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Introduction: The correct pairing and separation of homologous chromosomes during meiosis is crucial to ensure both genetic stability and genetic diversity within species. In allodiploid organisms, synapsis often fails, leading to sterility. However, a gynogenetic allodiploid hybrid clone line (GDH), derived by crossing red crucian carp (Carassius auratus ♀) and common carp (Cyprinus carpio ♂), stably produces diploid eggs. Because the GDH line carries 100 chromosomes with 50 chromosomes from the red crucian carp (RCC; ♀, 2n = 2x = 100) and 50 chromosomes from the common carp (CC; C. carpio L., ♂, 2n = 2x = 100), it is interesting to study the mechanisms of homologous chromosome pairing during meiosis in GDH individuals.
Methods: By using fluorescence in situ hybridization (FISH) with a probe specific to the red crucian carp to label homologous chromosomes, we identified the synaptonemal complex via immunofluorescence assay of synaptonemal complex protein 3 (SCP3).
 Results: FISH results indicated that, during early ovarian development, the GDH oogonium had two sets of chromosomes with only one set from Carassius auratus, leading to the failure formation of normal bivalents and the subsequently blocking of meiosis. This inhibition lasted at least 5 months. After this long period of inhibition, pairs of germ cells fused, doubling the chromosomes such that the oocyte contained two sets of chromosomes from each parent. After chromosome doubling at 10 months old, homologous chromosomes and the synaptonemal complex were identified.
Discussion: Causally, meiosis proceeded normally and eventually formed diploid germ cells. These results further clarify the mechanisms by which meiosis proceeds in hybrids.
Keywords: gynogenesis allodiploid hybrids (GDH), meiosis, homologous chromosome, synaptonemal complex, unreduced gametes
INTRODUCTION
In sexually reproducing organisms, haploid germ cells (eggs or sperm), with half the number of chromosomes of the parental somatic cells, are produced by meiosis. During meiosis, diploid cells undergo DNA replication, followed by two rounds of cell division. Meiosis is divided into two phases: meiosis I and meiosis II. The significant difference between prophase I and prophase II is the formation of tetrads in prophase I (Bolcun-Filas and Handel, 2018). In prophase I, a large number of programmed DNA double strand breaks are produced through the activity of the spo11 gene, and base repair occurs basing on homologous recombination of homologous chromosomes, which sequentially undergoes recognition, pairing, synapsis, and recombination (Zickler and Kleckner, 2015). Several meiosis-related genes are involved in these processes. Rad50 and dmc1 are important recombinases in meiosis, and Synaptonemal Complex Protein 3 (SCP3) is critical for the formation of the synaptonemal complex (Bishop et al., 1992; Iwai et al., 2006). In addition, previous studies have shown that the association protein MLH1 and the recombinant protein MSH5 play crucial roles in the association and recombination of homologous chromosomes (Edelmann et al., 1996; Snowden et al., 2004). MLH1 presents on the chromosomes during the pachytene phase, stabilizes the exchange sites and favors the pairing of homologous chromosomes. MLH1 can thus serve as a marker protein for homologous recombination (Edelmann et al., 1996; Feitsma et al., 2007). MSH5 is essential for the stabilization of Holliday junction intermediates, which in turn promote recombination (Snowden et al., 2004). In order to produce normal haploid gametes and maintain genetic diversity, these processes must complete successfully (Wells et al., 2020). Thus, both normal homologous chromosome pairing and the normal expression of these genes are required for successful meiosis.
Disfunction in the synapsis and recombination of homologous chromosomes leads to the activation of the pachytene checkpoint (Roeder and Bailis, 2000). The pachytene checkpoint interrupts the cell cycle in cells and activates a series of factors downstream to repair the damaged processes (de Cárcer et al., 2007). Thus, the pachytene checkpoint can be considered as a meiotic surveillance system. Under this surveillance system, meiosis is allowed to proceed once all the chromosomes have completed pairing, and the meiotic process is halted if pairing is not completed. Thus, the pachytene checkpoint can inhibit the production of defective gametes, such as aneuploid gametes, by averting chromosome missegregation and detecting aberrant meiotic products (Roeder and Bailis, 2000; Li et al., 2009).
Hybridization is an important breeding method, but the hybrid offspring are often sterile, primarily due to the abnormal synapsis of homologous chromosomes (Bhattacharyya et al., 2013; Flachs et al., 2014). However, we successfully obtained hybrids that are fertile and thus seem to have overcome normal reproductive barriers (Liu et al., 2007; Wang et al., 2016). The fertile allotetraploid hybrids, which produce diploid gametes, were generated via the distant hybridization of the red crucian carp (RCC; Cyprinus auratus red var., ♀, 2n = 2x = 100) and the common carp (CC; C. carpio L., ♂, 2n = 2x = 100). After activation with UV-irradiated sperm, the diploid eggs produced by this allotetraploid hybrid developed into gynogenetic allodiploid hybrids that also produced diploid eggs (Wang et al., 2016). This gynogenetic allodiploid hybrid clonal line (GDH, n = 2x = 100) reaches sexual maturity at 2 years old and stably produces allodiploid eggs (Wang et al., 2016). Previous studies have shown that the first and second pole body expulsions are normal during the formation of unreduced gametes (Zhang et al., 2005). The formation of the diploid egg is associated with the doubling of genetic material during early stage of gonad development via germ cell fusion (Wang et al., 2016).
Typically, gametogenesis, which requires normal meiosis, synapsis, and recombination, is blocked in hybrids due to the absence of homologous chromosomes, resulting in the sterility of allodiploid hybrids (Huang et al., 2018). However, the allodiploid GDH hybrids are fertile and produce diploid eggs (Wang et al., 2016). It is unknown whether synapsis and recombinations happen normally in GDH.
