Zain, A., Smith, M. J., et al. (2019). Defining the influence of Rad51 and Dmc1 lineage-specific amino acids on genetic recombination. Genes Dev. 33, 1191–1207. doi: 10.1101/gad.328062.119

Subramanian, V. V., and Hochwagen, A. (2014). The meiotic checkpoint network: step-by-step through meiotic prophase. Cold Spring Harb. Perspect. Biol. 6:a016675. doi: 10.1101/cshperspect.a016675

Sugiyama, T., Zaitseva, E. M., and Kowalczykowski, S. C. (1997). A single-stranded DNA-binding protein is needed for efficient presynaptic complex formation by the Saccharomyces cerevisiae Rad51 protein. J. Biol. Chem. 272, 7940–7945. doi: 10.1074/jbc.272.12.7940

Sumner, A. T. (2008). Chromosomes: Organization and Function. Hoboken, NJ: John Wiley & Sons.

Takahashi, H. (1977). Juvenile hermaphroditism in the zebrafish Brachydanio rerio. Bull. Fac. Fish. Hokkaido Univ. 28, 57–65.

Takemoto, K., Imai, Y., Saito, K., Kawasaki, T., Carlton, P. M., Ishiguro, K., et al. (2020). Sycp2 is essential for synaptonemal complex assembly, early meiotic recombination and homologous pairing in zebrafish spermatocytes. PLoS Genet. 16:e1008640. doi: 10.1371/journal.pgen.1008640

Toraason, E., Clark, C., Horacek, A., Glover, M. L., Salagean, A., and Libuda, D. E. (2021). Meiotic DNA break repair can utilize homolog-independent chromatid templates in C. elegans. Curr. Biol. 31, 1508.e5–1514.e5.

Traut, W., and Winking, H. (2001). Meiotic chromosomes and stages of sex chromosome evolution in fish: zebrafish, platyfish and guppy. Chromosome Res 9, 659–672.

Turner, J. M. A., Mahadevaiah, S. K., Fernandez-Capetillo, O., Nussenzweig, A., Xu, X., Deng, C.-X., et al. (2005). Silencing of unsynapsed meiotic chromosomes in the mouse. Nat. Genet. 37, 41–47. doi: 10.1038/ng1484

Uchida, D., Yamashita, M., Kitano, T., and Iguchi, T. (2002). Oocyte apoptosis during the transition from ovary-like tissue to testes during sex differentiation of juvenile zebrafish. J. Exp. Biol. 205, 711–718. doi: 10.1242/jeb.205.6.711

Vranis, N. M., Van der Heijden, G. W., Malki, S., and Bortvin, A. (2010). Synaptonemal complex length variation in wild-type male mice. Genes 1, 505-520. doi: 10.3390/genes1030505

Wallace, B. M. N., and Wallace, H. (2003). Synaptonemal complex karyotype of zebrafish. Heredity 90, 136–140. doi: 10.1038/sj.hdy.6800184

Wang, G., Wu, X., Zhou, L., Gao, S., Yun, D., Liang, A., et al. (2020). Tethering of telomeres to the nuclear envelope is mediated by SUN1-MAJIN and possibly promoted by SPDYA-CDK2 during meiosis. Front. Cell Dev. Biol. 8:845. doi: 10.3389/fcell.2020.00845

Wang, Y., Chen, Y., Chen, J., Wang, L., Nie, L., Long, J., et al. (2019). The meiotic TERB1-TERB2-MAJIN complex tethers telomeres to the nuclear envelope. Nat. Commun. 10:564.

West, A. M. V., Rosenberg, S. C., Ur, S. N., Lehmer, M. K., Ye, Q., Hagemann, G., et al. (2019). A conserved filamentous assembly underlies the structure of the meiotic chromosome axis. eLife 8:e40372.

Westergaard, M., and von Wettstein, D. (1972). The synaptinemal complex. Annu. Rev. Genet. 6, 71–110. doi: 10.1146/annurev.ge.06.120172.000443

Wojtasz, L., Cloutier, J. M., Baumann, M., Daniel, K., Varga, J., Fu, J., et al., (2012). Meiotic DNA double-strand breaks and chromosome asynapsis in mice are monitored by distinct hORMAD2-independent and -dependent mechanisms. Genes. Dev. 26, 958–973. doi: 10.1101/gad.187559.112

Wojtasz, L., Daniel, K., Roig, I., Bolcun-Filas, E., Xu, H., Boonsanay, V., et al. (2009). Mouse HORMAD1 and HORMAD2, two conserved meiotic chromosomal proteins, are depleted from synapsed chromosome axes with the help of TRIP13 AAA-ATPase. PLoS Genet. 5:e1000702. doi: 10.1371/journal.pgen.1000702

Wolger, A., Yamaya, K., Roelens, B., Boettiger, A., Köhler, S., and Villeneuve, A. M. (2020). Quantitative cytogenetics reveals molecular stoichiometry and longitudinal organization of meiotic chromosome axes and loops. PLoS Biol. 18:e3000817. doi: 10.1371/journal.pbio.3000817

