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Meiotic crossovers (COs) not only generate genetic diversity but also ensure the accuracy of homologous chromosome segregation. Here, we identified FIGNL1 as a new inhibitor for extra crossover formation in rice. The fignl1 mutant displays abnormal interactions between non-homologous chromosomes at diakinesis, and chromosome bridges and fragmentation at subsequent stages of meiosis, but shows normal homologous chromosome pairing and synapsis during early prophase I. FIGNL1 participates in homologous chromosome recombination and functions downstream of DMC1. Mutation of FIGNL1 increases the number of bivalents in zip4 mutants, but does not change the number of HEI10 foci, indicating that FIGNL1 functions in limiting class II CO formation. FIGNL1 interacts with MEICA1, and colocalizes with MEICA1 in a dynamic pattern as punctate foci located between two linear homologous chromosomes. The localization of FIGNL1 depends on ZEP1-mediated assembly of the synaptonemal complex. Based on these results, we propose that FIGNL1 inhibits non-homologous chromosome interaction and CO formation during rice meiosis.
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INTRODUCTION

Meiosis is a cell division program unique to sexually propagating eukaryotes. Compared with mitosis, meiosis has one more round of cell division, leading to the formation of four gametes with halved genetic material. Several key events occur during this process, including homologous chromosome pairing, synapsis, and recombination (Kleckner, 1996; Zickler and Kleckner, 1999). These events are the foundation of stable meiosis and have received considerable attention. Meiotic crossovers (COs) are the products of homologous recombination (HR) and important for precise homologous chromosome separation in both plants and animals.

The production of double-strand breaks (DSBs) marks the beginning of HR (Szostak et al., 1983). SPO11, a protein which catalyzes the production of DSBs, is then removed by the MRX (Mre11-Xrs2-Rad50) complex (Bergerat et al., 1997; Keeney et al., 1997; Hamant et al., 2006). This complex is also responsible for the incision from the 5′ end of DSBs, exposing 3′-single-stranded DNA (Cannavo and Cejka, 2014; Marini et al., 2019). After that, RPA is recruited for the stabilization of the 3′-single-stranded DNA (Wang and Haber, 2004). RAD51 and DMC1 are yeast homologs of RecA (Shinohara et al., 2000). During the HR process, DMC1 plays a crucial role, while RAD51 is an accessory (Cloud et al., 2012). Before homology search and single strand invasion, RAD51 and DMC1 bind to the 3′-single-stranded DNA for the formation of nucleoprotein filaments (Brown et al., 2015). RAD51-DMC1 co-foci are often arranged in pairs separated by distances of up to 400 nm (Brown et al., 2015). After that, a crucial step of HR is that RAD51 and DMC1 mediate homology search and single strand invasion, leading to the formation of D-loops (Nara et al., 2001; Sauvageau et al., 2005; Pradillo et al., 2012; Ines et al., 2013). D-loops are precursors of COs and non-crossovers (NCOs). NCOs are produced at a much higher rate than COs (Torlazzi et al., 1995). Formation of NCOs mainly occurs through the synthesis-dependent strand annealing (SDSA) (McMahill et al., 2007). During SDSA, the extended break end is displaced from the D-loop and annealed to the complementary sequence at the non-invading break end (Elbakry et al., 2021). If a CO has formed between a pair of homologous chromosomes, the possibility that a CO forms nearby is decreased (Otto and Payseur, 2019). This phenomenon is called CO interference. Based on their sensitivity to the interference, COs are further classified into class I COs and class II COs (Li et al., 2021). ZMM proteins are responsible for generating class I COs, which are also referred to as interference-sensitive COs (Zhang et al., 2019). In Arabidopsis thaliana, the production of class II COs relies on MUS81 and other endonucleases (Santos et al., 2003; Berchowitz et al., 2007; Higgins et al., 2008).

Only a small portion of recombination intermediates are processed as COs, leading to the restricted number of COs between each pair of homologous chromosome (Mercier et al., 2015). This phenomenon suggests the existence of mechanisms inhibiting the production of COs. Three pathways inhibiting the production of COs have been revealed in Arabidopsis, including FANCM (and some other factors, such as MHF1 and MHF2), the FIGL1-FLIP complex, and the RECQ4-Top3α-RMI1 (RTR) complex (Fernandes et al., 2018). FANCM was reported to be involved in the dissolution of the D-loop into NCOs by promoting the SDSA pathway (Crismani et al., 2012; Lorenz et al., 2012; Girard et al., 2014). The FIGL1-FLIP complex was suggested to limit the production of COs by inhibiting the homology search and single strand invasion mediated by RAD51 and DMC1 (Fernandes et al., 2018). The RTR complex was reported to resolve double Holliday junction (dHJ) into NCOs (Knoll et al., 2014; Seégueéla-Arnaud et al., 2015). Although these studies have revealed several mechanisms for limiting the production of COs in Arabidopsis, only a few such proteins have been identified in rice.