In this paper, we aimed to characterize chromosome behavior during meiosis prophase I in GDH to clarify the mechanisms underlying the formation of fertility in these allodiploid hybrids. We focused on synapsis and recombination during prophase I in GDH. Our results will help to clarify the mechanisms underlying the formation of unreduced gametes in fish, as well as the regulatory pathways associated with the pachytene checkpoint and the reproductive characteristics of hybrid progeny.
MATERIALS AND METHODS
Ethics statement
The first generation of gynogenetic offspring (GDH1) (1997) was obtained by artificial gynogenesis from the eggs of AT that were activated with ultraviolet (UV)-treated sterilized sperm of blunt snout bream without treatment for doubling the chromosomes. The GDH line carries 50 chromosomes from the red crucian carp (RCC; ♀, 2n = 2x = 100) and 50 chromosomes from the common carp (CC; C. carpio L., ♂, 2n = 2x = 100). The GDH fish used in this experiment is the 12th generation (GDH12), which was obtained by artificial gynogenesis from the diploid eggs of GDH11 that were activated with ultraviolet (UV)-treated sterilized sperm of blunt snout bream without treatment for doubling the chromosomes. All GDH fish were cultured in ponds at the State Key Laboratory of Developmental Biology of Freshwater Fish (Changsha, China) and fed with artificial feed. All experiments were approved by the Animal Care Committee of Hunan Normal University (Changsha, China) and followed the University’s guidelines for the care of experimental laboratory animals (GB/T 35,823/2018). Fish were deeply anesthetized with 100 mg/L MS-222 (Sigma-Aldrich, St Louis, MO, United States) before dissection.
Observation of microstructure and ultrastructure of the germ cell
To observe germ cell structure, we randomly selected six GDH individuals every month between 2 and 12 months of age. The ovary was fixed in 4% paraformaldehyde (PFA). Paraffin-embedded ovaries were cut into sections (5 μm thick) and stained with hematoxylin and eosin. Tissue microstructure was then observed and photographed under a microscope (CKX41-32 PH, Olympus, Tokyo, Japan). Partial ovary from each individual was then fixed in 2.5% glutaraldehyde and embedded in Epon812 (Sigma-Aldrich, St. Louis, MO, United States). Ultrathin sections (60 nm) were cut. The sections were stained with uranyl acetate and lead citrate. We then observed the ultrastructure in each section using a transmission electron microscope (HT7800, Hitachi, Tokyo, Japan).
Observation of the growth of germ cells in vitro and the identification of germ cells
A small piece of gonadal tissue was taken from the above GDH individuals for in vitro culture at 26°C under 5% CO2 in Dulbecco’s modified Eagle’s medium (Gibco BRL, Burlington, ON) containing 5 ng/mL bFGF (Gibco BRL), 15% FBS (Hyclone Labs Inc., Logan, UT), 100 U/mL penicillin, 100 μg/mL streptomycin, and 5% heat-inactivated RCC serum. After 72 h of culture, the living germ cells were observed under an inverted light microscope (Ti-E, Nikon, Tokyo, Japan).
The germ cells were identified using immunofluorescence. The cultured cells were fixed in 4% PFA. Then the cells were incubated at 4°C overnight with the anti-VASA antibody (1:100; ab209710, Abcam, Cambridge, MA, United States). The secondary antibody was Dylight488 anti-rabbit IgG. Images were captured using a laser scanning confocal microscope (FV1200, Olympus, Tokyo, Japan).
Preparation of chromosome spreads and immunofluorescence of synaptonemal complexes
Chromosome spreads were prepared using head kidney cells, oogonia, and oocytes extracted during prophase I (as identified above) from ten individuals. Ten chromosome spreads were selected from each individual for subsequent analysis. First, each tissue was ground in 0.8% NaCl and the upper cell suspension was centrifuged for 1 min at 289 × g. Second, the cells collected by centrifugation were immersed in a hypotonic solution consisting of 0.075 M KCl for 120 min (germ cells) or 45 min (kidney cells), then fixed in a 3:1 methanol: acetic acid solution. Finally, the fixed cells were transferred to a cold slide, stained for 30 min with 4% Giemsa in phosphate buffer (pH 7.0), observed, and photographed under a light microscope (CKX41-32 PH, Olympus, Tokyo, Japan). SCP3 content was detected using immunofluorescent staining with anti-SCP3 antibodies (ab150292, Abcam, Cambridge, MA, United States) as previously described (Chen et al., 2016).
Fluorescence in situ hybridization (FISH) of chromosomes
We constructed specific probe for fluorescence in situ hybridization (FISH) from genomic DNA of the RCC blood that specifically labeled crucian carp chromosomes: a chromosomal arm probe, using a 340-bp repeat from the 5S rDNA sequence (GenBank accession no. KM359663). The FISH probe was labeled with Dig-11-dUTP by PCR DIG Probe Synthesis Kit (Roche, Penzberg, Germany), following the manufacturer’s instructions with 50ul reaction solution contain 10 ng plasmid DNA template. The 5S rDNA sequence was amplified using the primers 5′- GCT​ATG​CCC​GAT​CTC​GTC​TGA-3′ and 5′-CAG​GTT​GGT​ATG​GCC​GTA​AGC-3′. The PCR cycling conditions were as follows: pre-denaturation at 94°C for 5 min; 30 cycles of denaturation at 94°C for 30 s, annealing at 53°C for 45 s, extension at 72°C for 1 min; a final extension at 72°C for 10 min; and finally an infinite hold at 4°C. FISH was performed as previously described (He et al., 2012). Slides were viewed and images were captured using a laser scanning confocal microscope (FV1200, Olympus, Tokyo, Japan).