Yadav, V. K., and Claeys Bouuaert, C. (2021). Mechanism and control of meiotic DNA double-strand break formation in S. cerevisiae. Front. Cell Dev. Biol. 9:642737. doi: 10.3389/fcell.2021.642737

Yang, F., De La Fuente, R., Leu, N. A., Baumann, C., McLaughlin, K. J., and Wang, P. J. (2006). Mouse SYCP2 is required for synaptonemal complex assembly and chromosomal synapsis during male meiosis. J. Cell Biol. 173, 497–507. doi: 10.1083/jcb.200603063

Yoshida, K., Kondoh, G., Matsuda, Y., Habu, T., Nishimune, Y., and Morita, T. (1998). The mouse RecA-like gene Dmc1 is required for homologous chromosome synapsis during meiosis. Mol. Cell 1, 707–718. doi: 10.1016/s1097-2765(00)80070-2

Zhang, Y., Li, Z., Nie, Y., Ou, G., Chen, C., Cai, S., et al. (2020). Sexually dimorphic reproductive defects in zebrafish with spo11 mutation. Aquac. Res. doi: 10.1111/are.14829 [Epub ahead of print].

Zickler, D., and Kleckner, N. (1998). The leptotene-zygotene transition of meiosis. Annu. Rev. Genet. 32, 619–697. doi: 10.1146/annurev.genet.32.1.619

Zickler, D., and Kleckner, N. (1999). Meiotic chromosomes: integrating structure and function. Annu. Rev. Genet. 33, 603–754. doi: 10.1146/annurev.genet.33.1.603

Zickler, D., and Kleckner, N. (2015). Recombination, pairing, and synapsis of homologs during meiosis. Cold Spring Harb. Perspect. Biol. 7:a016626. doi: 10.1101/cshperspect.a016626

Zickler, D., and Kleckner, N. (2016). A few of our favorite things: pairing, the bouquet, crossover interference and evolution of meiosis. Semin. Cell Dev. Biol. 54, 135–148. doi: 10.1016/j.semcdb.2016.02.024


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Imai, Olaya, Sakai and Burgess. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fcell-09-757445-g002.jpg
Prophase | >

Zygotene
Preleptotene (PL) Leptotene (L) Early/Mid (EZ/MZ) Mid/Late (MZ/LZ) Pachytene (P) Diakinesis/

Loop , _ Synapsis Metaphase I
Homologs o AXIS - oy /AT —-4—): ——l dedsdabldoleis e e L Ll
,» iR | | ”
Telomeres DSB M 4 49°

Axis formation

Synapsis

DSB formation i
: .

Bouqguet stage Interlock sfage

—/

By,
Coalignment Interlock Telomere association





OPS/images/cross.jpg
3,

i





OPS/xhtml/nav.xhtml




Contents





		Cover



		Meiotic Chromosome Dynamics in Zebrafish



		INTRODUCTION



		OVERVIEW OF ZEBRAFISH GAMETOGENESIS



		PROGRESSION THROUGH MEIOTIC PROPHASE I



		Preleptotene Stage



		Leptotene Stage



		Zygotene Stage



		Pachytene Stage



		Diplotene Stage



		Diakinesis/Metaphase I







		CHROMOSOME STRUCTURES



		Telomere Bouquet



		Chromosome Axis



		Cohesins



		Sycp2 and Sycp3



		Hormad1 and Hormad2







		Synaptonemal Complex







		MEIOTIC RECOMBINATION



		Meiotic Recombination: A General View



		Double-Strand Break Formation in Zebrafish



		Double-Strand Break Repair Zebrafish



		Crossover Resolution in Zebrafish



		The Role of the Synaptonemal Complex in Meiotic Recombination in Zebrafish







		GONADAL SEX DIFFERENTIATION AND SEX REVERSAL



		IS THE SYNAPSIS CHECKPOINT ABSENT DURING OOGENESIS?



		ADVANTAGES AND DISADVANTAGES OF THE ZEBRAFISH MODEL



		FUTURE PERSPECTIVES



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/fcell-09-757445-g001.jpg
Bipotential

Transitioning
testis

Sexual maturity

\ o
o 8. X!
SR PR i -
~ a
P » 0
S % =
et N -‘)\. * T
. | Y TN
. Loty
y g ~
» ey .0
A
I e
[
< ¥