Our previous studies revealed that MEICA1 is an inhibitor of meiotic COs in rice (Hu et al., 2017). MSH5 is a member of ZMM proteins that are responsible for class I CO formation (Luo et al., 2013). The number of bivalents in the msh5 background is increased by the absence of MEICA1 (Hu et al., 2017). The meica1 mutant displayed evident meiosis defects, including interactions between non-homologous chromosomes, chromosome bridges, and chromosome fragmentation. Based on these phenotypes and the interaction of MEICA1 with MSH7, MEICA1 was suggested to have a function in preventing abnormal recombination during the process of DSB repairing.

Here, we identified FIGNL1, which forms a conserved complex with MEICA1 in many species (Hu et al., 2017), as a new inhibitor of meiotic COs. We found that the fignl1 mutant has meiotic defects similar to those of meica1, including associations between non-homologous chromosomes, indicating that FIGNL1 may have a similar function in preventing abnormal recombination during DSB repair. fignl1 has been reported to exhibit multivalent chromosomes at diakinesis, lagging chromosomes, and chromosome fragments during meiosis, showing that FIGNL1 is involved in rice meiosis (Zhang et al., 2017). However, its role in CO regulation has not been revealed. Because of the associations between non-homologous chromosomes in fignl1 meiocytes, it is difficult to count the number of COs according to the shape of bivalents or multivalents. Therefore, we took the advantage of cytological and genetic analyses to explore the role of FIGNL1 in controlling CO formation. The lack of FIGNL1 increased the number of bivalents in zip4, but had no effect on the number of HEI10 foci, indicating that FIGNL1 is an inhibitor of class II COs. Genetic analyses revealed that FIGNL1 acts downstream of DMC1. However, DMC1 foci disappeared later in fignl1 than in wild type, suggesting FIGNL1 may control the temporal distribution of DMC1. On the basis of these findings, together with the interaction of FIGNL1 with RAD51 and DMC1, we propose that FIGNL1 is likely to inhibit the homology search and single strand invasion mediated by RAD51 and DMC1 to reduce the production of COs, just like its homolog FIGL1 in Arabidopsis (Fernandes et al., 2018). Therefore, we conclude that FIGNL1 may prevent abnormal recombination and limit CO formation during rice meiosis.



MATERIALS AND METHODS


Plant Materials

fignl1 was identified from Yandao 8 (a japonica rice variety) induced by 60Co-γ ray radiation. The fignl1-cas9 mutant was obtained from Nipponbare (a japonica rice variety) edited through CRISPR-Cas9 technology. Other reported mutants including p31comet, ku70, dmc1, zip4 were also used in our study. Nipponbare was used as the wild type. All rice plants were cultivated in paddy fields in Beijing during the summer season.



Map-Based Cloning of fignl1

fignl1+ fignl1– plants were crossed with the indica rice Zhongxian 3037 to generate the mapping populations. 242 sterile F2 progeny and 493 sterile F3 progeny plants were obtained to conduct map-based cloning. InDel markers were designed according to sequence differences between 9311 and Nipponbare provided by NCBI. All the marker sequences are showed in Supplementary Table 1.



CRISPR-Cas9 Targeting of FIGNL1

The CRISPR-Cas9 target sequence of FIGNL1 was chosen online by CRISPR-PLANT, a portal of CRISPR-Cas9 mediated genome editing. The target sequence of FIGNL1 was introduced into Aar I digested intermediate vector SK-gRNA. Then the vector was digested with Kpn I and BamH I to recycle the fragment. The vector pC1300-cas9 was also digested with Kpn I and BamH I to recycle the vector scaffold. Then the fragment containing the target sequence and the part of SK-gRNA was ligated with pC1300-cas9 scaffold to generate the final vector (Wang et al., 2015). The final vector was transformed into Yandao 8 mediated by Agrobacterium strain EHA105.



Meiotic Chromosome Preparation

Both the wild-type and the mutant panicles at meiotic stages were collected and fixed in Carnoy’s solution (ethanol:glacial acetic, 3:1). Anthers were squashed with acetocarmine solution on slides and covered with coverslips. After that, they were washed with 45% acetic acid solution. Slides were soaked in liquid nitrogen for a short time. After removing the coverslips and dehydrating the slides through an ethanol gradient (70%, 90%, and 100%), the chromosomes were stained with 4,6-diamidino-phenylindole (DAPI) in an anti-fade solution (Vector Laboratories, Burlingame, CA). Chromosome images were captured under the Olympus BX61 fluorescence microscope with a micro CCD camera.