RNA isolation and real-time quantitative PCR (qPCR)
The expression patterns of four genes associated with synapsis and recombination (spo11, scp3, rad50, and dmc1) were compared among ovaries at different developmental stages using qPCR. Total RNA was isolated from 5-month-old, 10-month-old, and 12-month-old GDH ovaries (3 samples per group) using TRIzol Reagent (Invitrogen, Carlsbad, CA, United States). RNA quantity was determined using a spectrophotometer (Synergy2, Bio Tek, Burlington, VT, United States). After a treatment with RNase-free DNase (Promega, Madison, WI, United States), total RNA was reverse-transcribed to complementary DNA (cDNA) using ReverTraAce M-MLV (Toyobo, Osaka, Japan) with random primers. qPCR was carried out on a QuantStudio5 instrument (Applied Biosystems, Carlsbad, CA, United States) using PowerUp TM SYBR TM Green Master Mix (Applied Biosystems, Carlsbad, CA, United States). The reaction mixture (10 µL) contained 2.5 µL cDNA (200 ng/μL), 5 µL PowerUp TM SYBR TM Green Master Mix, 0.5 µL specific forward primers, 0.5 µL reverse primers, and 1.5 µL water. The amplification conditions were as follows: 50°C for 5 min; 95°C for 10 min; and 40 cycles of 95°C for 15 s and 60°C for 45 s. The average threshold cycle (Ct) of the target genes was calculated for each sample using the 2−ΔΔCT method and normalized to β-actin. The primers used in this study were designed by the authors, as shown in Table 1. Data are expressed as mean ± standard error of the mean (S.E.M., n = 3). Independent-sample Student’s t-tests were performed in GraphPad Prism 7.04 (San Diego, CA) to identify significant differences between samples. We considered p < 0.05 statistically significant.
TABLE 1 | Primers used for qPCR.
[image: Table 1]Western blot
Ovaries from 5-, 8-, and 10-month-old GDHs were lysed using Tissue or Cell Total Protein Extraction Kits (Sangon Biotech, Shanghai, China). The lysates were first separated on 12.5% sodium dodecyl sulfate polyacrylamide (SDS-PAGE) gels and then transferred onto polyvinylidene fluoride (PVDF) membranes. The separated proteins were immunoblotted with rabbit anti-MSH5 (dilution 1:1,000; PA5-66516, Invitrogen, Carlsbad, CA, United States), rabbit anti-MLH1 (dilution 1:2000; ab92312, Abcam, Cambridge, MA, United States), and mouse anti-H3 (dilution 1:100,000; GB13102-1, servicebio, Wuhan, China). After washing, the membranes were incubated with a horseradish peroxidase (HRP)-conjugated anti-rabbit secondary antibody (dilution 1:2000; ab205718, Abcam, Cambridge, MA, United States) and an HRP-conjugated anti-mouse secondary antibody (dilution 1:2000; ab205719, Abcam, Cambridge, MA, United States). Blot bands were visualized using an electrogenerated chemiluminescence (ECL) reagent (G2014, servicebio, Wuhan, China). The results were normalized using H3 as an internal control.
RESULTS
Microstructural and ultrastructural characteristics of germ cells
During early GDH development (<5-month-old), cells in the ovary were oogonia of uniform size, with densely stained round nuclei and uniform chromatin distributions (Figures 1A, B). In 10-month-old GDH ovaries, the cells were primarily oocytes, with a few oogonia (Figures 1C, D). Unlike the germ cells from the 5-month-old ovary, the nuclei of the germ cells from the 10-month-old ovary had uneven staining due to non-uniform chromatin distribution. Chromosomes were aggregated in a configuration known as the bouquet, in which the chromosomes were clustered around or at one end of the nuclear envelope (Figures 1E, F). At this stage, two nuclei were observed in some cells (Figures 1G, H). In the 12-month-old ovary, the oocytes were in the growth phase, and the cell volume was noticeably increased due to yolk accumulation (Figures 1I, J).
[image: Figure 1]FIGURE 1 | Histological microstructure of the gynogenetic allodiploid hybrid clonal line (GDH) ovary during early development (A, B) At 5 months old (C–H) At 10 months old (I, J) At 12 months old. Arrows in panels indicate the following features (A, B) Oogonia (C, D) Oogonia (white arrow) and oocytes (black arrow) (E, F) Chromosomal bouquet (G, H) Cell with two nuclei (I, J) Oocyte in the growth phase.
Further electron microscopic observation of the 5-month-old ovary showed that chromatin distribution was uniform in the oogonia, and the nucleoli were obvious (Figures 2A, B). In the ovaries of 10-month-old GDH, the oocyte nucleus was larger than that of the oogonia, and the chromosomes were gathered in a unipolar radial arrangement (Figure 2C). The distribution of chromosomes in the nucleus was radially diffuse, forming a flower-like shape. This stage, which is also known as the bouquet or condensate-line stage, lasts from the end of leptotene to the end of the zygotene (Harper et al., 2004). The telomeres aggregated in one main group at the nuclear envelope, while the chromosomal axes described arches toward the nuclear space (Figure 2D). Oocytes at bouquet stage were enriched at this point, obvious synaptonemal complexes were observed between chromosomes, and some segments of homologous chromosomes were arranged in parallel (Figures 2E, F).