OPS/images/fcell-09-757445-g004.jpg
A DSB formation Spo11
— P c—
? e

DSB

p Dmc1/Rad51

e ——

B DSB repair 7 :.C....
RPA 3
| — 80

C Resolution Mih1

Crossover Non-crossover





OPS/images/fcell-09-757445-g003.jpg
Unsynapsed

Synapsed

Hormad1

WA

(st PR
pr

Y b 3
g Il-..u..‘{.“.rt =
. A e el 3,
=3 iy e 3
= oo e %
o > S r
a5 - .‘.n..ﬁ. %
F
o &Y .
fu.- %
-~ 3
R4 k \
5 G :
x5 - ™ e
: b ol
£ g VR e
= v
e g
ﬂ., s
3 s
\ MBTPL -
W ek I S A g
¥
7Y e
ol W i . g
e Rz, %
e o - %
¢ o . x
st u-lf, Z
v &
A " |
g <y
{
._4n
x e
A = s A o
i ¥ W Kby
% g™
Wik T ST R
B e T
el Svoliach
¥ i e 3
% b ﬁ\éﬂ%@l’iﬂ.‘f% s «
o e,
t«.ﬁl{ cas ..J;.
3 i .
§ 3y
i 3
5 ¥,
g 5 #E
% o g W T T
A : e 7
4 v i — - Wik PR
i PRI s : L w5 DB
M BeA |
B =
PO g Y
e e o e X 9
{1 Wiy : ; L s i e SR I SRS i
1. dag : k Ty A R -
>3 S 4 == PRETTEA v
X Eine -
™
o ;
H #
&+ L
_#rm £
ot Y [ 2
o W iy oA ..!.frr« . .J.s.;k\...
N sl fw.%h
: v..ﬂ«. i & Wy v ot
d g 3
s
% P ;
e
R o q».n«-lv
e
s Eihe e
s S T T g T AP Y f, S EIY
e : o " \ 2 oyt A ¥ iy A S K
¥ Y ! Pl 3,
u...‘ B .s”m
F & 7
o A
o I
« ¢
&
- 4
% Lo - %
oA ¥ ™ 4 £
(39 e e P i e
g = palaaiac - SYREE
B i i
e LS
¥ : v
¥ L pram e SPL
p ko S e g
2 ., " Ly
el S %
R o e i
X Wi b ot
j L4
¢ -
e %
3s A b
4 4
W A 2 8
e o L o TR &
e g TRV ok g
’ 2 R e TV g .
s PV S s T
o A i A e iy iy
. AT fm'
2 e -
A. A 2 o .hn}ghn .
P ,?13;“,,&.‘.1:{;.:, :
o &
e i
- %
y -
e 2
) H,L
» i \au
4 Ay.aﬁx.yh.& R
3 > P
i 0
s TSI
> Wl Sl tnaing. A
57 Yo
o
23 e T
e o o
iz (DRSS o hu..ff
ol . i -
!
N ’ s 3
s " - PR . c&.,...&»rl k!
Vi I e < Tomice, P
T b W =
o R L TR

LS PSR,

st s
o Py, oo B Y
A 3 oy

b e Y e ¢ -
L et
- . i i,
" %:c,f.w\ e
- 4
& m
vy =
Iy W
ivv. [ -
i PN #
4 o % ¥
o 5 S -
,..a ¥ i » - s g o

= i
o ISR R





OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

Meiotic Chromosome Dynamics
in Zebrafish








OPS/images/fcell-09-757445-t001.jpg
Function/structure

DSB formation

DSB repair

Crossover resolution

Meiotic cohesin

HORMADs

Synaptonemal complex

D. rerio

Spo11
NP_991245.1
lhot
NP_001313357.1
Brca2
NP_001103864.2
Rad51
NP_998371.2
Dmci
NP_001018618.1
Mih1
NP_956953.1
Rad2111
NP_001073519.1
Rec8a
XP_017214597 1
Rec8b
NP_001035468.1
Smci1p
XP_009296271.1
Hormad1
NP_001002357.1
Hormad?2
NP_001034898.1
Sycp2
XP_685048
Sycp3
NP_001035440.1
Sycp1
NP_001112366.1

Size (aa)

383
542
2,874
340
342
724
546
595
564
1,235
356
305
1,569
240

1,000

M. musculus

SPO11
NP_001077429.1
IHO1
NP_001128670.1
BRCA2
NP_001074470.1
RAD51
NP_035364.1
DMCH
NP_034189.1
MLH1
NP_081086.2
RAD21L
NP_001263329.1

REC8
NP_064386.2

SMC1p
NP_536718.1
HORMAD1
NP_001276461.1
HORMAD2
NP_083734.1
SYCP2
NP_796165.2
SYCP3
NP_035647.2
SYCP1
NP_035646.2

Identity
54%

25%

26%

89%

88%

68%

36%

34%

32%

52%

41%

38%

28%

53%

31%

S. cerevisiae

Spo11
NP_011841.1
Mer2
NP_012555.1

Rad51
NP_011021.3
Dmci
NP_011106.1
Mih1
NP_013890.1

Rec8
NP_015332.1

Smct
NP_116647.1

Hop1
NP_012193.3

Red1
NP_013365.1

Zip1
NP_010571.1

Identity
20%

13%

55%

54%

40%

14%

11%

29%

15%

14%

11%

20%

The zebrafish (D. rerio) protein identified by the NCBI Protein ID was aligned with the reference sequence of mouse (M. musculus) and budding yeast (S. cerevisiae)
orthologs. Alignments were performed by the EMBOSS Needle Pairwise alignment program using the default settings, to calculate the percent identity. NCBI Protein IDs
used for alignments are indicated with protein names.
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