Immunofluorescence

Fresh panicles of both the wild type and mutants at proper meiotic stages were chosen and fixed in 4% (w/v) paraformaldehyde for 30-50 min at room temperature. Anthers were squashed with 1 × PBS solution on slides and covered with coverslips. Before removing coverslips, slides were frozen in in liquid nitrogen. After that, they were dehydrated through an ethanol series (70%, 90% and 100%). Then slides were incubated with different antibodies diluted 1:50 in 1 × PBST solution for 1 h at 37 °C. After washing in 1 × PBS for 3 times, they were incubated with the second antibody for 30 min at 37 °C. After the second washing in 1 × PBS for three times, slides with chromosomes were stained with DAPI in an antifade solution (Vector Laboratories).



Fluorescence in situ Hybridization

The FISH assay was performed according to a previous protocol (Cheng, 2013). The 5S ribosomal RNA probe was used to monitor states of homologous chromosome pairing.



Yeast Two-Hybrid Assays

Young rice panicles of the wild type were collected to construct prey cDNA library. The full-length cDNA sequence of FIGNL1 was ligated with pGBKT7 to construct bait vector. The bait vector and prey cDNA library were used to conduct library screening with Matchmaker Library Construction & Screening kit (Clontech). Several full-length cDNA sequence and truncated sequence were cloned to pGADT7 and pGBKT7. All these vectors were transformed with Yeast Y2H Gold strain. The primer sequences used in Y2H are listed in Supplementary Table 1.



Bimolecular Fluorescence Complementation Assays

To perform bimolecular fluorescence complementation (BiFC) assays, the full-length coding sequences of FIGNL1, MEICA1, RMI and MUS81 were independently introduced into pSCYNE (R) and pSCYCE(R). Rice stem protoplasts were cotransformed with plasmid pairs. SCFP3A signals were detected by a confocal laser scanning microscope.



Split-Luciferase Complementation Assay

Agrobacterium tumefaciens containing vectors were injected into leaves of Nicotiana benthamiana and incubated for 24–48 h in the growth room. LUC activity was measured by CCD imaging system and luminometer. Protein interaction was estimated based on fluorescence intensity. Primers used in Split-Luciferase complementation assay are listed in Supplementary Table 1.




RESULTS


Cloning of FIGNL1

To identify genes crucial for rice meiosis, we performed a genetic screen for sterile mutants. One of the mutants exhibited normal vegetative growth but was completely sterile (Figure 1A). I2-KI staining showed that pollen grains of the mutant were completely inviable (Figures 1B,C). The fertile and sterile F2 progeny of the heterozygous mutant exhibited a 3:1 segregation ratio, suggesting that the sterile phenotype is caused by a single recessive mutation. To identify the mutated gene, a map-based cloning strategy was carried out. The mutated gene was preliminarily mapped to an interval between 14.49 and 16.19 cM on chromosome 12, which corresponded to markers M6 and M8, respectively. However, PCR fragments could not be amplified in the mutant using marker M7 located at 15.16 cM on chromosome 12, indicating a deletion between markers M6 and M8 (Supplementary Figure 1). Using Tail-PCR, we identified a deletion of 308 kb including the site at 15.16 cM on chromosome 12. The deleted region contains the first exon of FIGNL1 (LOC_Os12g25720), which is expected to have a function in meiosis.
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FIGURE 1. Characterization of the fignl1 mutant and structure of the FIGNL1 protein. (A) Comparison of wild-type and fignl1 plants. (B) Viable pollen grains of wild type. Bar, 50 μm. (C) Inviable pollen grains of the fignl1 mutant. Bar, 50 μm. (D) Gene structure and mutation of FIGNL1. Coding regions are shown as black boxes. Untranslated regions are shown as black lines. Deleted region in the fignl1 mutant is shown as a dotted box. (E) Protein structure of FIGNL1. (F) Multiple sequence alignment of the ATPase region. Os, Oryza sativa; At, Arabidopsis thaliana; Ce, Caenorhabditis elegans; Mm, Mus musculus.


To verify that the mutation of FIGNL1 is responsible for the mutant phenotype, we generated FIGNL1-CAS9 plants. These plants had a meiotic chromosome phenotype similar to that of the original fignl1 mutant (see below; Supplementary Figure 2). This result indicated that FIGNL1 is the gene responsible for the mutant phenotype.

FIGNL1 consists of 13 exons and 12 introns and encodes a 694-amino acid protein (Figure 1D). FIGNL1 was predicted to have an ATPase domain (Figure 1E), a VPS4 domain, and a sequence similar to the human FIGNL1’s RAD51 binding domain (FRBD) (Yuan and Chen, 2013; Zhang et al., 2017). Multiple sequence alignment revealed that FIGNL1 and its orthologs in other species are highly conserved within the ATPase region (Figure 1F).