[image: Figure 2]FIGURE 2 | Histological ultrastructure of the gynogenetic allodiploid hybrid clonal line (GDH) ovary during early development (A, B) At 5 months old (C–F) At 10 months old (A, B) Oogonia with homogeneous chromatin (C, D) Oocytes with chromosomes clustered at one end of the nuclear membrane (E, F) Oocytes with synaptonemal complexes. Arrows indicate parallel segments of homologous chromosomes.
Germ cell proliferation and fusion
At 5 months old, ovary tissues grew well in vitro, and only normal mitosis was observed (Figures 3A–C). However, the 7-month-old ovaries exhibited an unusual phenomenon: the gradual fusing of pairs of cells (Figures 3D–H). At this stage, many binucleated cells were observed (Figure 3F). Immunofluorescence labeling of the germ cells (VASA, green fluorescence) showed that the binucleated cells were germ cells (Figure 3J–M).
[image: Figure 3]FIGURE 3 | Dynamics and identification of living germ cells. (A–H) Time-lapse images taken with a 40 differential interference contrast (DIC) microscope. (I) Image taken with 10 phase contrast (PH). (A–C) Five-month-old ovary tissues cultured in vitro. (D–I) Seven-month-old ovary tissues cultured in vitro. Arrows in panels indicate the following features: (A–C) Normal mitosis in ovary. (D) Two cells before fusion. (E) Cytoplasm of two cells fusing. (F) Beginning of the fusion of two nuclei. (G) Complete fusion of two nuclei. (H) Complete fusion of two cells. (I) Many fused cells with two nuclei. (J–M) Identification of germ cells using VASA. The arrows indicate the germ cells with double nuclei.
Morphological changes in the chromosomes during prophase I and the formation of the synaptonemal complex
We observed several morphological changes in the germ cell chromosomes of the 10-month-old ovary during leptotene, zygotene, pachytene, and diplotene. We found the condensation of chromosomes into a compact structure as filaments in the leptotene stage (Figure 4A). As the homologous chromosomes paired and synapsis progressed, the chromosome thickened gradually and then entered the zygotene and pachytene stages (Figures 4B, C). During the diplotene, X-shaped structures formed due to the dissolution of the synaptonemal complex and the separation of the bivalent homologous chromosomes (Figure 4D). We identified the synaptonemal complex protein SCP3 in all chromosomes in the germ cells from the 10-month-old ovary. The synaptonemal complex structure was complete in this stage (Figures 4E–G).
[image: Figure 4]FIGURE 4 | Stages of chromosome meiosis and immunofluorescent detection of synaptonemal complex protein 3 (SCP3) in 10-month-old gynogenetic allodiploid hybrid clone line (GDH) germ cells (A–D) Chromosomes at the leptotene, zygotene, pachytene, and diplotene stages (E–G) Immunofluorescent detection of SCP3. Scale bars = 20 μm.
Homologous chromosome pairing
Previous studies reported two strong and two weak signals from the 5S rDNA probes in the mitotic metaphase chromosome of the diploid crucian carp (Zhang et al., 2015). By comparison, the common carp showed no such signals (Zhang et al., 2015; Ye et al., 2017). In this study, using the 5S rDNA probe specific to the crucian carp, we identified one strong signal and one weak signal in mitotic metaphase chromosome spreads of both head kidney cells (Figures 5A–C) and oogonia from the 5-month-old ovary of GDH (Figures 5D–F), indicating that these cells possessed one set of crucian carp chromosomes. In contrast, in the chromosomes from the germ cells from the 10-month-old ovary, we observed one pair of strong signals and one pair of weak signals (Figures 5G–I), indicating that the crucian carp chromosomes were doubled and paired at this stage.
[image: Figure 5]FIGURE 5 | Loci of the 5S rDNA probe from the red crucian carp on the gynogenetic allodiploid hybrid clone line (GDH) chromosomes (A–C) Head kidney cell chromosome (expected chromosome number is 100), showing one strong and one weak fluorescent signal (D–F) germ cell chromosome of the 5-month-old ovary, showing one strong and one weak fluorescent signal (G–I) germ cell chromosome of the 10-month-old ovary, showing paired strong and weak fluorescent signals. Arrows indicate signal points. Scale bar = 10 μm.
Expression patterns of genes and proteins associated with synapsis and recombination
To investigate the molecular mechanisms underlying the formation of the synaptonemal complex (SC) during GDH meiosis I, we characterized the expression patterns of four genes and two proteins associated with the synapsis and recombination in ovaries of different ages. All four genes (spo11, scp3, dmc1, and rad50) were significantly upregulated in the 10-month-old ovary as compared to both the 5-month-old ovary and the 12-month-old ovary; spo11 and rad50 were also significantly upregulated in the 5-month-old ovary as compared to the 12-month-old ovary (Figure 6A).
[image: Figure 6]FIGURE 6 | Expression levels of genes and proteins associated with synapsis and recombination (A) In 10-month-old gynogenetic allodiploid hybrid clone line (GDH) ovaries, the expression levels of spo11, scp3, dmc1, and rad50 were highest in five- and 12-month-old ovaries. Different lowercase letters above the bars indicate significant differences (p < 0.05) (B) Representative Western blot image showing the relative accumulation of recombinant proteins MSH5 and MLH1 in 5-, 8-, and 10-month-old GDH ovaries. H3 was used as the positive control.
Low levels of MLH1 expression were detected in the 5-month-old GDH ovary (Figure 6B). The expression levels of MLH1 increased both in the 8-month-old and the 10-month-old ovary, while MSH5 was only detected in the 10-month-old ovary (Figure 6B).
