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Meiotic recombination starts with the programmed formation of double-strand breaks (DSB) in DNA, which are catalyzed by SPO11, a type II topoisomerase that is evolutionarily conserved, and several other accessary proteins. Homologs of MEIOSIS INHIBITOR 4 (MEI4/REC24/PRD2) are proteins that are also essential for the generation of meiotic DSBs in budding yeast, mice and Arabidopsis thaliana. In Arabidopsis, the protein ARABIDOPSIS THALIANA PUTATIVE RECOMBINATION INITIATION DEFECTS 2/MULTIPOLAR SPINDLE 1 (AtPRD2/MPS1) has been shown to have additional roles in spindle assembly, indicating a functional diversification. Here we characterize the role of the rice MEI4/PRD2 homolog in meiosis. The osprd2 mutant was completely male and female sterile. In male meiocytes of osprd2, no γH2AX foci were detected and twenty-four univalents were produced at diakinesis, suggesting that OsPRD2 is essential for DSB generation. OsPRD2 showed a dynamic localization during meiosis. For instance, OsPRD2 foci first appeared as discrete signals across chromosome at leptotene, and then became confined to the centromeres during zygotene, suggesting that they might be involved in assembly of the spindle. However we did not observe any obvious aberrant morphologies in neither the organization of the bipolar spindle nor in the orientation of the kinetochore in the mutant. These findings suggest that in rice PRD2 might not be required for spindle assembly and organization, as it does in Arabidopsis. Taken together our results indicate that plant MEI4/PRD2 homologs do play a conserved role in the formation of meiotic DSBs in DNA, but that their involvement in bipolar spindle assembly is rather species-specific.
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1 Introduction

Meiosis is a specialized cell division in eukaryotes, during which one round of DNA replication followed by two rounds of cell division, producing haploids with halved DNA content. Homologous chromosomes established physical links via recombination to ensure accurate separation of parental information. Meiotic recombination depends on the double stand breaks (DSBs) formation, which are produced by the topoisomerase VI (TOPVI) protein complex and several accessary proteins. The topoisomerase VI complex is evolutionarily conserved, composed of the catalytic A subunit Spo11 and the B subunit MTOPVIB (Fu et al., 2016; Vrielynck et al., 2016; Xue et al., 2016). In contrast, accessory proteins are variable in different species.

In Saccharomyces cerevisiae (S. cerevisiae), nine accessary proteins were found to act together with Spo11 to generate DSBs, including Ski8, Rec114, Mei4, Mer2, Rec102, Rec104, Mre11, Rad50 and Xrs2 (Lam and Keeney, 2014). In Arabidopsis, PUTATIVE RECOMBINATION INITIATION DEFECT 1 (AtPRD1), AtPRD2/Multipolar spindle1 (MPS1) and AtPRD3 are indispensable for DSB formation (De Muyt et al., 2009). They have been suggested to be the ortholog of Mei1 in mice, Mei4 in yeast and Mer2 in yeast respectively (Cole et al., 2010; Tesse et al., 2017), although they display enormous sequence divergence with their orthologs in yeast or mice. Another accessary protein, Arabidopsis thaliana DSB formation (AtDFO), is a plant-specific protein and no homolog has been identified outside the plant kingdom (Zhang et al., 2012). In rice, in addition to functionally conserved OsPRD1, four other DSB proteins have been identified, namely CENTRAL REGION COMPONENT1 (CRC1), SOLO DANCERS (OsSDS), P31comet/Bivalent Formation 1 (OsBVF1) and RNA-dependent RNA polymerase 6 (OsRDR6) (Miao et al., 2013; Wu et al., 2015; Ji et al., 2016; Zhou et al., 2017; Liu et al., 2020). Intriguingly, although the homologs of OsSDS and OsCRC1 in other organisms play important roles in meiosis (Bhalla and Dernburg, 2005; Joyce and Mckim, 2009; Zanders and Alani, 2009; Roig et al., 2010), they are not required for DSB formation. Furthermore, the homolog of P31comet/OsBVF1 in human was shown to be involved in the spindle assembly checkpoint in mitosis (Yang et al., 2007). RDR6 is a key component of the small RNA biogenesis pathway. Mutations in rice RDR6 abolish meiotic DSB formation, however whether its homologs in other species have the same role is yet unknown (Liu et al., 2020). These studies suggest that the Spo11 accessory proteins are diversified at the sequence or functional level across the eukaryotes.

Mei4 is one of the nine accessary proteins in S. cerevisiae which was first found by screening for mutants defective in meiotic recombination (Menees and Roeder, 1989). In S. cerevisiae, Rec114, Mei4 and Mer2 form a stable functional complex (the RMM complex) to promote DSB formation by connecting the DSB machinery to the chromosome axis (Maleki et al., 2007). A recent study indicated that DNA-driven RMM condensates may regulate DSB repair by nucleating formation of the recombination nodules at repair sites, which may control DSB number, location as well as timing, and coordinate DSB formation with downstream repair during meiosis (Claeys et al., 2021). Mei4 homologs in mouse and Arabidopsis have been demonstrated to have conserved roles in DSB formation (Kumar et al., 2010). In Arabidopsis, AtPDR2/MPS1 is also involved in meiotic spindle organization during meiosis (Jiang et al., 2009; Walker et al., 2018). In rice, it has been shown that OsPRD2 formed a complex with OsPRD1 and OsMTOPVIB (Shi et al., 2021). It is likely that OsPRD2 may participate in both DSB formation and spindle assembly during rice meiosis, while its function in rice meiosis has not been investigated.

In this study, we isolated the rice osprd2 mutant and demonstrated that OsPRD2 is essential for DSB formation. We found that meiotic DSBs were absent in osprd2 male meiocytes and 24 univalents were formed at diakinesis. In addition, albeit OsPRD2 was localized in the centromere region at zygotene, no significant defects in the spindle assembling was observed in osprd2, which is different from mps1/prd2 mutants in Arabidopsis. Our results indicate that in rice OsPRD2 has a conserved role in meiotic DSB formation, but it does not participate in bipolar spindle assembly during meiosis I, suggesting a functional divergence among different plant species.



2 Materials and methods


2.1 Plant materials and growth conditions

The osprd2 mutant and other mutant used in this study were 9522 background (O. sativa ssp. japonica). For map-based clone, the other parent was 9311 (O. sativa ssp. indica). All the mutant plant and transgenic plants were grown in paddy field and rice culture room of Shanghai Jiao Tong University. The trans-genetic plants were growth in rice growth chamber in Shanghai Jiao Tong University.