Non-homologous Chromosome Associations in fignl1

To investigate whether the sterile phenotype of fignl1 was caused by male meiosis defects, we used 4,6-diamidino-2-phenylindole (DAPI) staining to observe the meiotic chromosome behaviors in both wild-type and fignl1 pollen mother cells (PMCs). In the wild type, chromosomes condensed to visible thin threads at leptotene. At zygotene, homologous chromosomes paired and started to synapse (Figure 2A). At pachytene, homologous chromosomes completed synaptonemal complex (SC) installation (Figure 2B). Thereafter, chromosomes continued to condense into 12 bivalents at diakinesis (Figure 2C). The 12 bivalents aligned on the equatorial plate at metaphase I (Figure 2D). During anaphase I and telophase I, homologous chromosomes separated from each other, then moved to opposite poles of the PMCs (Figure 2E). Meiosis I ended with the formation of dyads (Figure 2F). Then the dyads progressed through meiosis II, generating tetrads, which represented the completion of a round of meiosis (Figures 2G,H).
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FIGURE 2. Meiotic chromosome behaviors of pollen mother cells in wild type and fignl1. Chromosomes were stained with DAPI. (A,I) Zygotene. (B,J) Pachytene. (C,K) Diakinesis. (D,L) Metaphase I. (E,M) Anaphase I. (F,N) Dyad. (G,O) Metaphase II. (H,P) Tetrad. Arrowheads point to some chromosome associations and arrows point to bridges. Scale bars, 5 μm.


No obvious difference could be detected between the chromosomal behaviors of fignl1 and wild type PMCs from zygotene to pachytene (Figures 2I,J). However, association among several bivalents was observed in fignl1 PMCs at diakinesis, indicating abnormal interactions between non-homologous chromosomes (Figure 2K). At the same time, the homologous chromosomes of one bivalent were more tightly connected to each other in fignl1 than those in the wild type. The abnormal association between non-homologous chromosomes became more frequent at metaphase I (Figure 2L). Among the 21 PMCs surveyed in fignl1, 20 meiocytes have chromosome bridges and fragments at anaphase I, giving rise to unequal chromosome segregation (Figure 2M). Finally, unequal chromosome segregation led to the formation of dyads and tetrads with micronuclei (Figures 2N–P). FIGNL1-CAS9 plants exhibited similar meiotic defects (Supplementary Figure 2). Therefore, we concluded that the sterile phenotype of fignl1 resulted from unequal chromosome segregation.

We performed FISH assays to verify if the aberrant interactions were generated between random chromosomes in fignl1 PMCs. 5S rDNA and the BAC clone OSJNBb0020J19 (J19) were chosen as available probes in these assays. 5S rDNA is a tandemly repetitive sequence that located near the centromere on chromosome 11 (Kamisugi et al., 1994), and the J19 is a chromosome 4-specific BAC clone in rice. We conducted FISH assays with these two probes in both wild type and fignl1 metaphase I PMCs. 5S rDNA foci were observed on one bivalent (indicate chromosome 11) and the J19 foci were detected on another bivalent (indicate chromosome 4) in wild type. In fignl1 PMCs from the same plant, one case was that 5S rDNA foci and J19 foci both existed on the same aberrant chromosome entanglement. Another case was that 5S rDNA foci and J19 foci were observed on two separated chromosomes, respectively (Supplementary Figure 3). According to our results, we speculated that the aberrant interactions between non-homologous chromosomes in fignl1 occur randomly.



FIGNL1 Is Dispensable for Homologous Chromosome Pairing and Synapsis

Considering that FIGNL1 plays an important role in preventing non-homologous chromosome interactions, we next wanted to explore whether FIGNL1 has any roles in homologous chromosome interactions. DAPI staining showed that homologous chromosome pairing and synapsis seemed to be unaffected by the loss of FIGNL1 (Figure 2J).

To explore the role of FIGNL1 in homologous chromosome pairing, we performed fluorescent in situ hybridization (FISH) with a 5S rDNA probe. The presence of two adjacent 5S rDNA signals at zygotene indicated that homologous chromosome pairing is normal in fignl1 (Figure 3A). With the aim to determine if synapsis was completed in fignl1, we conducted immunolocalization analysis of ZEP1, which is the central element of the SC. At pachytene, no obvious difference was detected in the location of ZEP1 between fignl1 and the wild type, indicating that homologous chromosome synapsis was unaffected in fignl1 (Figure 3B). Based on these results, we concluded that FIGNL1 is not associated with homologous chromosome pairing and synapsis.
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FIGURE 3. The mutation of FIGNL1 has no effect on homologous chromosome pairing and synapsis. (A) FISH analysis with 5S rDNA probes (red) of the wild type and fignl1 mutant. Chromosomes were stained with DAPI (blue). (B) Dual-immunolocalization of REC8 (red) and ZEP1 (green) in the wild type and fignl1 mutant. Scale bars, 5 μm.




