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Abstract
[bookmark: _GoBack]This review examines the molecular mechanisms regulating the transition from vegetative growth to meiosis across plants and other eukaryotic models. It highlights key genetic pathways controlling floral meristem identity, ovule development, and meiotic entry, emphasizing conserved genes and regulatory networks in species like Arabidopsis, rice, yeast, and mice. The roles of hormonal signals, environmental cues, and nutrient sensing in meiosis initiation are discussed, along with mechanisms governing chromosome pairing, recombination, and segregation. Understanding these conserved processes offers insights into reproductive development and provides avenues for crop improvement and fertility management.
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Introduction
The shift from vegetative development to reproduction in plants marks a crucial developmental transition that ensures their ability to produce progeny and sustain the species. Commonly termed flowering, this process is stringently controlled by a sophisticated interplay of genetic programs and environmental stimuli. In numerous plant species, including the widely studied model organism Arabidopsis thaliana and staple crops such as rice, wheat, and barley, the move to the reproductive phase is orchestrated through the integration of cues like light, temperature, and plant hormones. A critical part of this transition is the activation of genes responsible for defining floral meristem identity, which initiate flowering and give rise to reproductive organs. These same signals also prompt meiosis, a unique cellular division that reduces the chromosome number and promotes genetic variability in gametes.
Like other eukaryotes, plants undergo a tightly coordinated and complex meiotic process, comprising the phases of prophase I, metaphase I, anaphase I, and telophase I, followed by a secondary meiotic division. Throughout these stages, homologous chromosomes undergo pairing, recombination, and segregation, culminating in haploid gamete production. A wide array of essential genes has been identified in model systems such as Arabidopsis, mice, Drosophila melanogaster, Caenorhabditis elegans, and Saccharomyces cerevisiae, which govern meiotic events like chromosomal alignment, recombination, and division—examples include MSH4 in yeast, Rec8 in mice, and Dmc1 in Arabidopsis. Additionally, crops like rice, barley, and wheat also possess specific meiotic genes that are vital to reproductive efficiency.
Unravelling the genetic frameworks that regulate flowering and meiosis is not only pivotal for understanding plant biology but also carries significant agronomic benefits. By modulating these pathways, we can enhance crop productivity, resistance, and adaptability. This review outlines the molecular processes underlying the vegetative-to-reproductive transition and meiotic regulation in plants and various model organisms. It highlights the conserved genes critical to each meiotic phase, emphasizing their roles in evolutionary continuity and reproductive optimization in species like Arabidopsis, rice, wheat, and others including yeast and mice.
Genetic keys that drive the transition from vegetative growth to the flowering phase
The transition from vegetative to reproductive growth in flowering plants involves several developmental milestones. Okada and Shimura (1994) define five primary steps: formation of the inflorescence meristem, specification of the floral meristem, determination of floral organ number and placement, identification of organ types, and the final development of floral organs. Genetic analysis in Arabidopsis mutants has led to the discovery of many regulatory genes involved in these steps. Ovule development serves as a crucial part of the reproductive process, showcasing notable morphological differences among species. For instance, while Arabidopsis (a dicot) and rice (a monocot) produce anatropous, unitegmic ovules, crops like maize, wheat, barley, and tomato generate bitegmic ovules (Drews and Yadegari, 2004; Wang and Ren 2008; Shi and Yang, 2011). The ovule primordia originate from the placenta and their initiation is influenced by hormone interplay, particularly auxin and cytokinin, along with transcription factors such as PIN1, ANT, and the CUC gene family (Balasubramanian and Schneitz, 2000; Elliott et al., 1996; Ceccato et al., 2013). Asymmetric development of the outer and inner integuments is regulated by INO, ATS, and WUSCHEL (Baker et al., 1997; Balasubramanian and Schneitz, 2002; Gross-Hardt et al., 2002). In cereals like rice, wheat, and barley, orthologs like OsMADS13, OsINO, and OsWOX9B perform conserved roles often under the influence of auxin gradients (Dreni et al., 2007; Muralla et al., 2011; Cheng et al., 2014). Together, these regulatory elements guide precise ovule patterning and megagametophyte development across monocots and dicots.