2.2 Mutant phenotypic analyses

The whole plant materials were photographed by a digital camera (Nikon; catalog no. E995) and floral organs were photographed with a dissecting microscope (Motic; catalog no. K400). DAPI staining, Immunolocalization assays and FISH assays were analyzed as reported (Wang et al., 2017; Zhang et al., 2019) and photographed using the Eclipse Ni-E microscope (Nikon).



2.3 Spindle structure observation

Spindle structure were observed by the methods modified from previously described (Li et al., 2010). Fresh rice meiosis infloresence were fixed in 4% paraformaldehyde solution and followed by 10%DMSO and 1% TritonX-100 post-processing. Anthers at suitable meiosis stages were isolated and digested for 30 minutes in enzyme solutions.

Then anther were broken to release meiocytes on slides. After dry in air, tubulin antibody were diluted by 1:100 and incubated overnight. Wished by 1×PBS for three times and incubated with FITC labored second antibody in 37 °C for 1 hour. Then slides were wished again in 1×PBS and added DAPI for observation.



2.4 Antibody production

For obtaining OsPRD2 polyclonal antibody, a 900-bp DNA fragment starting from ATG which encoding N terminal 300 amino acid peptide of OsPRD2 was amplified from rice anther cDNA and cloned into pGEX-4T-1 (GE). The recombinant protein was expressed in Escherichia coli DE3 (BL21; Novagen) and purified to produce rat and rabbit polyclonal antibodies (prepared by Abclonal) specific to OsPRD2 (
Figure S4
). Primers used for OsPRD2 fragment amplification and construction were listed in 
Supplementary Table 1
. Antibody against OsSGO1, PAIR2, PAIR3, ZEP1, γH2AX, DMC1, HEI10 and CENH3 were generated as reported (Wang et al., 2011; Fu et al., 2016; He et al., 2016; Wang et al., 2017; Zhang et al., 2019). Tubulin antibody were purchased from Beyotime (AT819) and H3S10 antibody were obtain from sigma-aldrich (05-806).



2.5 CRISPR knockout of OsSGO1


The CRISPR vector for OsSGO1 knockout were constructed as previously described (Xie et al., 2015). Constructed OsSGO1 CRISPR plasmids was transformed into A.tumefaciens (EHA105) and infected rice calli as reported (Hiei and Komari, 2008). The primers for constructing CRISPR vectors and ossgo1 mutant identification were listed in 
Supplementary Table 1
.



2.6 Phylogenetic analysis

The protein sequences were aligned using ClustalX (Larkin et al., 2007), and then adjusted manually using GeneDoc software (http://www.psc.edu/biomed/genedoc/). Neighbor-joining trees were constructed using the MEGA (version 4.0) software (Tamura et al., 2007) with the following parameters: Poisson correction, pairwise deletion, and bootstrap (1,000 replicates; random seed).




3 Results


3.1 Isolation of osprd2


To understand the mechanisms underlying rice fertility control, we isolated a completely sterile mutant from our rice mutant library (Chen et al., 2006) and designated osprd2, as the mutation occurred in the rice homolog of Arabidopsis PRD2/MPS1 (See below). Compared with wild-type plants, osprd2 showed no obvious differences during vegetative growth, and displayed normal panicle and spikelet morphology (
Figure S1 A, B, D, E
). osprd2 could not produce fertile pollen (
Figure S1 G, H
) and set no seeds when pollinated with wild-type pollen grains, indicating that osprd2 was defective in both male and female fertility. We crossed osprd2 heterozygotes with wild type. All F1 plants had normal fertility and in the F3 populations that segregated sterile plants, the segregation rate was 3:1 (χ2 = 0.169 < χ0.052 = 3.84). All the results showed that osprd2 sterility was caused by a single recessive genic mutation.

To identify the causative mutation gene, we employed the map-based cloning approach using a mapping population constructed by crossing osprd2 heterozygotes (japonica cultivar 9522) with wild-type plants (indica cultivar 9311). The mutation was mapped to a region on chromosome 8 between the molecular markers OJ1479-B11 and OSJNOa199K18, which is covered by 11 Bacterial Artificial Chromosome clones (BACs) and the genetic distance was 2.3cM (
Figure 1A
). We then performed high-through put sequencing analysis and found one base pair insertion in the fifth exon of LOC_Os08g44180, which encodes a protein sharing high sequence similarity with AtPRD2. The 1bp insertion led to frameshift, generating a premature translation stop codon after 237 amino acid and a truncated mutant protein lacking approximately half of the protein sequence (
Figure 1B
). The fertility of osprd2 was recovered by a wild-type genomic DNA fragment containing the coding region, 3.8 Kb upstream sequence and 2.2 Kb downstream sequence of OsPRD2 (
Figure S1 C, F, I
), confirming that the mutation was responsible for the sterility of osprd2.




Figure 1 | 
Map-based cloning of OsPRD2 and phylogenetic analysis of proteins homologous to OsPRD2. (A) Map-based cloning of OsPRD2 gene, red star indicated the mutation site; (B) gene structure and the mutated sites of OsPRD2, the nucleic acid with red box indicated A insertion in osprd2 mutant, red box on the gene indicated the conserved SSMs motif of PRD2/MEI4 family members; (C) neighbor-joining tree of proteins homologous to OsPRD2. The tree was constructed from the alignment of full-length proteins in rice and other species. The unannotated sequences accession numbers are given in the brackets after species names.




The full-length OsPRD2 protein sequence was used as a query to perform Position-Specific Iterative Basic Local Alignment Search Tool (PSI-BLAST) homology searches. PRD2 is widely conserved and its homologs are found in fungi, animals and plants. We built a neighbor-joining tree using 24 sequences from 23 species. OsPRD2 was divided into the monocot plants branch (
Figure 1C
). Sequence alignment revealed that OsPRD2 contained 6 conserved signature sequence motifs (SSMs) that were predicted to adopted α-helical or coiled-coiled structures and might be involved in protein-protein interactions (Kumar et al., 2010).