FIGNL1 Is Involved in Homologous Chromosome Recombination and Functions Downstream of DMC1

To explore whether the abnormal non-homologous chromosome associations in fignl1 was dependent on meiotic DSB formation, we constructed the p31comet fignl1 double mutant and performed cytogenetic analysis. Rice P31comet is involved in meiotic DSB formation (Ji et al., 2016). Owing to the lack of meiotic DSB formation, there are 24 univalents with a random distribution in the p31comet mutant. The meiotic phenotype of the p31comet fignl1 double mutant was similar to that of the p31comet single mutant (Figure 4A). Therefore, we concluded that abnormal non-homologous chromosome associations in the fignl1 mutant are dependent on meiotic DSB formation and that FIGNL1 functions downstream of P31comet during meiosis.
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FIGURE 4. The relationship between FIGNL1 and DMC1. (A) Genetic analysis of FIGNL1 and DMC1. (B) Immunolocalization of REC8 (red) and DMC1 (green) in wild type and fignl1. (C) Examination of the interaction of FIGNL1 with RAD51A1, RAD51A2, DMC1A, and DMC1B by yeast two-hybrid assay. AD, prey vector; BD, bait vector. (D) Immunolocalization of FIGNL1 (red) and DMC1 (green) in wild type. Scale bars, 5 μm.


There are two main pathways involved in DSB repair: HR and classical non-homologous end joining (C-NHEJ) (Kakarougkas and Jeggo, 2014; Ceccaldi et al., 2015; Shibata, 2017). KU70 plays an important role in the C-NHEJ pathway (Deriano and Roth, 2013), while DMC1 is an essential factor in the HR pathway. DMC1 is present only in meiosis (Lan et al., 2020). To identify which meiotic DSB repair pathway FIGNL1 is associated with, the ku70 fignl1 and dmc1 fignl1 double mutants were generated. ku70 fignl1 had a phenotype similar to that of fignl1, indicating that KU70 is not associated with the abnormal non-homologous chromosome interactions in fignl1 (Figure 4A). On the other hand, the phenotype of dmc1 fignl1 is similar to that of dmc1, which had almost 24 univalents (Figure 4A). Thus, we propose that the phenotype of fignl1 is dependent on DMC1 and that FIGNL1 functions downstream of DMC1 during HR.



FIGNL1 Regulates the Localization of DMC1 and Interacts With RAD51 and DMC1

To further confirm that FIGNL1 acts downstream of DMC1 during HR, we performed immunolocalization experiments. At zygotene, the localization of DMC1 in fignl1 was undistinguishable from that in the wild type, suggesting that the loading of DMC1 is not affected by FIGNL1 (Figure 4B). Statistical analysis showed that the number of DMC1 foci in wild type (288.9 ± 8.645, n = 20) and that in fignl1 mutants (290.5 ± 7.683, n = 20) did not have significant difference (Supplementary Figure 4). This finding supported the hypothesis that FIGNL1 functions downstream of DMC1. Nevertheless, we detected obvious DMC1 foci in fignl1 at pachytene, when the DMC1 foci had already disappeared in the wild type, indicating a longer retention of DMC1 on chromosomes in fignl1 than in the wild type (Figure 4B). The loading pattern of RAD51 is similar to that of DMC1 in both fignl1 and the wild type (Supplementary Figure 5). We also found DMC1 foci existed on pachytene chromosomes in meica1 (Supplementary Figure 6), just like those in fignl1. Since FIGNL1 regulates the temporal distribution of DMC1, we tried to verify whether they physically interacted. Yeast two-hybrid (Y2H) assays revealed that FIGNL1 interacts with RAD51A1, RAD51A2, DMC1A, and DMC1B (Figure 4C), which might account for the result that FIGNL1 has a function in regulating the loading of DMC1. Although FIGNL1 has a function in regulating the loading of DMC1, immunolocalization assays using antibodies against DMC1 and FIGNL1 revealed that FIGNL1 did not colocalize with DMC1 (Figure 4D).