Meiosis 
In higher plants, meiotic processes mirror those seen in other eukaryotes, featuring conserved mechanisms for homolog pairing and recombination. However, the molecular signals that initiate the transition from the diploid sporophyte to the haploid gametophyte phase remain poorly defined. This generational shift typically occurs in later stages of cell differentiation but can also be artificially triggered in undifferentiated tissues, underscoring the clear boundary between sporophyte and gametophyte development.
Meiosis, a specialized division crucial for all sexually reproducing eukaryotes, includes a single DNA replication event followed by two sequential nuclear divisions. Meiosis I separates homologous chromosomes, while meiosis II divides sister chromatids similarly to mitosis (Gerton and Hawley, 2005). The accurate formation of gametes relies on precise regulation during prophase I, including homolog recognition, pairing, recombination, and eventual segregation (Kleckner, 1996; Zickler and Kleckner, 1999).
Entry into Meiosis I from Mitotic Cell Division in Angiosperms
In flowering plants, meiosis initiates in ovules and anthers, beginning with the transformation of subepidermal cells into archesporial cells, which develop directly into megaspore mother cells (MMCs) without undergoing mitosis (Maheshwari, 1950; Reiser and Fischer, 1993). Normally, a single MMC is present per ovule, though species like Paeonia calijkica may form 30–40 MMCs (Walters, 1962). Multiple MMCs also appear in members of Casuarinaceae, Amentiferae, Ranales, and some basal dicots (Eames, 1961; Maheshwari, 1950).
In Arabidopsis, interactions between the tapetum and meiocytes are vital for establishing sporocyte identity. Mutants lacking EMS1/EXS1 or TPD1 fail to develop tapetal cells and overproduce sporocytes, leading to male sterility (Canales et al., 2002; Zhao et al., 2002). EMS1/EXS, a receptor kinase, activates genes such as AMS, MS1, and AtMYB103, which are essential for microspore and tapetum differentiation (Yang et al., 2003; Wilson et al., 2001; Sorensen et al., 2003; Higginson et al., 2003). In rice, MSP1 restricts sporocyte formation and structures the anther wall. Mutants lacking this function produce excess sporocytes and malformed anthers (Nonomura et al., 2003). Expressed in both sporocytes and adjacent cells, MSP1 maintains control over sporogenesis and anther development. In maize, a single hypodermal cell becomes the MMC in pseudocrassinucellate ovules, embedding deeper as the ovule develops (Randolph, 1936; Cooper, 1937).
Nutritional Cues and Regulatory Pathways for Meiosis Initiation in Yeast and Other Model Organisms
In Saccharomyces cerevisiae, the initiation of meiosis is closely tied to nutrient availability. Deprivation of nitrogen and carbon reduces the activity of key metabolic regulators like protein kinase A (PKA) and the Target of Rapamycin Complex I (TORC1), thereby activating the transcription factor IME1, which subsequently induces over 300 genes necessary for meiosis (Weidberg et al., 2016; Chu et al., 1998; Primig et al., 2000). Another kinase, IME2, facilitates entry into meiosis by phosphorylating and targeting Sic1, a cyclin-dependent kinase inhibitor, for degradation (Dirick et al., 1998; Benjamin et al., 2003). Disruptions in tRNA genes such as SUP3 also interfere with meiosis by impairing DNA replication and spore formation through faulty translation termination (Liebman et al., 1976; Rothstein et al., 1977). B-type cyclins CLB5 and CLB6 are essential for premeiotic DNA replication and may also regulate recombination and synaptonemal complex formation (Dirick et al., 1998; Stuart and Wittenberg, 1998; Smith et al., 2001). In Schizosaccharomyces pombe, a distinct pathway governs meiosis. The transcription factor Ste11 functions analogously to IME1 in budding yeast (Yamamoto, 1996; Honigberg and Purnapatre, 2003). Entry into meiosis is mediated by the RNA-binding protein Mei2, which is normally repressed by Pat1, a kinase that keeps Mei2 phosphorylated during mitosis. Upon starvation, Pat1 is inactivated, allowing Mei2 to translocate to the nucleus and initiate meiosis (Yamamoto, 1996; Marston and Amon, 2004). Mei2 interacts with Mip1p and is subject to phosphorylation-based regulation (Yamashita et al., 1998; Sato et al., 2001; Shinozaki-Yabana et al., 2000; Shimada et al., 2003). Mutations in Mei1, Mei2, or Mei3 arrest meiosis at the mononucleate stage, despite ongoing mitotic cycles (Egel, 1973), and Mei4 mutants fail to progress after DNA replication (Bresch et al., 1968; Egel, 1973; Egel and Egel-Mitani, 1974).