3.2 Disruption of OsPRD2 causes meiotic defects

To investigate the potential role of osprd2 in meiosis, we monitored the meiosis progression in osprd2 by 4’,6-diamidino-2-phenylindole (DAPI) staining. In the wild-type, chromosomes began to condense and become visible as thin threads at leptotene (
Figure 2A
). At zygotene, homologous chromosomes started to pair with each other and synapsis initiation sites formed. At pachytene, homologous chromosomes fully synapsed with formation of the synaptonemal complex (SC) (
Figure 2B
). Twelve bivalents appeared at diakinesis, which then aligned along the equatorial plate at metaphase I (
Figures 2C, D
). The homologous chromosomes then separated and were pulled toward the opposite poles by the spindle from anaphase I to telophase I (
Figures 2E, F
). During the second meiotic division, sister chromatids of each chromosome segregated and tetrads formed at the end of meiosis II (
Figures 2G-I
). In osprd2, male meiocytes exhibited normal configuration at leptotene (
Figure 2J
). However, homologous chromosomes did not paired and synapsed (
Figure 2K
), leading to generation of 24 unpaired univalents at diakinesis (
Figure 2L
). An later stages, the univalents randomly separated to two poles (
Figures 2M-P
). During meiosis II, sister chromatids were randomly separated (
Figure 2Q
). As a result, abnormal tetrads with multiple micronuclei were produced at the end of meiosis (
Figure 2R
). These results indicated that the male sterility of osprd2 was caused by defects in meiosis.




Figure 2 | 
Meiotic chromosome behavior in WT and osprd2. (A, J) leptotene, (B, K) pachytene, (C, L) diakinesis, (D, M) metaphase I, (E, K) anaphase I, (F, O) telophase I, (G, P) prophase II, (H, Q) telophase II, (I, R) tetrad. (A-I) are wild type; (J-R) are osprd2 mutant. Bar=5μm.






3.3 OsPRD2 is required for meiotic DSB formation

The univalent formation indicated that osprd2 may be defective in homologous chromosome pairing, synapsis or recombination. To further understand the role of OsPRD2 in meiosis, we investigated the impact of the OsPRD2 mutation on these events. It has been reported that OsPRD2 orthologs play important roles in meiotic DSB generation in yeasts, mice, mouse and Arabidopsis (Bonfils et al., 2011; Kumar et al., 2010; Kumar et al., 2015; Martin-Castellanos et al., 2005). We thus first analyzed DSB formation using rH2AX as a DSB marker. Compared with wild type, there were no rH2AX signals during early prophase I in osprd2 (
Figure 3A
), indicating no DSB formation in osprd2. As a result, DSB repair and homologous recombination related proteins, such as BRCA2, RAD51, DMC1, HEI10 and ZIP4 could not localize to the meiotic chromosome at zygotene (
Figures 3B-G
).




Figure 3 | 
Immunostaining detection of homologous recombination related proteins in the WT and osprd2 mutant. (A) is γH2AX signals (red) at zygotene; (B) is BRCA2 signal (red) at zygotene; (C) is RAD51 signals (red) at zygotene; (D) is DMC1 signals (red) at zygotene; (E) is HEI10 signals (red) at zygotene; (F) is ZIP4 signals (red) at zygotene; OsREC8 signals (green) were used to indicate the meiotic chromosome axes;(G) Statistical analysis of the number of γH2AX, BRCA2, RAD51, DMC1, HEI10 and ZIP4 foci per meiocyte in the wild type and osprd2. error bars indicate SD, ****p < 0.0001, t tests. Bar=2μm.




We next performed fluorescent in situ hybridization (FISH) analysis using a 5S repetitive DNA (rDNA) probe located on the short arm of chromosome 11, Cy3 probe-labeled telomere-specific sequences and a centromere-specific tandem repeat of O. sativa (CentO) probe separately to analyze chromosome pairing progression in osprd2. In wild type, telomere clustered together to the nuclear envelope as a bouquet at early prophase I, which brought chromosome into close proximity. In osprd2, telomere bouquet was regularly formed which was shown by the telomere probe (
Figure S2
), indicating that the initial stage of chromosome pairing was not affected. However, FISH analysis with the 5S rDNA probe revealed that homologous chromosomes were unable to pair together at later stage (
Figure 4A
). Furthermore, abnormally elongated centromere signals were observed in osprd2 at zygotene, pachytene and diakinesis (
Figure S3
), suggesting a possible delay in chromosome condensation at the centromere region.




Figure 4 | 
Homologous chromosome pairing and synapsis were disrupted in osprd2. (A) is 5S probe (green) signal in WT and osprd2 mutant in zygotene; (B–D) are distribution of synapsis complex element PAIR2 (B), PAIR3 (C) and ZEP1 (D) (red) in WT and osprd2 mutant in zygotene, REC8 signals (green) were used to indicate the meiotic chromosome axes. Bar=2μm.




To monitor SC formation in osprd2 and wild type, we detected immunolocalization of SC elements: axle elements PAIR2, PAIR3 and central element ZEP1. During zygotene, although PAIR2 and PAIR3 normally colocalized with REC8 alongside the chromosomes in osprd2 (
Figures 4B, C
). On the contrary, no ZEP1 signals were observed in osprd2 (
Figure 4D
), indicating that SC formation could not completed in osprd2. These results indicate that OsPRD2 plays a conserved role in DSB formation during rice meiosis. The defect in DSB formation in osprd2 disrupts the progression of homologous chromosome pairing, synapsis and recombination.



3.4 osprd2 male meiocytes exhibit normal spindle bipolarity

It has been reported that Arabidopsis OsPRD2 is involved in determining the spindle bipolarity in meiosis. Mutations in MPS1 cause polyads instead of tetrads (Jiang et al., 2009). In addition, recent studies indicated that in rice OsPRD2 interacts with OsPRD1 and OsMTOPVIB, which are required for both DSB formation and spindle bipolarity (Xue et al., 2019; Shi et al., 2021). To explore the potential role of OsPRD2 in bipolar spindle assembly, we observed the chromosome separation and spindle organization in wild type and osprd2 using aceto-carmine staining. In wild type, homologous chromosomes were separated and formed dyads in telophase I (
Figure 5A
) and tetrad formation at the end of meiosis II (
Figure 5D
). In contrast, the osprd2 mutant produced 97.71% dyads and 2.29% triads at telophase I (
Figures 5B, C
 and 
I
). At telophase II, 43.99% meiocytes shows unbalanced tetrad configuration (
Figures 5E, F
 and 
I
). In addition, seldom triads (7.94%) and polyads (5.30%) were also found in the osprd2 mutant (
Figures 5G, H
 and 
I
).




Figure 5 | 
Meiotic products analysis of wild type and osprd2 mutant. (A–C) are telophase I stages; (D–H) are telophase II stages; (A, D) are wild type; (B, C, E–H) are osprd2 mutant. Bar=5μm.