FIGNL1 Limits Meiotic Crossover Formation

To explore the role of FIGNL1 during HR, a Y2H screen using the full-length FIGNL1 protein as the bait was conducted. As a result, FIGNL1 was found to interact with MUS81. Next, the full-length MUS81 coding sequence was cloned into the vector pGADT7, and the full-length FIGNL1 coding sequence was introduced into the vector pGBKT7. Yeast cells cotransformed with MUS81-AD and FIGNL1-BD grew normally on DDO and QDO/X/A plates, verifying the interaction between MUS81 and FIGNL1 (Figure 5A). BiFC assays further confirmed that FIGNL1 interacted with MUS81 in vivo (Supplementary Figure 7). Previous studies revealed that AtMUS81 participates in formation of class II COs (Berchowitz et al., 2007; Higgins et al., 2008). It is likely that FIGNL1 is involved in a related pathway to regulate CO formation in rice.
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FIGURE 5. FIGNL1 limits CO formation. (A) FIGNL1 interacts with MUS81 in yeast two-hybrid assays. The interactions were detected by the growth and the blue color of yeast on QDO/X/A. AD, prey vector; BD, bait vector. (B) The mutation of FIGNL1 restores bivalent formation in the zip4 background. (C) Localization of HEI10 is independent of FIGNL1. (D) No significant differences were observed in the numbers of MER3 and ZIP4 foci between the wild type and fignl1 mutant. Values are means ± SEM. ns, no significant difference according to two-tailed Student’s t-tests. Scale bars, 5 μm.


To explore whether FIGNL1 limits CO formation, we verified whether the bivalents in the zmm mutant could be restored by the mutation of FIGNL1. We conducted this assay instead of directly counting the chiasmata in fignl1, because the abnormal non-homologous chromosome interactions in fignl1. zip4 is a zmm mutant with reduced bivalent formation (Shen et al., 2012). As expected, the number of bivalents in zip4 was increased by the absence of FIGNL1, suggesting that FIGNL1 is an inhibitor of meiotic CO formation (Figure 5B).

The number of HEI10 foci at diakinesis is usually used as a marker monitoring the number of class I COs in rice (Wang et al., 2012; Li et al., 2018). To further explore the COs limited by FIGNL1 belong to class I or class II COs, we performed an immunofluorescence assay using antibodies against PAIR3 and HEI10. The number of HEI10 foci in fignl1 (22.9 ± 0.4638, n = 40) was similar to that in the wild type (22.73 ± 0.3906, n = 40), indicating that FIGNL1 had no effect on the formation of class I CO (Figure 5C). Moreover, the number of HEI10 foci in zip4 (16.13 ± 0.5595, n = 15) and that in zip4 fignl1 (16.2 ± 0.4899, n = 15) did not have significant difference (Supplementary Figure 8). Together, these results suggested that FIGNL1 inhibits the formation of class II COs (Figure 5C). There was no significant difference between the number of MER3 foci (273 ± 3.183, n = 40) in fignl1 and that in the wild type (268.4 ± 3.116, n = 40). The number of ZIP4 foci in fignl1 (305.5 ± 4.13, n = 40) was undistinguishable from that in the wild type (304.1 ± 4.838 n = 40) (Figure 5D).



FIGNL1 Is Located Between Homologous Chromosomes and Has a Dynamic Localization Pattern

Western blot analysis was used to test the specificity of the antibody against FIGNL1 (Supplementary Figure 9). However, we did not find any expected protein bands when the total panicle proteins of wild type were loaded in the blot. Considering that most proteins involved in meiosis are in the nucleus, we separated the nuclear and cytoplasmic fractions to obtain nuclear protein. Moreover, we used the antibody against FIGNL1 to immunoprecipitate FIGNL1 protein. As expected, a protein of the expected size was observed in western blots. We also collected the nuclear proteins from the fignl1 mutant and used the antibody against FIGNL1 to conduct immunoprecipitation, but no protein of the expected size was observed in western blots. This result suggested the antibody against FIGNL1 is specific.

To reveal the spatial and temporal distribution of FIGNL1 in meiocytes of the wild type, dual immunolocalization analysis was conducted with antibodies against REC8 and FIGNL1, which were raised in mouse and rabbit, respectively. Few FIGNL1 signals were observed in wild-type meiocytes at leptotene (Figure 6A). At zygotene, FIGNL1 signals were first visible as linear signals along meiotic chromosomes, and consisted of many punctate foci (Figure 6A). The punctate FIGNL1 foci persisted at pachytene and finally disappeared at diplotene (Figure 6A). To test whether the antibody against FIGNL1 is cytologically specific, immunolocalization was conducted in fignl1 meiocytes. As expected, no FIGNL1 signal was detected (Figure 6B), further indicating that fignl1 is a null mutant. To detect the precise localization of FIGNL1 foci on meiotic chromosomes, we observed the PMCs of the wild type at zygotene with a structured illumination microscope. The results showed that the FIGNL1 foci were located between two lines of REC8 signals (Figure 6C), which marked homologous chromosomes during meiosis. The spatial and temporal distributions of FIGNL1 suggested that FIGNL1 may play a role in processing DNA structures during meiotic recombination.
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FIGURE 6. FIGNL1 is a meiotic chromatin-associated protein. (A) Dual immunolocalization of REC8 (green) and FIGNL1 (red) in wild-type meiocytes from leptotene to diplotene. (B) Dual immunolocalization of REC8 and FIGNL1 in fignl1. (C) FIGNL1 foci are located between two lines of REC8 signals. (D) Immunolocalization of FIGNL1 in p31comet, msh4 and zep1. Bars, 5 μm.