In Caenorhabditis elegans, meiotic entry is governed by redundant pathways involving gld-1 and gld-2, which can independently promote meiosis (Kadyk and Kimble, 1998). Similarly, in Drosophila, the Cdc25 homolog Twine is essential for meiotic progression in both sexes. Mutations such as mat(2)synHB5 that disrupt twine led to sterility due to impaired meiotic division (Courtot et al., 1992; White Cooper et al., 1993).
Sexual Dimorphism in Meiosis Initiation in Mammals: A Complex, Sex-Specific Regulation
In mammals, meiosis is initiated in a sex-specific manner: in females during embryogenesis, and in males after birth in a cyclical pattern (Juliano and Wessel, 2010; Lehmann, 2012). Primordial germ cells (PGCs) give rise to gametes, with males producing sperm post-puberty and females forming oocytes before birth. Retinoic acid (RA) from the mesonephros induces meiosis in both sexes (Bowles et al., 2006; Koubova et al., 2006). However, RA is degraded in the embryonic testes by Cyp26b1, blocking meiosis, while its absence in ovaries allows meiosis to proceed (Bowles et al., 2010). RA activates the transcription factor Stra8, which is essential for meiotic initiation. Stra8 expression is controlled through Cyp26b1 activity to ensure precise timing (Koubova et al., 2006). In the testes, signaling molecules like FGF9 and Cyp26b1 suppress meiosis to maintain germ cell pluripotency, whereas in ovaries and postnatal testes, RA triggers Stra8, initiating premeiotic DNA synthesis and meiotic entry. MEIOSIN, a partner of Stra8, further ensures correct meiotic progression in both sexes (Anderson et al., 2008; Ishiguro et al., 2020).
Key Players and Mechanisms in Prophase and its Subphases in Meiosis
The extended prophase I stage of meiosis, which includes leptotene, zygotene, pachytene, and diplotene subphases, involves numerous gene-mediated steps for chromosomal pairing and synapsis. In maize, the ameiotic1 (am1) gene is indispensable for meiotic initiation; its mutants halt at interphase, similar to defects seen in Stra8-mutant mice (Pawlowski et al., 2009). The rice homolog OsAM1 facilitates the leptotene-to-zygotene transition, and mutants lacking OsAM1 arrest at leptotene, displaying disrupted recruitment of proteins like PAIR2, ZEP1, and OsMER3 (Che et al., 2011).
Telomere movement is a key event during early meiosis. In maize, proteins like Nup145 and Ku enable telomere attachment to the nuclear envelope (Strambio-de-Castillia et al., 1999). Lamin C2 marks regions of the envelope where the synaptonemal complex anchors (Alsheimer et al., 1999). In budding and fission yeasts, Ndj1p and Taz1p are critical for bouquet formation and efficient chromosomal pairing, and their mutations result in delayed meiosis (Conrad et al., 1997; Trelles-Sticken et al., 2000)
Meiotic Chromosomal Pairing and Synapsis: Key Genes and Their Roles Across Species
The cohesin complex is central to chromatid cohesion. Meiosis-specific subunits like Rec8p in yeast ensure proper cohesion (Molnar et al., 1995). In mice, mutation of Smc1β leads to meiotic arrest and infertility due to compromised synaptonemal complex structure (Revenkova et al., 2004). Yeast msh4 mutants exhibit reduced crossovers, similar to those lacking zip1 (Novak et al., 2001).