We next performed dual immunolocalization analysis of CENH3 and microtubule. In wild type, bivalents aligned in the middle of the cell and microtubule fibers were attached to the chromosome centromere regions, by which a bipolar spindle formed at metaphase I (
Figure 6A
). During anaphase I, homologous chromosomes were pulled to two opposite sides (
Figures 6B-D
). In osprd2, chromosomes could also link to microtubules and most chromosomes aligned at the middle region of cells during metaphase I (
Figure 6E
). Some univalent distributed randomly with attachment to microtubule filaments. We also observed two centromere signals in some univalents, which indicated premature separation of sister chromatids (
Figure 6F
). At later stages, univalents were separated to the two opposite polar, while a few univalents were lagged at the middle region of the cells and were linked by microtubules with opposite orientations (
Figures 6G, H
). In addition, we did not observe multipolar spindles in the rice osprd2 mutant at metaphase I, which have been reported in Arabidopsis.




Figure 6 | 
Tubulin structure in wild type and osprd2 mutant. (A–D) are tubulin structure in wild type; (E–H) are tubulin structure in osprd2 mutant. (A, E) were metaphase I; (B, D, F–H) are anaphase I; green are tubulin signals, red are CENH3 signals and blue indicate chromosome. Bar=5μm.






3.5 OsPRD2 exhibits dynamic localization during prophase I of meiosis

To further understand its function, dual immunolocalization with polyclonal antibodies against REC8 and a N terminal 300 amino acid peptide in OsPRD2 were conducted to investigate the spatial and temporal distribution of PRD during meiosis. Punctate OsPRD2 foci began to appear and localize on meiotic chromosomes at leptotene, which was consistent with its role in DSB formation. Highest punctate signals were observed at early zygotene (
Figure 7A
). At late zygotene, OsPRD2 foci accumulated into large bright dots (
Figure 7A
) and nearly twelve signal dots were observed. To confirm whether OsPRD2 localize on the centromere at this stage, dual immunolocalization analysis was perform using antibodies against OsPRD2 and the rice centromere maker protein CENH3. The results showed OsPRD2 and CENH3 colocalized from late zygotene to early pachytene (
Figure 7B
), confirming that OsPRD2 localized to centromere at these stages. The OsPRD2 foci disappeared when homologous chromosomes were fully paired (
Figure 7A
). In osprd2, no OsPRD2 signal were observed, indicating the antibody was specific for OsPRD2 detection (
Figure S4
).




Figure 7 | 
PRD2 co-localized with CENH3 in later meiotic prophase. (A) is PRD2 localization during prophase I in wild type; (B) is PRD2 and CENH3 co-localization in wild-type zygotene. Bar=2μm.




To investigate which meiosis processes OsPRD2 participate in, we tested OsPRD2 localization in several rice meiotic mutants, including ossds, crc1, mtopVIB, dmc1, osshoc1, hei10 and zep1. OsCRC1 and OsSDS is indispensable for DSB formation in rice (Miao et al., 2013; Wu et al., 2015). OsPRD2 signals could not be detected in oscrc1 and ossds (
Figure 8A
), suggesting that their localization to the meiotic chromosomes depends on DSB generation. Interestingly, the punctate foci but not the centromere localized foci of OsPRD2disappeared in mtopVIB (
Figure 8A
). DMC1 is required for single-strand invasion during meiotic recombination following DSB processing (Wang et al., 2016). OsSHOC1 and HEI10 are ZMM components in rice. They formed complexes with other rice ZMM proteins and function in promoting class I CO formation (Wang et al., 2012a; Zhang et al., 2019). ZEP1 is the central element of SC in rice which is indispensable for both homologous chromosome synapsis and recombination (Wang et al., 2010). OsPRD2 localization did not rely on the function of these proteins and displayed similar distribution in their mutants (
Figure 8B
).




Figure 8 | 
PRD2 localization is dependent on DSB formation but synapsis and recombination. (A) is PRD2 localization in mutants defective in DSB formation; (B) is PRD2 localization in mutants of key genes involved in synapsis and recombination. Bar=2 μm. (B) is informative. PRD2 is required for DSB formation, so it is of course likely that its localization is normal in mutant defective for meiosis at later stages, for example, hei10, which catalyzes CO formation.






3.6 Mutation in OsPRD2 does not affects kinetochore function

The centromere localization of OsPRD2 suggests that it may play a role in the centromere organization or function. One possibility is that OsPRD2 is required for ensuring proper kinetochore assembly and micro-tubulin fiber attachment. CENH3 was normally loaded at the centromere regions (
Figure 7B
, 
Figure S5
), suggesting that the kinetochore assembly was not affected in osprd2. Aurora kinases is one of the core spindle checkpoint kinases that are crucial for transducing spindle assembly checkpoint (SAC) signals (Ohi et al., 2004; Vader et al., 2007). The function of Aurora kinases in rice are unknown so far. As phosphorylation of histone H3 at Ser-10 by Aurora B is conserved across eukaryotes, H3-pS10 is regarded as a marker for normal Aurora activity in many species as well as in rice (Wang et al., 2012b; Gorbsky, 2015).We tested the distribution of H3-pS10 on chromosomes in wild-type and osprd2 male meiocytes. In wild type, H3-pS10 was localized alongside chromosome at the beginning of diakinesis and gradually enriched at centromeric regions until early metaphase (
Figure 9A
). In osprd2, the H3-pS10 showed similar distribution as in wild type (
Figure 9B
), suggesting that Aurora function was not disturbed, thus MT-kinetochore connection may not be affected in osprd2.




Figure 9 | 
H3S10 signal in wild type and osprd2 mutant. (A) is H3S10 localization in wild type; (B) is H3S10 localization in osprd2 mutant. blue are chromosomes, red are H3S10ph signals and green are tubulin signals. Bar=2μm.






3.7 OsPRD2 is not required for sister chromatid cohesion SGO1 function in rice

Shugoshins (SGOs) are conserved proteins that are required to protect sister chromatids cohesion adjected to centromere during mitosis and meiosis I. In rice, OsSGO1 is recruited to the centromeric region during leptotene and disassociates from the centromere (Wang et al., 2011). By dual immuno-localization analysis of OsPRD2 and OsSGO1, we found that OsPRD2 colocalized with SGO1 during zygotene (
Figure 10D
). We wondered whether OsPRD2 is involved in recruiting and maintaining the centromeric localization of OsSGO1. We performed immunolocalization using SGO1 and REC8, CENH3 antibody separately to test whether the OsPRD2 mutation influenced OsSGO1 localization (
Figures 10A, B
). We found that in osprd2, OsSGO1 localized at the centromere region neighboring to CENH3, similar to its localization in wild type (
Figure 10B
), indicating that OsSGO1 recruitment does not require the presence of OsPRD2.