DISCUSSION
Reproductive characteristics of hybrid fish
During gametogenesis, the synapsis of homologous chromosomes is an important guarantee of genetic lineage stability and variability. Allodiploids are generally sterile due to the absence of homologous chromosomes. However, fish reproductive strategies are highly plastic: when genetic factors, such as hybridization incompatibility, inhibit normal production and development of haploid gametes (genetic material halved), reproductive modes often shift to adapt. For example, fish may produce unreduced gametes (Zhang et al., 2005).
In general, diploid fish produce haploid gametes. However, the gynogenetic allodiploid hybrid clonal line (GDH), derived from hybridization of crucian carp and common carp, produces diploid eggs. Once activated by UV-irradiated sperm, these diploid eggs develop into the next-generation of diploid gynogens without chromosome doubling (Liu et al., 2004). If the sperm are not irradiated, the diploid eggs are fertilized, forming triploid offspring (Liu et al., 2004). Hence, it is easy to distinguish between the gynogenic offspring and the hybrid offspring. In addition, the results of RAPD assay and the microsatellite analysis showed that GDH presented lower level of polymorphism than the original female parent allotetraploids, suggesting that gynogenesis increased the genetic homogeneity of GDH. Consistent with this, the RAPD results indicated the average genetic similarity coefficient between GDH1 and the corresponding female parent was 0.97, whereas that between GDH1 and the corresponding male parent (which provided the UV-irradiated sperm for egg activation) was only 0.60 (Yan et al., 2005). These findings implied that GDH was obtained from gynogenesis. Furthermore, GDH egg diameter is 0.17 cm, identical to that of diploid eggs stripped from allotetraploids, and fertilization cytology showed the normal expulsion of the second polar body during gynogenesis (Zhang et al., 2005). This indicated that the eggs produced by GDH are diploid.
There have been other reports of this particular type of reproduction. For example, female F1 hybrids of crucian carp (Carassius auratus gibelio) and common carp (Cyprinus carpio L.) produce diploid eggs (Cherfas et al., 2010), as do female hybrid Medaka (Oryzias latipes crossed with O. curvinotus) (Shimizu et al., 2000), and female hybrids of Thai walking catfish (Clarias macrocephalus) and African catfish (Clarias gariepinus) (Na-Nakorn et al., 2004). The reproductive patterns of these hybrid fish have altered due to dramatic changes in the genetic makeup of their heterologous chromosomes.
The sterility of many interspecific hybrids arises from failures during meiosis: because homologous chromosomes must align precisely to form synaptonemal complexes and exchange genetic material, accurate chromosome synapsis, recombination, and segregation during meiosis is essential for the production of normal gametes (Pawlowski et al., 2004; Park et al., 2020). In many interspecific hybrids, the allodiploid chromosomes behave independently during meiosis I, with few interactions between paternal and maternal chromosomes, and thus form univalent chromosomes before segregation (Park et al., 2020). In the absence of synaptonemal complexes between homologous chromosome pairs, or when complexes are formed between multiple and/or non-homologous chromosomes, the chromosomes segregate abnormally, resulting in aneuploid gamete formation and sterility (Martinez-Perez and Colaiácovo, 2009; Park et al., 2020). However, to reduce the frequency of sterile offspring from interspecific crosses, some fish have developed special reproductive modes, including gynogenesis, androgenesis, and the formation of unreduced gametes. Previous studies have shown that fertile allodiploid or triploid hybrids are produced in crosses involving crucian carp, salmon, trout, loach, and silver carp (Benfey and Sutterlin, 1984; Galbreath and Thorgaard, 1995; Tiwary et al., 2000; Cherfas et al., 2010; Kuroda et al., 2019; Knytl et al., 2022). GDH is an intergeneric allodiploid with two sets of chromosomes, one from each parent (crucian carp and common carp) (Wang et al., 2016). Although intergeneric allodiploids are often sterile, GDH is not because this hybrid produces diploid eggs without reduction (Liu et al., 2007). If either the first or second polar body is not extruded, it would lead to the production of gametes with unreduced ploidy level. But previous studies have shown that GDH germ cells undergo meiosis; the discharge of the first and second poles was observed, and diploid eggs with the same number of chromosomes as the somatic cells were produced (Zhang et al., 2005). However, it is unclear whether and how the homologous chromosomes undergo correct synapsis, recombination, and segregation. In order to help address this knowledge gap and to better understand the mechanisms underlying hybrid reproduction, we studied chromosome behavior during hybrid oogenesis.
Formation of the synaptic complex
During the early development of the GDH ovary (<5-month-old), chromatin distribution was uniform in the oogonia, and normal mitosis was observed in ovarian tissues grown in vitro. At this stage, the FISH analysis showed that each oogonium possessed one set of crucian carp chromosomes and one set of common carp chromosomes. This indicated that the GDH germ cells with heterogeneic genetic compositions had normal mitotic proliferation. Both observations of chromosome behavior and expression profiling of related genes and proteins showed that meiosis did not occur in the 5-month-old GDH ovaries. In general, 5-month-old crucian carp and common carp males produce sperm, while the 5-month-old crucian carp and common carp female gametes have entered the diplotene phase of meiosis I.