The synaptonemal complex (SC), essential for homologous chromosome synapsis and crossover during meiosis, is assembled through the action of multiple conserved genes. In Arabidopsis thaliana, the gene DYAD plays a key role in female meiotic synapsis; mutations in this gene lead to univalent formation and disrupted progression (Siddiqi et al., 2000). The SYN1/DIF1 gene, a homolog of yeast Rec8, is indispensable for the cohesion of sister chromatids and the formation of bivalents (Bai et al., 1999; Bhatt et al., 1999). RCK, the plant homolog of yeast MER3, supports crossover formation during meiosis (Chen et al., 2005). The genes AtSPO11-1 and AtSPO11-2, forming a heterodimer, are required for double-strand break (DSB) formation and recombination; their mutants lack synapsis and bivalent formation (Grelon et al., 2001; Stacey et al., 2006). Proteins involved in DSB processing and repair include MRE11, RAD50, and COM1, with loss-of-function mutants showing chromosomal fragmentation (Puizina et al., 2004; Uanschou et al., 2007).
In rice, the HORMA-domain protein PAIR2 associates with chromosome axes during early prophase I and remains at centromeres until diakinesis, underscoring its essential role in SC formation and chromosomal architecture (Nonomura et al., 2006). PAIR3 is similarly critical for homolog synapsis, and its disruption results in sterility due to failure in bivalent formation (Yuan et al., 2009). ZEP1, analogous to ZYP1 in Arabidopsis, forms the transverse filament of the SC, and its loss results in aligned but unsynapsed chromosomes (Wang et al., 2010). OsRAD51C, a homolog of human RAD51C, is vital for recombination and SC integrity; mutants exhibit chromosome breakage and sterility (Tang et al., 2014). The plant-specific protein CRC1, homologous to TRIP13 in mice and Pch2 in yeast, cooperates with ZEP1 in building the SC core and supporting meiotic development (Miao et al., 2013). OsDMC1 is necessary for homologous pairing and bivalent formation, and its downregulation leads to meiotic abnormalities (Deng and Wang, 2007). OsSPO11-1, the rice ortholog of SPO11, governs DSB formation and crossover; its mutants form telomere bouquets but fail in SC and crossover formation (Yu et al., 2010; Wu et al., 2015). Other DSB-associated genes in rice include OsSDS, PRD1, PRD2, AtPRD3/OsPAIR1, and DFO, suggesting functional conservation with yeast and animal meiosis (Nonomura et al., 2004; De Muyt et al., 2007, 2009; Zhang et al., 2012).
In maize, phs1 is pivotal for homolog recognition and recombination, with mutants showing nonhomologous pairing and loss of RAD51 foci, indicating a breakdown in recombination initiation (Pawlowski et al., 2004). In barley, DMC1 is also indispensable for proper DSB repair and chromosome segregation, reinforcing its conserved role in meiotic processes (Szurman-Zubrzycka et al., 2019).
In mammals, SYCP3 is a structural component of the SC required for synapsis and cohesion; knockout males are sterile due to meiotic arrest, while females exhibit reduced fertility and aneuploidy (Yuan et al., 2000; Kouznetsova et al., 2005). The mei1 mutant disrupts synapsis and spermatogenesis; treatment with cisplatin can partially restore fertility in males (Libby et al., 2002, 2003). Loss-of-function in genes like Dmc1, Msh4/5, and Rec8 leads to male infertility due to meiotic disruption (Pittman et al., 1998; Yoshida et al., 1998; Edelmann et al., 1999). Cyclin A1, in conjunction with CDK2 and Ku70, regulates DSB repair during meiosis (Muller-Tidow et al., 2004; Fuchimoto et al., 2001). Mili-deficient male mice are sterile, in contrast to fertile females; similarly, Miwi-deficient males are infertile while females remain fertile (Kuramochi-Miyagawa et al., 2004; Deng and Lin, 2002). SPO11, essential for DSB induction, is conserved; Spo11−/− males are sterile due to prophase arrest, but partial rescue is possible with cisplatin (Romanienko & Camerini-Otero, 2000). Female Spo11−/− mice lose oocytes postnatally (Baudat et al., 2000; Romanienko & Camerini-Otero, 2000).
Homologous Recombination: Key Mechanisms and Insights
Homologous recombination ensures accurate chromosome segregation and genetic variability. In yeast, RAD51 and DMC1 are critical recombination genes (Roeder, 1995), a role preserved in plants like Lilium longiflorum, where Rad51 and LIM15 (DMC1) localize to recombination sites in early prophase (Terasawa et al., 1995). Unlike other LIM genes expressed before meiosis, LIM15 expression is restricted to early meiosis. Similar proteins exist in Antirrhinum majus (fil1) and yeast (ISC2/Isc10), supporting evolutionary conservation (Kobayashi et al., 1994).