Figure 10 | 
Localization of SGO1 and PRD2 at the centromeric region is independent of each other. (A, B) are SGO1 localization in wild type and osprd2 mutant in zygotene and pachytene; (C) is OsPRD2 localization in sgo1 mutant during zygotene and pachytene; (D) is OsPRD2 and SGO1 colocalization in wild type during zygotene and diakinesis. Bar=2μm.




In addition, we obtained two independent ossgo1 alleles by CRISPR/Cas9 editing which all caused reading fragment shifting and premature translation termination (
Figure S6A
). The two ossgo1 mutants showed sterile phenotype and abnormal meiosis progression as previously reported (
Figure S6B
, (Wang et al., 2011). In ossgo1, OsPRD2 also normally localized at chromosome during zygotene and released form chromosome during pachytene (
Figure 10C
). These results indicated that OsPRD2 and OsSGO1 localization is independent of each other.




4 Discussion


4.1 OsPRD2 involves in DSB formation during meiosis

It is well known that in the meiotic DSB machinery, apart from the evolutionarily conserved TOPVIB subunits, other DSB proteins are less conserved and even species specific. Here we demonstrate that the rice ortholog of MEI4/PRD2 has a conserved role in DSB generation.

Mei4 was first found in S.cerevisiae as key components involved in meiotic DSB formation, while its counterparts in other organisms were difficult to be recognized due to poor sequence conservation. By analyzing small blocks of conservation, Mei4 homologs were identified in higher eukaryotes (Kumar et al., 2010). In mouse and Arabidopsis, mutants of the MEI4 orthologs are defective in DSB formation (De Muyt et al., 2009; Kumar et al., 2010), suggesting the functional conservation in spite of sequence divergence. In this study, we showed that DSB formation was abolished in osprd2 evidenced by the absence of γH2AX signals in male meiocytes (
Figure 3A
). Consistent with other DSB defective mutants, later synapsis and recombination were disrupted in osprd2 (
Figures 3B–F
, 
4B–D
). These results indicate the conserved role of OsPRD2 in DSB generation.

In S. cerevisiae, the chromosome axis-localized Mer2 recruits Rec114 and Mei4 to assemble the RMM complex (Panizza et al., 2011). Direct interactions between MEI4 and Rec114 orthologs in mouse and Arabidopsis have been reported (Kumar et al., 2018; Vrielynck et al., 2021). However, in Arabidopsis neither AtPRD2 (MEI4 ortholog) nor PHS1(Rec114 ortholog) interact with AtMER2/AtPRD3, but instead both interact with DFO (Vrielynck et al., 2021). In maize and rice, PRD2 also interacts with PRD1 and MTOPVIB (Shi et al., 2021; Wang et al., 2022). But in maize, ZmPRD1 does not interact with either DFO or PHS1, indicating that the DSB protein interaction network is divergent during evolution.



4.2 OsPRD2 is not required for bipolar spindle assembly

In Arabidopsis, PRD2/MPS1 has been reported to be involved in spindle assembly during meiosis (Jiang et al., 2009; Walker et al., 2018). Recently, rice OsPRD1 and OsMTOPVIB, as well as maize ZmMTOPVIB have also been found to promote the assembly of the bipolar spindle by maintaining the biorientation of sister kinetochores (Xue et al., 2019; Jing et al., 2020; Shi et al., 2021). Furthermore, OsPRD1 is localized in the centromeric region and interacts with kinetochore and cohesion proteins (Shi et al., 2021). Previous studies showed that OsPRD2 interacts with OsPRD1 and OsMTOPVIB (Shi et al., 2021), implicating that OsPRD2 may also participate in the spindle assembly. However, we found no obvious defects in the bipolar spindle assembly and biorientation of sister kinetochores in osprd2 male meiocytes (
Figure 6
), suggesting a function divergence with its Arabidopsis ortholog and its interacting proteins in rice in the assembly of bipolar spindle. The functional divergence was also reflected by differences in the chromosome localization of these proteins. OsPRD1 localized at the centromere region from pachytene to diplotene (Shi et al., 2021). By contrast, our results showed that OsPRD2 localized at centromere from zygotene and disappeared from chromosome at early pachytene (
Figure 7A
). In addition, the normal function of OsSDS and CRC1 was required for the centromere localization of OsPRD2 but not OsPRD1 (
Figure 8A
, Shi et al., 2021). A very recent study demonstrated that in maize ZmPRD1 is dispensable for bipolar spindle during meiosis (Wang et al., 2022). These results suggest that the involvement of DSB proteins in spindle assembly is divergent in different species.



4.3 OsPRD2 may play a role in centromere function during rice meiosis

The centromeric localization of OsPRD2 foci suggests that it may be required for proper centromeric function. One of the primary functions of the centromere is to assemble the kinetochore, a protein structure that interacts with the spindle and connects the chromosomes to the microtubule ends, a process that is crucial for chromosome segregation into daughter cells during mitosis and meiosis (Allshire and Karpen, 2008). Aurora B acts as one of the Spindle assembly checkpoint (SAC) components, which are recruited to unattached kinetochores to delay chromosome segregation until all chromosomes are correctly attached to the bipolar spindle. During mitosis, in metazoans, Aurora B centromeric localization depends on phosphorylation of Thr-3 on histone H3 (H3T3ph), while active Aurora B then phosphorylates Ser-10 of histone H3 (H3S10ph), which in turn then affects chromosome condensation and segregation (Yamagishi et al., 2010). We observed normal H3S10 signals and no significant defects in spindle attachment in osprd2 meiocytes (
Figure 9
), suggesting that OsPRD2 may not be required for proper kinetochore assembly and function.

Another function of the centromere is to prevent premature separation of sister chromatids during meiosis I. Cohesion along the chromosome arms were released before anaphase I, while cohesion around the centromeres must be maintained until sister chromatids separated at meiosis II (Watanabe, 2005). No difference in SGO1 localization and abnormalities in sister chromatid separation were found in osprd2 meiocytes (
Figures 10A, B
), indicating that OsPRD2 may not function in the centromere cohesion protection.

OsPRD2 localized at centromere from zygotene to early pachytene, suggesting that it may be involved in the early meiotic steps. It has been shown that centromere interaction and pairing at early prophase I play an important role in promoting homologous chromosome paring and synapsis (Da Ines and White, 2015, Zhang and Han, 2017). The centromere becomes condensed during homologous chromosome pairing. However we noticed that in osprd2 meiocytes centromeric condensation was delayed (
Figure S3
). It is possible that a less condensed centromere might interfere with homologous pairing, the progression of synapsis or increase the frequency of aberrant recombination events at centromeric as well as pericentromeric regions. Unfortunately it is not clear if in this case these processes were affected, as they were fully blocked by the absent of DSBs in the mutant. Obtaining weak alleles with remaining bivalents may be useful to further understand the role of OsPRD2 in centromere function.