We observed an obvious bouquet phase in the 10-month-old GDH ovary, with the post-leptotene chromosomes gathering in one region of the nucleus. The telomeres of the chromosomes are attached to a relatively small area (segment) of the nuclear envelope via a specialized conical thickening; this polarized chromosomal array is known as the bouquet (Harper et al., 2004). Bouquet formation restricts chromosome mobility at the telomeres, and telomere-led chromosome oscillation promotes pairing of homologous regions followed by synapsis and meiotic recombination between homologues (Moiseeva et al., 2017). This result was consistent with our FISH analysis, in which signals corresponding to homologous chromosomes were paired in the GDH germ cell. In addition, during the bouquet stage (10-month-old), proteins and genes associated with synapsis and recombination were significantly upregulated, indicating that synapsis and recombination were progressing in the germ cell.
In general, the pairing failure of heterologous chromosomes in allodiploids will interrupt meiosis. The alleviation of such blockages and the repair of associated defects may be driven by a meiosis checkpoint in GDH.
Doubling of chromosomes
Meiosis is a complex and delicate process, and most organisms have evolved meiosis-specific checkpoints, such as the pachytene check point, which monitors the fidelity of chromosome synapsis and the repair of DNA damage. Programmed DNA double-strand breaks activate the pachytene check point, which in turn initiates the homologous recombination repair of the double-strand breaks (Bishop et al., 1992; Sym et al., 1993; Chua and Roeder, 1998; Gartner et al., 2000). This checkpoint causes defective meiocytes to self-destruct, thus preventing the generation of defective gametes (Li et al., 2009). In organisms with a strict pachytene checkpoint, triploid or allodiploid individuals cannot generate gametes, and meiotic cells with pairing or recombination defects are aborted (Li et al., 2009).
Due to the absence of homologous chromosomes in the GDH germ cell at the early development stage, the pachytene checkpoint inhibited the meiosis process. This may explain why synapsis was not observed in the 5-month-old germ cells. Diploid eggs were finally obtained from two-year-old GDH. The abnormalities in chromosomes recombination and synapsis were resolved by doubling the genetic material. We observed binucleated cells in the microstructure of the GDH ovary. The binucleated cells formed by cell fusion, as was demonstrated by in vitro cell cultures. Tissue immunofluorescence with VASA showed that the binucleated cells were germ cells. In GDH, genetic material was doubled before meiosis to ensure that the next homologous synapsis proceeded normally. This may explain the unusual length of early ovarian development in GDH. In general, crucian carp reach sexual maturity at 1 year of age, and early ovarian development (before the growth phase) is relatively short, lasting about 2 months (Wang et al., 2016). In GDH, however, this phase of ovarian development lasted more than 10 months and was concomitant with cell fusion activity (Wang et al., 2016). Hybrid sterility is often caused by the abnormal pairing of homologous chromosomes during meiosis. Correct homologous syndication is necessary for gamete formation in GDH.
In conclusion, the absence of chromosomal pairing and synaptonemal complexes in GDH during early development (<5 months old) suggested that synapsis and recombination were suppressed between non-homologous chromosomes in this hybrid. In synthesized allopolyploids such as GDH, it is necessary to double the genetic material to form pairable homologous chromosomes for correct meiotic progression, which is important for the formation of viable gametes and reproductive success in the hybrid progeny (Park et al., 2020). In GDH, germ cell chromosomes doubled through fusion; subsequent pairing and synapsis with homologous chromosomes proceeded normally. Further in-depth studies of fish reproductive strategies are required to identify the underlying regulatory mechanisms. Such studies will also help to provide a theoretical basis for optimized fish breeding programs, taking advantage of polyploid formation.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was reviewed and approved by the Animal Care Committee of Hunan Normal University.
AUTHOR CONTRIBUTIONS
JW: Conceptualization, writing-original draft, project administration, funding acquisition. WW: Investigation, writing-original draft, resources. JL: Writing-original draft, investigation, data curation. YZ: Investigation, data curation. KL: Investigation, formal analysis. LH: Investigation, formal analysis. CX: Investigation, formal analysis. MC: Writing-review and editing. ZL: Writing-review and editing. RZ: Writing-review and editing. SL: Conceptualization, writing-review and editing, supervision, funding acquisition.
FUNDING
This research was funded by the National Natural Science Foundation of China (Grant No. 31872549), the National Key R&D Program of China (Grant No. 2018YFD0900200), Natural Science Foundation of Hunan Province (Grant No. 2022JJ30380), Laboratory of Lingnan Modern Agriculture Project (Grant No. NT2021008), the earmarked fund for China Agriculture Research System (Grant No. CARS-45), 111 Project (Grant No. D20007) and the Key Research and Development Program of Hunan Province (Grant No. 2020NK 2016).
ACKNOWLEDGMENTS
We thank LetPub (www.letpub.com) for linguistic assistance and pre-submission expert review.
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.