In mice, SCP1 is essential for SC formation and pairing (Meuwissen et al., 1992). Deletion of Cdk2 affects male but not female meiosis; female oocytes arrest postnatally (Ortega et al., 2003). In Neurospora, mutants like Mei-2 and asc(DL243) impair pairing, reduce recombination, and cause chromosome missegregation (Smith, 1975; DeLange & Griffiths, 1980).
In Arabidopsis, SWI1 is necessary for recombination and sister chromatid cohesion (Mercier et al., 2001, 2003). In rice, OsSUN1 and OsSUN2 promote telomere clustering and homologous pairing, with double mutants displaying compromised meiotic chromosome structure (Zhang et al., 2020). Mutants like Osatm and Osdmc1 emphasize the coordination of recombination and DNA repair, with OsATM acting downstream of OsSPO11-1 and interacting with OsDMC1 to maintain chromosomal integrity (Zhang et al., 2020).
In mice, Cyclin A1 is necessary for the pachytene-to-diplotene transition; Mlh1 and Mlh3 mutants arrest during meiosis, causing sterility in males and delayed meiosis in females due to stricter checkpoints (Liu et al., 1998; Lipkin et al., 2002; Eaker et al., 2002; Edelmann et al., 1996). Fkbp6-deficient males are sterile due to early prophase I failure, while females are unaffected (Crackower et al., 2003). In S. cerevisiae, Ndt80 directs progression beyond early meiosis by activating mid-meiotic genes; its activation is checkpoint-dependent to ensure recombination completion (Xu et al., 1995). Various spo mutants reveal meiotic and sporulation defects at different stages (Esposito et al., 1970; Moens et al., 1974).
Meiotic Metaphase and the Role of Key Genes in Chromosome Dynamics
Metaphase I represents a crucial phase in meiosis where chromosomes align and prepare for segregation. The protein SKP1 plays a pivotal role during male meiosis by aiding the transition from prophase I to metaphase I. It localizes to the synaptonemal complex and prevents premature disassembly of chromosome pairing structures (Guan et al., 2020). While species like yeast, mice, and humans possess a single Skp1 gene, organisms such as Caenorhabditis elegans and Arabidopsis have multiple Skp1-related genes (Nayak et al., 2002; Zhao et al., 2003). In Arabidopsis, ASK1 is involved in separating homologs ahead of anaphase I by regulating proteins that maintain homologous associations (Yang et al., 1999).
The ATK1 gene in Arabidopsis is responsible for proper spindle assembly. In atk1-1 mutants, spindle structure is disrupted, forming abnormal multi-axial arrays that lead to incorrect chromosome segregation during metaphase I (Chen et al., 2002). In maize, the gene afd1 is essential for centromere cohesion and spindle orientation, and it interacts genetically with dv1, dsy1, and as1, which are also crucial for synapsis and chromosomal movement (Golubovskaya et al., 1993). In rice, OsMTOPVIB converts multipolar spindles into bipolar ones during metaphase I; loss of this function results in defective spindle formation (Xue et al., 2019). Proteasomal activity is vital in rat oocytes during meiosis I. Inhibiting the proteasome blocks polar body extrusion and delays MPF (maturation-promoting factor) inactivation, suggesting that the proteasome facilitates exit from metaphase I (Josefsberg et al., 2000). Rice OsMRE11 also plays a role in maintaining chromosome stability; mutants exhibit chromosome entanglements and fragmentation during metaphase and anaphase I, reflecting its involvement in homologous recombination and structural maintenance (Ji et al., 2013).
Key Players in the Transition from Metaphase I to Anaphase I
The transition from metaphase I to anaphase I in meiosis involves finely tuned regulatory proteins and kinases. CKS2, a regulatory subunit of the CDC28 kinase, is essential for this transition. Male mice lacking CKS2 are sterile due to anaphase I arrest (Spruck et al., 2003). Another critical regulator, ERK3, ensures spindle stability and oocyte maturation in mice during this phase (Li et al., 2010). In C. elegans, the gene EMB-30, homologous to APC4/Lid1, functions within the anaphase-promoting complex/cyclosome (APC/C) and controls anaphase initiation through ubiquitin-mediated degradation (Furuta et al., 2000). In swine, Spindlin1 regulates expression of the spindle checkpoint protein BUB3, which is essential for accurate metaphase-anaphase progression during meiosis I (Choi et al., 2019). Moreover, Cyclin B3 (CycB3) promotes anaphase onset by interacting with APC/C and enhancing phosphorylation of APC3, increasing its association with coactivators such as Cdc20 during meiosis and mitosis (Garrido et al., 2020). In yeast, AMA1, a member of the Cdc20 family, modulates APC/C activity specifically during meiosis, and its expression depends on the splicing factor MER1 (Cooper et al., 2000).