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.



Author contributions

WL and CW designed this research project. SQ, CW, JZ, and MF performed most of the experiments. XC did rice tissue culture work. CW and WL analysis the data and wrote the manuscript. All authors contributed to the article and approved the submitted version.




Funding

This study was supported by grants from the National Natural Science Foundation of China (31900261) to CW.



Acknowledgments

We thank for Kabing Xie for providing the CRISPR/Cas9 vector.



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.1122202/full#supplementary-material




References

 Allshire, R. C., and Karpen, G. H. (2008). Epigenetic regulation of centromeric chromatin: Old dogs, new tricks? Nat Rev Genet 9, 923–937. doi: 10.1038/nrg2466.


 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


 Bonfils, S., Rozalen, A. E., Smith, G. R., Moreno, S., and Martin-Castellanos, C. (2011). Functional interactions of Rec24, the fission yeast ortholog of mouse Mei4, with the meiotic recombination-initiation complex. J. Cell Sci. 124, 1328–1338. doi: 10.1242/jcs.079194


 Chen, L., Chu, H., Yuan, Z., Pan, A., Liang, Wq., Huang, H., et al. (2006). Isolation and genetic analysis for rice mutants treated with 60Co g-ray. Xiamen Univ. Nat. Sci. 45, 5. doi: 10.3321/j.issn:0438-0479.2006.z1.021


 Claeys, B. C., Pu, S., Wang, J., Oger, C., Daccache, D., Xie, W., et al. (2021). DNA-Driven condensation assembles the meiotic DNA break machinery. Nature 592, 144–149. doi: 10.1038/s41586-021-03374-w


 Cole, F., Keeney, S., and Jasin, M. (2010). Evolutionary conservation of meiotic DSB proteins: More than just Spo11. Genes Dev. 24, 1201–1207. doi: 10.1101/gad.1944710


 Da Ines, O., and White, C. I. (2015). Centromere Associations in Meiotic Chromosome Pairing. Annu Rev Genet 49, 95–114. doi: 10.1146/annurev-genet-112414-055107.


 De Muyt, A., Pereira, L., Vezon, D., Chelysheva, L., Gendrot, G., Chambon, A., et al. (2009). A high throughput genetic screen identifies new early meiotic recombination functions in arabidopsis thaliana. PloS Genet. 5, e1000654. doi: 10.1371/journal.pgen.1000654


 Fu, M., Wang, C., Xue, F., Higgins, J., Chen, M., Zhang, D., et al. (2016). The DNA topoisomerase VI-b subunit OsMTOPVIB is essential for meiotic recombination initiation in rice. Mol. Plant 9, 1539–1541. doi: 10.1016/j.molp.2016.07.006


 Gorbsky, G. J. (2015). The spindle checkpoint and chromosome segregation in meiosis. FEBS J. 282, 2471–2487. doi: 10.1111/febs.13166


 He, Y., Wang, C., Higgins, J. D., Yu, J., Zong, J., Lu, P., et al. (2016). MEIOTIC f-BOX is essential for Male meiotic DNA double-strand break repair in rice. Plant Cell 28, 1879–1893. doi: 10.1105/tpc.16.00108


 Hiei, Y., and Komari, T. (2008). Agrobacterium-mediated transformation of rice using immature embryos or calli induced from mature seed. Nat. Protoc. 3, 824–834. doi: 10.1038/nprot.2008.46


 Jiang, H., Wang, F. F., Wu, Y. T., Zhou, X., Huang, X. Y., Zhu, J., et al. (2009). MULTIPOLAR SPINDLE 1 (MPS1), a novel coiled-coil protein of arabidopsis thaliana, is required for meiotic spindle organization. Plant J. 59, 1001–1010. doi: 10.1111/j.1365-313X.2009.03929.x


 Jing, J. L., Zhang, T., Kao, Y. H., Huang, T. H., Wang, C. R., and He, Y. (2020). ZmMTOPVIB enables DNA double-strand break formation and bipolar spindle assembly during maize meiosis. Plant Physiol. 184, 1811–1822. doi: 10.1104/pp.20.00933


 Ji, J., Tang, D., Shen, Y., Xue, Z., Wang, H., Shi, W., et al. (2016). P31comet, a member of the synaptonemal complex, participates in meiotic DSB formation in rice. Proc. Natl. Acad. Sci. U.S.A. 113, 10577–10582. doi: 10.1073/pnas.1607334113


 Joyce, E. F., and Mckim, K. S. (2009). Drosophila PCH2 is required for a pachytene checkpoint that monitors double-strand-break-independent events leading to meiotic crossover formation. Genetics 181, 39–51. doi: 10.1534/genetics.108.093112


 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., Ghyselinck, N., Ishiguro, K., Watanabe, Y., Kouznetsova, A., Hoog, C., et al. (2015). MEI4 - a central player in the regulation of meiotic DNA double-strand break formation in the mouse. J. Cell Sci. 128, 1800–1811. doi: 10.1242/jcs.165464


 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(6), e201800259. doi: 10.26508/lsa.201800259.


 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


 Larkin, M. A., Blackshields, G., Brown, N. P., Chenna, R., McGettigan, P. A., McWilliam, H., et al. (2007). Clustal W and Clustal X version 2.0. Bioinformatics 23, 2947–2948. doi: 10.1093/bioinformatics/btm404.