To investigate the function of FIGNL1 during HR, we next explored the effects of selected meiotic proteins on the localization of FIGNL1 by performing immunolocalization experiments in a set of HR-associated mutants (Figure 6D). P31comet is essential for meiotic DSB formation. No FIGNL1 signal was detected in p31comet mutants, suggesting that the localization of FIGNL1 is dependent on meiotic DSB formation. MSH4 is a member of ZMM protein family which are responsible for class I CO formation. The FIGNL1 signals in msh4 meiocytes exhibited no significant difference from those in the wild type, indicating that the localization of FIGNL1 is not dependent on ZMM proteins. ZEP1 is the central element of the SC. There was no FIGNL1 signal in zep1 meiocytes, implying that the loading of FIGNL1 depends on SC assembly.



FIGNL1 Colocalizes With MEICA1

The loading pattern of FIGNL1 in the wild type is similar to that of MEICA1, whose ortholog in Arabidopsis has been reported to form a complex with FIGNL1. To investigate the relationship between FIGNL1 and MEICA1 in the wild type, dual immunolocalization analysis with antibodies against FIGNL1 and MEICA1 was conducted. As expected, the foci of FIGNL1 were almost completely colocalized with the foci of MEICA1 in all meiocytes examined (Figure 7A). No MEICA1 signal could be detected in fignl1 meiocytes, implying that the loading of MEICA1 on meiotic chromosomes is dependent on the presence of FIGNL1 (Figure 7B). The loading of FIGNL1 on chromosomes also did not occur in the absence of MEICA1 (Figure 7C). Therefore, we concluded that both proteins depend on each other for chromosome localization.


[image: image]

FIGURE 7. FIGNL1 colocalizes with MEICA1 and is required for the loading of MEICA1 (and vice versa). (A) FIGNL1 almost completely colocalizes with MEICA1 foci. (B) The immunodetection of MEICA1 in fignl1. (C) The immunodetection of FIGNL1 in meica1. Bars, 5 μm.




The Interaction Regions of FIGNL1 and MEICA1 Are Conserved

In Arabidopsis, the orthologs of FIGNL1 and MEICA1 form a conserved complex that regulates HR. As expected, Y2H results showed that FIGNL1 interacts with MEICA1 (Supplementary Figure 10). The interaction was further confirmed by BiFC assay and split-luciferase complementation assay (Figures 8A,B). To further investigate the interaction region, truncated fragments of FIGNL1 and MEICA1 were introduced into the vectors pGBKT7 and pGADT7, respectively. We found that the N-terminal region and DUF4487 domain of MEICA1 and the N-terminal region of FIGNL1 are responsible for the interaction between FIGNL1 and MEICA1(Figures 8C,D). However, the interaction is not dependent on the three functional domains of FIGNL1, which is similar to what was observed in Arabidopsis, suggesting that the interaction regions are conserved.


[image: image]

FIGURE 8. The region responsible for the interaction between FIGNL1 and MEICA1 is conserved. (A) FIGNL1 interacts with MEICA1 in LUC assays. (B) FIGNL1 interacts with MEICA1 in BiFC assays. (C) The region of MEICA1 responsible for the interaction between FIGNL1 and MEICA1. (D) The region of FIGNL1 responsible for the interaction between FIGNL1 and MEICA1.





DISCUSSION


Functions of FIGNL1 in Meiosis

Loss of function of FIGNL1 causes obvious abnormal non-homologous chromosome associations and fragmentation. Although FIGNL1 affects non-homologous chromosome association, it has no effect on homologous chromosome pairing and synapsis. The phenotype of fignl1 is similar to that of meica1, indicating that FIGNL1 may limit the association of non-homologous chromosomes by preventing non-allelic recombination in a similar way as MEICA1 (Hu et al., 2017).