REFERENCES
 Benfey, T. J., and Sutterlin, A. M. (1984). Growth and gonadal development in triploid landlocked atlantic salmon (Salmo salar). Can. J. Fish. Aquatic ences 41 (9), 1387–1392. doi:10.1139/f84-171
 Bhattacharyya, T., Gregorova, S., Mihola, O., Anger, M., Sebestova, J., Denny, P., et al. (2013). Mechanistic basis of infertility of mouse intersubspecific hybrids. Proc. Natl. Acad. Sci. U. S. A. 110 (6), E468–E477. doi:10.1073/pnas.1219126110
 Bishop, D. K., Park, D., Xu, L., and Kleckner, N. (1992). DMC1: A meiosis-specific yeast homolog of E. coli recA required for recombination, synaptonemal complex formation, and cell cycle progression. Cell 69 (3), 439–456. doi:10.1016/0092-8674(92)90446-j
 Bolcun-Filas, E., and Handel, M. A. (2018). Meiosis: The chromosomal foundation of reproduction. Biol. Reproduct. 99 (1), 112–126. doi:10.1093/biolre/ioy021
 Chen, J., Cui, X., Jia, S., Luo, D., Cao, M., Zhang, Y., et al. (2016). Disruption of dmc1 produces abnormal sperm in medaka (Oryzias latipes). Sci. Rep. 6, 30912. doi:10.1038/srep30912
 Cherfas, N. B., Gomelsky, B. I., Emelyanova, O. V., and Recoubratsky, A. V. (2010). Induced diploid gynogenesis and polyploidy in crucian carp, Carassius auratus gibelio (Bloch), x common carp, Cyprinus carpio L., hybrids. Aquac. Res. 25 (9), 943–954. doi:10.1111/j.1365-2109.1994.tb01356.x
 Chua, P. R., and Roeder, G. S. (1998). Zip2, a meiosis-specific protein required for the initiation of chromosome synapsis. Cell 93 (3), 349–359. doi:10.1016/s0092-8674(00)81164-2
 de Cárcer, G., Pérez de Castro, I., and Malumbres, M. (2007). Targeting cell cycle kinases for cancer therapy. Curr. Med. Chem. 14 (9), 969–985. doi:10.2174/092986707780362925
 Edelmann, W., Cohen, P. E., Kane, M., Lau, K., Morrow, B., Bennett, S., et al. (1996). Meiotic pachytene arrest in MLH1-deficient mice. Cell 85 (7), 1125–1134. doi:10.1016/s0092-8674(00)81312-4
 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 (4), 1561–1569. doi:10.1534/genetics.106.068171
 Flachs, P., Bhattacharyya, T., Mihola, O., Piálek, J., Forejt, J., and Trachtulec, Z. (2014). Prdm9 incompatibility controls oligospermia and delayed fertility but no selfish transmission in mouse intersubspecific hybrids. PloS one 9 (4), e95806. doi:10.1371/journal.pone.0095806
 Galbreath, P. F., and Thorgaard, G. H. (1995). Sexual maturation and fertility of diploid and triploid Atlantic salmon X Brown trout hybrids. Aquaculture 137 (1-4), 299–311. doi:10.1016/0044-8486(95)01115-3
 Gartner, A., Milstein, S., Ahmed, S., Hodgkin, J., and Hengartner, M. O. (2000). A conserved checkpoint pathway mediates DNA damage--induced apoptosis and cell cycle arrest in C. elegans. Mol. Cell 5 (3), 435–443. doi:10.1016/s1097-2765(00)80438-4
 Harper, L., Golubovskaya, I., and Cande, W. Z. (2004). A bouquet of chromosomes. J. Cell Sci. 117, 4025–4032. doi:10.1242/jcs.01363
 He, W., Qin, Q., Liu, S., Li, T., Wang, J., Xiao, J., et al. (2012). Organization and variation analysis of 5S rDNA in different ploidy-level hybrids of red crucian carp × topmouth culter. PloS one 7 (6), e38976. doi:10.1371/journal.pone.0038976
 Huang, S., Cao, X., Wang, W., and Nasr, M. (2018). Fertility and ploidy of gametes of allodiploid and allotriploid loaches produced by diploid Misgurnus anguillicaudatus females and Paramisgurnus dabryanus males. Fish physiology Biochem. 44 (1), 13–20. doi:10.1007/s10695-017-0409-5
 Iwai, T., Yoshii, A., Yokota, T., Sakai, C., Hori, H., Kanamori, A., et al. (2006). Structural components of the synaptonemal complex, SYCP1 and SYCP3, in the medaka fish Oryzias latipes. Exp. Cell Res. 312 (13), 2528–2537. doi:10.1016/j.yexcr.2006.04.015
 Knytl, M., Forsythe, A., and Kalous, L. (2022). A fish of multiple faces, which show us enigmatic and incredible phenomena in nature: Biology and cytogenetics of the genus Carassius. Int. J. Mol. Sci. 23 (15), 8095. doi:10.3390/ijms23158095
 Kuroda, M., Fujimoto, T., Murakami, M., Yamaha, E., and Arai, K. (2019). Aberrant meiotic configurations cause sterility in clone-origin triploid and inter-group hybrid males of the dojo loach, Misgurnus anguillicaudatus. Cytogenet. genome Res. 158 (1), 46–54. doi:10.1159/000500303
 Li, X. C., Barringer, B. C., and Barbash, D. A. (2009). The pachytene checkpoint and its relationship to evolutionary patterns of polyploidization and hybrid sterility. Heredity 102 (1), 24–30. doi:10.1038/hdy.2008.84
 Liu, S., Sun, Y., Zhang, C., Luo, K., and Liu, Y. (2004). Production of gynogenetic progeny from allotetraploid hybrids red crucian carp × common carp. Aquaculture 236, 193–200. doi:10.1016/j.aquaculture.2003.10.001