Transition from Meiosis I to Meiosis II: Key Regulators and Mechanisms
The progression from meiosis I to meiosis II is tightly regulated and differs across organisms. In Arabidopsis, the transcription factor SAP is indispensable for female meiosis. sap mutants fail to initiate meiosis II and display profound reproductive impairments (Byzova et al., 1999). In mouse oocytes, APC/C triggers the activation of separase by targeting securin for degradation, which is essential for this transition. This mechanism is conserved in S. cerevisiae and C. elegans (Terret et al., 2003). In yeast, B-type cyclins CLB1 and CLB4 are critical for meiosis II but not for meiosis I (Grandin and Reed, 1993).
The proto-oncogene Mos regulates progression to meiosis II in vertebrates such as starfish, ensuring that oocytes do not re-enter the mitotic cycle prematurely (Tachibana et al., 2000). In Xenopus, Emi2 proteins mediate partial degradation of cyclin B to fine-tune APC/C activity, allowing oocytes to exit meiosis I and bypass S phase before entering meiosis II (Tang et al., 2008). In fission yeast, Mes1 modulates APC/C coactivators like Fzr1/Mfr1 and Slp1 to manage the interphase between meiotic divisions (Kimata et al., 2011).
In Drosophila, roughex (rux) regulates entry into meiosis II during spermatogenesis by managing cyclin A levels during the G2 phase; mutations in rux disrupt this timing and prevent progression (Gonczy et al., 1994). In plants, CDKA;1 activity peaks during metaphase I and II, driving meiotic advancement (Bulankova et al., 2010). Proper regulation of cyclin-CDK complexes and APC/C activity during interkinesis is essential for the accurate exit from meiosis I and entrance into meiosis II (Marston and Amon, 2005).
While the cyclin-CDK-APC/C network underlies this regulatory phase across species, its molecular players vary. In S. pombe, Mes1 governs the transition, whereas Emi2 fulfills this role in vertebrates, and OSD1 acts in plants (Izawa et al., 2005; Kimata et al., 2008; Madgwick et al., 2006). In Arabidopsis, genes such as TAM (a cyclin A), OSD1 (an APC/C inhibitor), SMG7 (linked to RNA degradation), and TDM collaborate to ensure meiotic exit. Mutants in TAM or OSD1 arrest after meiosis I, while TDM mutants enter a third aberrant division. SMG7 is crucial for anaphase II progression and demonstrates a connection between RNA metabolism and meiotic control (Bulankova et al., 2010; Cromer et al., 2012). AtPS1, which contains an RNA-processing domain, also supports this regulatory network (d’Erfurth et al., 2008). Finally, the STUD gene is necessary for cytokinesis following telophase II in Arabidopsis to facilitate viable male gamete formation (Hülskamp et al., 1997).
Conclusion
The process of meiosis is governed by a combination of conserved mechanisms and species-specific regulatory networks that collectively ensure faithful chromosome segregation and completion of the meiotic cycle. Core components like SKP1, spindle assembly regulators, and the APC/C complex maintain the orderly progression from metaphase to anaphase. The transition from meiosis I to II is underpinned by tightly controlled cyclin-CDK and APC/C activity, with different species employing unique regulatory proteins like Mos, TAM, OSD1, and SMG7 to secure the fidelity of meiosis.
Although regulatory strategies differ among organisms, the fundamental pathways that control meiotic progression are evolutionarily conserved, highlighting a delicate balance between shared genetic modules and organism-specific adaptations. A deeper understanding of these processes enriches our knowledge of reproductive development and genomic integrity and provides promising avenues for enhancing fertility and improving crop breeding strategies.
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