 Li, Y., Shen, Y., Cai, C., Zhong, C., Zhu, L., Yuan, M., et al. (2010). The type II arabidopsis formin14 interacts with microtubules and microfilaments to regulate cell division. Plant Cell 22, 2710–2726. doi: 10.1105/tpc.110.075507


 Liu, C., Shen, Y., Qin, B., Wen, H., Cheng, J., Mao, F., et al. (2020). Oryza sativa RNA-dependent RNA polymerase 6 contributes to double-strand break formation in meiosis. Plant Cell 32, 3273–3289. doi: 10.1105/tpc.20.00213


 Maleki, S., Neale, M. J., Arora, C., Henderson, K. A., and Keeney, S. (2007). Interactions between Mei4, Rec114, and other proteins required for meiotic DNA double-strand break formation in saccharomyces cerevisiae. Chromosoma 116, 471–486. doi: 10.1007/s00412-007-0111-y


 Martin-Castellanos, C., Blanco, M., Rozalen, A. E., Perez-Hidalgo, L., Garcia, A. I., Conde, F., et al. (2005). A large-scale screen in s. pombe identifies seven novel genes required for critical meiotic events. Curr. Biol. 15, 2056–2062. doi: 10.1016/j.cub.2005.10.038


 Menees, T. M., and Roeder, G. S. (1989). MEI4, a yeast gene required for meiotic recombination. Genetics 123, 675–682. doi: 10.1093/genetics/123.4.675


 Miao, C., Tang, D., Zhang, H., Wang, M., Li, Y., Tang, S., et al. (2013). Central region component1, a novel synaptonemal complex component, is essential for meiotic recombination initiation in rice. Plant Cell 25, 2998–3009. doi: 10.1105/tpc.113.113175


 Ohi, R., Sapra, T., Howard, J., and Mitchison, T. J. (2004). Differentiation of cytoplasmic and meiotic spindle assembly MCAK functions by aurora b-dependent phosphorylation. Mol. Biol. Cell 15, 2895–2906. doi: 10.1091/mbc.e04-02-0082


 Panizza, S., Mendoza, M. A., Berlinger, M., Huang, L., Nicolas, A., Shirahige, K., et al. (2011). Spo11-accessory proteins link double-strand break sites to the chromosome axis in early meiotic recombination. Cell 146, 372–383. doi: 10.1016/j.cell.2011.07.003


 Roig, I., Dowdle, J. A., Toth, A., De Rooij, D. G., Jasin, M., and Keeney, S. (2010). Mouse TRIP13/PCH2 is required for recombination and normal higher-order chromosome structure during meiosis. PloS Genet. 6, 1–19. doi: 10.1371/journal.pgen.1001062


 Shi, W., Ji, J., Xue, Z., Zhang, F., Miao, Y., Yang, H., et al. (2021). PRD1, a homologous recombination initiation factor, is involved in spindle assembly in rice meiosis. New Phytol. 230, 585–600. doi: 10.1111/nph.17178


 Tamura, K., Dudley, J., Nei, M., and Kumar, S. (2007). MEGA4: Molecular Evolutionary Genetics Analysis (MEGA) software version 4.0. Mol. Biol. and Evol. 24, 1596–1599. doi: 10.1093/molbev/msm092.


 Tesse, S., Bourbon, H. M., Debuchy, R., Budin, K., Dubois, E., Liangran, Z., et al. (2017). Asy2/Mer2: an evolutionarily conserved mediator of meiotic recombination, pairing, and global chromosome compaction. Genes Dev. 31, 1880–1893. doi: 10.1101/gad.304543.117


 Vader, G., Cruijsen, C. W., Van Harn, T., Vromans, M. J., Medema, R. H., and Lens, S. M. (2007). The chromosomal passenger complex controls spindle checkpoint function independent from its role in correcting microtubule kinetochore interactions. Mol. Biol. Cell 18, 4553–4564. doi: 10.1091/mbc.e07-04-0328


 Vrielynck, N., Chambon, A., Vezon, D., Pereira, L., Chelysheva, L., De Muyt, A., et al. (2016). A DNA topoisomerase VI-like complex initiates meiotic recombination. Science 351, 939–943. doi: 10.1126/science.aad5196


 Vrielynck, N., Schneider, K., Rodriguez, M., Sims, J., Chambon, A., Hurel, A., et al. (2021). Conservation and divergence of meiotic DNA double strand break forming mechanisms in arabidopsis thaliana. Nucleic Acids Res. 49, 9821–9835. doi: 10.1093/nar/gkab715


 Walker, J., Gao, H., Zhang, J., Aldridge, B., Vickers, M., Higgins, J. D., et al. (2018). Sexual-lineage-specific DNA methylation regulates meiosis in arabidopsis. Nat. Genet. 50, 130–137. doi: 10.1038/s41588-017-0008-5


 Wang, C., Higgins, J. D., He, Y., Lu, P., Zhang, D., and Liang, W. (2017). Resolvase OsGEN1 mediates DNA repair by homologous recombination. Plant Physiol. 173, 1316–1329. doi: 10.1104/pp.16.01726


 Wang, H., Hu, Q., Tang, D., Liu, X., Du, G., Shen, Y., et al. (2016). OsDMC1 is not required for homologous pairing in rice meiosis. Plant Physiol. 171, 230–241. doi: 10.1104/pp.16.00167


 Wang, M., Tang, D., Luo, Q., Jin, Y., Shen, Y., Wang, K., et al. (2012b). BRK1, a Bub1-related kinase, is essential for generating proper tension between homologous kinetochores at metaphase I of rice meiosis. Plant Cell 24, 4961–4973. doi: 10.1105/tpc.112.105874


 Wang, M., Tang, D., Wang, K., Shen, Y., Qin, B., Miao, C., et al. (2011). OsSGO1 maintains synaptonemal complex stabilization in addition to protecting centromeric cohesion during rice meiosis. Plant J. 67, 583–594. doi: 10.1111/j.1365-313X.2011.04615.x


 Wang, K., Wang, M., Tang, D., Shen, Y., Miao, C., Hu, Q., et al. (2012a). The role of rice HEI10 in the formation of meiotic crossovers. PloS Genet. 8, e1002809. doi: 10.1371/journal.pgen.1002809


 Wang, M., Wang, K., Tang, D., Wei, C., Li, M., Shen, Y., et al. (2010). The central element protein ZEP1 of the synaptonemal complex regulates the number of crossovers during meiosis in rice. Plant Cell 22, 417–430. doi: 10.1105/tpc.109.070789


 Wang, Y., Wang, Y., Zang, J., Chen, H., and He, Y. (2022). ZmPRD1 is essential for double-strand break formation, but is not required for bipolar spindle assembly during maize meiosis. J. Exp. Bot. 73, 3386–3400. doi: 10.1093/jxb/erac075


 Watanabe, Y. (2005). Shugoshin: Guardian spirit at the centromere. Curr Opin Cell Biol 17, 590–595. doi: 10.1016/j.ceb.2005.10.003.