 Liu, S., Duan, W., Tao, M., Zhang, C., Sun, Y., Shen, J., et al. (2007). Establishment of the diploid gynogenetic hybrid clonal line of red crucian carp x common carp. Sci. China. Ser. C, Life Sci. 50 (2), 186–193. doi:10.1007/s11427-007-0032-2
 Martinez-Perez, E., and Colaiácovo, M. P. (2009). Distribution of meiotic recombination events: Talking to your neighbors. Curr. Opin. Genet. Dev. 19 (2), 105–112. doi:10.1016/j.gde.2009.02.005
 Moiseeva, V., Amelina, H., Collopy, L. C., Armstrong, C. A., Pearson, S. R., and Tomita, K. (2017). The telomere bouquet facilitates meiotic prophase progression and exit in fission yeast. Cell Discov. 3, 17041. doi:10.1038/celldisc.2017.41
 Na-Nakorn, U., Rangsin, W., and Boon-ngam, J. (2004). Allotriploidy increases sterility in the hybrid between Clarias macrocephalus and Clarias gariepinus. Aquaculture 237 (1–4), 73–88. doi:10.1016/j.aquaculture.2004.02.032
 Park, H. R., Park, J. E., Kim, J. H., Shin, H., Yu, S. H., Son, S., et al. (2020). Meiotic chromosome stability and suppression of crossover between non-homologous chromosomes in xBrassicoraphanus, an intergeneric allotetraploid derived from a cross between Brassica rapa and Raphanus sativus. Front. plant Sci. 11, 851. doi:10.3389/fpls.2020.00851
 Pawlowski, W. P., Golubovskaya, I. N., Timofejeva, L., Meeley, R. B., Sheridan, W. F., and Cande, W. Z. (2004). Coordination of meiotic recombination, pairing, and synapsis by PHS1. Sci. (New York, N.Y.). 303 (5654), 89–92. doi:10.1126/science.1091110
 Roeder, G. S., and Bailis, J. M. (2000). The pachytene checkpoint. Trends Genet. TIG 16 (9), 395–403. doi:10.1016/S0168-9525(00)02080-1
 Shimizu, Y., Shibata, N., Sakaizumi, M., and Yamashita, M. (2000). Production of diploid eggs through premeiotic endomitosis in the hybrid medaka between Oryzias latipes and O. curvinotus. Zool. Sci. 17, 951–958. doi:10.2108/zsj.17.951
 Snowden, T., Acharya, S., Butz, C., Berardini, M., and Fishel, R. (2004). hMSH4-hMSH5 recognizes Holliday Junctions and forms a meiosis-specific sliding clamp that embraces homologous chromosomes. Mol. Cell 15 (3), 437–451. doi:10.1016/j.molcel.2004.06.040
 Sym, M., Engebrecht, J. A., and Roeder, G. S. (1993). ZIP1 is a synaptonemal complex protein required for meiotic chromosome synapsis. Cell 72 (3), 365–378. doi:10.1016/0092-8674(93)90114-6
 Tiwary, B. K., Kirubagaran, R., and Ray, A. K. (2000). Gonadal development in triploid Heteropneustes fossilis. J. Fish Biol. 57 (5), 1343–1348. doi:10.1111/j.1095-8649.2000.tb00493.x
 Wang, J., Liu, Q., Luo, K., Chen, X., Xiao, J., Zhang, C., et al. (2016). Cell fusion as the formation mechanism of unreduced gametes in the gynogenetic diploid hybrid fish. Sci. Rep. 6, 31658. doi:10.1038/srep31658
 Wells, D., Bitoun, E., Moralli, D., Zhang, G., Hinch, A., Jankowska, J., et al. (2020). ZCWPW1 is recruited to recombination hotspots by PRDM9 and is essential for meiotic double strand break repair. eLife 9, e53392. doi:10.7554/eLife.53392
 Yan, J., Liu, S., Sun, Y., Zhang, C., Luo, K., and Liu, Y. (2005). RAPD and microsatellite analysis of diploid gynogens from allotetraploid hybrids of red crucian carp (Carassius auratus)×common carp (Cyprinus carpio). Aquaculture 243, 49–60. doi:10.1016/j.aquaculture.2004.09.025
 Ye, L., Zhang, C., Tang, X., Chen, Y., and Liu, S. (2017). Variations in 5S rDNAs in diploid and tetraploid offspring of red crucian carp × common carp. BMC Genet. 18 (1), 75. doi:10.1186/s12863-017-0542-2
 Zhang, C., Sun, Y.-D., Liu, S.-J., and Liu, Y. (2005). Evidence of the unreduced diploid eggs generated from the diploid gynogenetic progeny of allotetraploid hybrids. Yi chuan xue bao = Acta Genet. Sin. 32 (2), 136–144.
 Zhang, C., Ye, L., Chen, Y., Xiao, J., Wu, Y., Tao, M., et al. (2015). The chromosomal constitution of fish hybrid lineage revealed by 5S rDNA FISH. BMC Genet. 16, 140. doi:10.1186/s12863-015-0295-8
 Zickler, D., and Kleckner, N. (2015). Recombination, pairing, and synapsis of homologs during meiosis. Cold Spring Harb. Perspect. Biol. 7 (6), a016626. doi:10.1101/cshperspect.a016626
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.
Copyright © 2023 Wang, Wang, Li, Zhang, Luo, Han, Xiang, Chai, Luo, Zhao and Liu. 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/fgene-14-998775-g005.gif





OPS/images/fgene-14-998775-g006.gif
dme |

s

&
&
Pt
o
- s
- i
- -





OPS/images/fgene-14-998775-g003.gif





OPS/images/fgene-14-998775-g004.gif
Leplotene £ygotene Pachytene






OPS/images/fgene-14-998775-t001.jpg
Gene Sequence (5'—>3')

spoll F: CTTCCAATGTTAATGGGATCAGA
R: CAGTTTCCTCACCATCAGTCTGC
scp3. F: AAGATTCGGTGCGGACATC
R: GCTTCTGCCTCTGATTCTGC

rads0 F: TCTCGCCAACGCAACTTCC

R: GCACTGGTCCTGGTTCTTCC

dmel F: ACTATGTGTAACCGCTCAG

R: GATGCTCACTCGTATATGC

B-actin F: CATCTACGAGGGTTACGCCC
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