We found that FIGNL1 is an inhibitor of meiotic CO formation using both genetic and cytological approaches. Three pathways inhibiting the production of COs have been revealed in Arabidopsis: FANCM (and some other factors, such as MHF1, MHF2), the FIGL1-FLIP complex, and the RTR complex (Fernandes et al., 2018). Both FANCM and the RTR complex have been reported to limit CO formation in rice. Because the plants with loss of FANCM or RECQ4 are still fertile, molecular markers can be used to calculate recombination frequencies in these plants. The approach was used to reveal that FANCM and RECQ4 limit the formation of COs (Mieulet et al., 2018). However, since plants with loss of FIGNL1 were sterile, we could not use molecular markers to calculate the recombination frequency. We solved this problem using the cytological approach. We observed more bivalents in zip4 fignl1 than in zip4, suggesting that FIGNL1 is an inhibitor of meiotic CO formation. The average number of HEI10 foci in fignl1 was similar to that in the wild type, indicating that FIGNL1 has no effect on the formation of class I COs. Together these results suggested that FIGNL1 inhibits the formation of class II COs. Compared with Arabidopsis FIGL1, rice FIGNL1 not only has a common function in limiting class II CO formation, but also plays an additional important role in limiting non-homologous chromosome associations during the process of DSB repair.



Mechanisms of FIGNL1 in Limiting Meiotic Crossovers

In rice, we found DMC1 begins to be loaded onto chromosomes at leptotene. Thereafter, FIGNL1 and MEICA1 bind to DMC1. At pachytene, DMC1 is gradually disassembled from chromosomes, leaving FIGNL1 and MEICA1 still be loaded on the chromosomes. MSH7, a protein reported to interact with MEICA1, prevents the formation of non-homologous chromosome associations and ensures accurate DSB repair. In the fignl1 mutant, no MEICA1 foci were detected. Nevertheless, DMC1 remained on pachytene chromosomes, while they were disappeared during the similar stage in the wild type. The postponed disassembly of DMC1 from chromosomes may not only assure the homology search and single strand invasion between homologous chromosomes, but also give rise to abnormal recombination intermediates such as multichromatid joint molecules by aberrant strand invasion. These abnormal recombination intermediates could be processed as class II COs by several structure-specific endonucleases (Jessop and Lichten, 2008; Oh et al., 2008). MEICA1 has been reported to suppress non-homologous chromosome association. We found MEICA1 was not properly loaded on meiotic chromosomes in fignl1, resulting in abnormal non-homologous chromosome associations at diakinesis and metaphase I, and chromosome bridges and fragmentations in the subsequent stages of meiosis.

RAD51 and DMC1 foci remain on chromosomes longer in fignl1 than in the wild type, suggesting that FIGNL1 may regulate the temporal distribution of DMC1 and is likely to promote the disassembly of DMC1. Y2H assays demonstrated the interaction of FIGNL1 with RAD51 and DMC1. FIGNL1 orthologs in humans and Arabidopsis have also been reported to interact with RAD51. This interaction is mediated by the FRBD domain of the FIGNL1 ortholog in humans. Previous studies suggested that the extra COs in Arabidopsis figl1 arise from abnormal recombination intermediates produced by aberrant strand invasion (Girard et al., 2015). Thus, we propose that FIGNL1 is likely to play a similar role, promoting the disassembly of the RAD51 and DMC1 and ensuring the quality of homology search and single strand invasion, thus preventing the formation of abnormal recombination intermediates, including abnormal joint molecules and multichromatid joint molecules.

The assembly of RAD51/DMC1 is indispensable for HR, the disassembly of RAD51/DMC1 is also important for preventing the formation of toxic intermediates. Therefore, there must be a balance between the assembly and disassembly of RAD51/DMC1 at DSB sites, which is regulated by several functional proteins. A recent study revealed that Arabidopsis FIGL1 and BRCA2 have antagonistic functions in regulating RAD51 and DMC1 localization (Kumar et al., 2019). FIGL1 promotes the unloading of RAD51/DMC1 filaments and BRCA2 promotes the loading of RAD51/DMC1 filaments. The mutation of FIGL1 restored RAD51/DMC1 foci and RAD51/DMC1-dependent synapsis in brca2a brca2b meiocytes. It is worth to explore the relationship between FIGNL1 and BRCA2 as well as their functions in regulating RAD51/DMC1 in rice. Considering that FIGNL1 interacts with RAD51 and DMC1 in both rice and Arabidopsis, we supposed that FIGNL1 may regulate the location of DMC1 by interacting with RAD51/DMC1. Although we proposed the increase of class II COs may arise from the inhibition of the homology search and single strand invasion mediated by RAD51 and DMC1, we cannot exclude the possibility that the abnormal non-homologous chromosome associations in fignl1 also give rise to abnormal recombination intermediates, leading to the formation of class II COs.
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