 Wu, Z., Ji, J., Tang, D., Wang, H., Shen, Y., Shi, W., et al. (2015). OsSDS is essential for DSB formation in rice meiosis. Front. Plant Sci. 6, 21. doi: 10.3389/fpls.2015.00021


 Xie, K., Minkenberg, B., and Yang, Y. (2015). Boosting CRISPR/Cas9 multiplex editing capability with the endogenous tRNA-processing system. Proc. Natl. Acad. Sci. U.S.A. 112, 3570–3575. doi: 10.1073/pnas.1420294112


 Xue, Z., Liu, C., Shi, W., Miao, Y., Shen, Y., Tang, D., et al. (2019). OsMTOPVIB is required for meiotic bipolar spindle assembly. Proc. Natl. Acad. Sci. U.S.A. 116, 15967–15972. doi: 10.1073/pnas.1821315116


 Xue, Z., Li, Y., Zhang, L., Shi, W., Zhang, C., Feng, M., et al. (2016). OsMTOPVIB promotes meiotic DNA double-strand break formation in rice. Mol. Plant 9, 1535–1538. doi: 10.1016/j.molp.2016.07.005


 Yamagishi, Y., Honda, T., Tanno, Y., and Watanabe, Y. (2010). Two histone marks establish the inner centromere and chromosome bi-orientation. Science 330, 239–243. doi: 10.1126/science.1194498.


 Yang, M., Li, B., Tomchick, D. R., Machius, M., Rizo, J., Yu, H., et al. (2007). p31comet blocks Mad2 activation through structural mimicry. Cell 131, 744–755. doi: 10.1016/j.cell.2007.08.048


 Zanders, S., and Alani, E. (2009). The pch2Delta mutation in baker's yeast alters meiotic crossover levels and confers a defect in crossover interference. PloS Genet. 5, e1000571. doi: 10.1371/journal.pgen.1000571


 Zhang, C., Song, Y., Cheng, Z. H., Wang, Y. X., Zhu, J., Ma, H., et al. (2012). The arabidopsis thaliana DSB formation (AtDFO) gene is required for meiotic double-strand break formation. Plant J. 72, 271–281. doi: 10.1111/j.1365-313X.2012.05075.x


 Zhang, J., and Han, F. (2017). Centromere pairing precedes meiotic chromosome pairing in plants. Sci China Life Sci 60, 1197–1202. doi: 10.1007/s11427-017-9109-y.


 Zhang, J., Wang, C., Higgins, J. D., Kim, Y. J., Moon, S., Jung, K. H., et al. (2019). A multiprotein complex regulates interference-sensitive crossover formation in rice. Plant Physiol. 181, 221–235. doi: 10.1104/pp.19.00082


 Zhou, L., Han, J., Chen, Y., Wang, Y., and Liu, Y. G. (2017). Bivalent formation 1, a plant-conserved gene, encodes an OmpH/coiled-coil motif-containing protein required for meiotic recombination in rice. J. Exp. Bot. 68, 2163–2174. doi: 10.1093/jxb/erx077



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 © 2023 Wang, Qu, Zhang, Fu, Chen and Liang. 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.



OEBPS/Images/fpls-13-1122202-g003.jpg
= °
& wn

@yho018w sad 190} pdiZ

2 °
2 3

@jho010w Jad 190} ZyOuE @)koojew Jad 1904 OLIFH

g 8 8 ° °
e1Ao01ew Jad 190} XYZHI eyko0jew Jad 190} LONG
1M Zpidso 0]






OEBPS/Images/fpls-13-1122202-g008.jpg
o
Q
['4
o
7]
o






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        OsPRD2 is essential for double-strand break formation, but not spindle assembly during rice meiosis

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Plant materials and growth conditions

          



          		

            2.2 Mutant phenotypic analyses

          



          		

            2.3 Spindle structure observation

          



          		

            2.4 Antibody production

          



          		

            2.5 CRISPR knockout of OsSGO1



          



          		

            2.6 Phylogenetic analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Isolation of osprd2



          



          		

            3.2 Disruption of OsPRD2 causes meiotic defects

          



          		

            3.3 OsPRD2 is required for meiotic DSB formation

          



          		

            3.4 osprd2 male meiocytes exhibit normal spindle bipolarity

          



          		

            3.5 OsPRD2 exhibits dynamic localization during prophase I of meiosis

          



          		

            3.6 Mutation in OsPRD2 does not affects kinetochore function

          



          		

            3.7 OsPRD2 is not required for sister chromatid cohesion SGO1 function in rice

          



        



        



        		

          4 Discussion

        

          		

            4.1 OsPRD2 involves in DSB formation during meiosis

          



          		

            4.2 OsPRD2 is not required for bipolar spindle assembly

          



          		

            4.3 OsPRD2 may play a role in centromere function during rice meiosis

          



        



        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-13-1122202-g005.jpg
100%

3

:

Telophase | Telophase Il

mDyads

mTriads

mTetrads

~ Unbalanced Tetrads
mTriads

m Polyads

WT(n=336) prd2(n=262) WT(n=401) prd2(n=491)





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls.2022.1122202_cover.jpg
& frontiers | Frontiers in Plant Science

OsPRD2 is essential for
double-strand break formation,
but not spindle assembly
during rice meiosis





OEBPS/Images/fpls-13-1122202-g001.jpg
A chr8-AP003912 chr8-6016

Genetic distance (cM) 118.9 1212
Chr.8
BACs between - 25-
' M M P0439B07 OSJINOal99K18
recombination markers Om 15 ——C C CC CC —
B GCCAANAAGAGAAGC TGG

Ab Lys Lys Arg Ser Trp < Oz

GCCAMAGAGAAGCT GGC ¢ wig ype
Ala Lys Arg Gla Al Gly

l” n 188 i
+
10C ()s08g44180 5 ﬂ“
SSMS SSM6
TGA

SS\!l SsM2 SS\B SS\N

ATG
. AtPRD2/MEI4
100 Bn10g11740D
40 Bn02g08030D
% GmLOC100795604 | Dicot
79 VMLOC100250192

StLOC102580590
SILOC101247037
BdLOC100846020
ObLOC102705277
OsPRD2
SiLOC101768066
—— ZmMP$1

Monocot

89

$b07g024520
HsMEI4

45

- CMEl4-like

BtMEl4-like

100 100 OaMEl4-like )

Animal

# RnMEl4-like

% MmMEI4
93
GgMEl4-like
= XMEld-like
DrMEI4

SpRec24

40

Fungi
ScMEl4






OEBPS/Images/fpls-13-1122202-g010.jpg
adfy pim
adA} piim






OEBPS/Images/fpls-13-1122202-g007.jpg





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-13-1122202-g009.jpg





OEBPS/Images/fpls-13-1122202-g006.jpg





OEBPS/Images/fpls-13-1122202-g004.jpg





OEBPS/Images/fpls-13-1122202-g002.jpg





