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ABSTRACT 

Background: Hybridization is an important factor in plant evolution, genetic variation and crop improvement. 

However, meiotic chromosome instability in hybrid species often leads to aberrant chromosome segregation, reduced 

fertility and compromised genome stability.  

Objective: The objective of this study was to study meiotic chromosome dynamics and cytogenetic abnormalities in 

hybrid plant species by using classical and molecular cytogenetic approaches. 

Methodology: Cytogenetic analyses were done with fluorescence microscopy, chromosome staining, fluorescence in 

situ hybridization (FISH) and genomic in situ hybridization (GISH). The chromosome pairing behavior, meiotic 

abnormalities, formation of micronuclei and genome recombination during meiotic stages were screened in hybrid 

plant meiocytes.  

Findings: Experimental analysis revealed 42% frequency of univalent chromosome formation, 31% lagging 

chromosomes and 28% chromosomal bridges in meiosis. A 36% increase in micronuclei formation was observed in 

hybrid cells relative to parental controls. Aberrant chromosomal segregation and genomic incompatibility led to 

reduced pollen fertility (58%) and seed viability (62%) in hybrid plants.  

Conclusion: Cytogenetic characterization clearly demonstrated meiotic chromosome instability and genome 

interactions in hybrid plant species. The results provide important insights into chromosome dynamics, hybrid fertility 

and genome stability for the improvement of plant breeding and agricultural biotechnology applications. 
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1 INTRODUCTION 

Cytogenetics is a crucial branch of genetics that deals with chromosome structure, organization, behavior, and 

inheritance during cell division. Cytogenetic studies in plants are important to understand the genome organization, 

meiotic chromosome pairing, recombination and chromosomal stability that are essential for plant evolution and crop 

improvement programs [1]. Hybridization between genetically distinct plant species plays an important role in the 

creation of new genetic diversity, adaptive traits and improved agronomic performance. However, hybrid genomes 

often display meiotic irregularities due to genomic incompatibility between parental chromosomes [2].Meiosis is a 

tightly controlled cellular process that generates haploid gametes by homologous chromosome pairing, crossing-over 

and segregation [3]. Proper chromosome synapsis and recombination are crucial for the maintenance of genomic 

stability and fertility. In hybrid plant species, structural and genetic divergence between parental genomes often 

interferes with homologous chromosome interactions resulting in abnormalities such as univalent formation, lagging 

chromosomes, chromosomal bridges, spindle defects and micronuclei formation [4].  These meiotic irregularities often 

result in low pollen fertility, abnormal gamete formation and reproductive isolation [5].Recent progress in molecular 

cytogenetics has significantly enhanced our comprehension of chromosome behavior in hybrid plants. The use of 

fluorescence in situ hybridization (FISH), genomic in situ hybridization (GISH), chromosome painting and confocal 

microscopy allows detailed visualization of chromosome pairing patterns, genomic interactions and chromosomal 

rearrangements during meiosis [6]. These technologies make it possible to identify parental genome contributions, 

homologous recombination events, and structural chromosomal abnormalities in hybrid species [7].Hybrid plants are 

widely used in agricultural biotechnology to introduce beneficial traits, including disease resistance, environmental 

stress tolerance, improved yield, and enhanced nutritional quality [8]. Although agronomically important, meiotic 

instability is one of the key limitations to hybrid fertility and stable inheritance. Chromosomal incompatibility between 
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parental genomes may result in unequal segregation and genomic imbalance, lowering reproductive efficiency and 

limiting breeding success [9].Furthermore, environmental stress factors, such as temperature, drought and salinity, can 

increase meiotic abnormalities and chromosome behavior in hybrid plants [10]. Thus, to improve the genome stability, 

fertility restoration, and hybrid crop productivity, it is important to understand meiotic chromosome dynamics. The 

integration of advanced imaging technologies, molecular cytogenetics and computational genomic analysis has 

provided new opportunities for the precise characterization of chromosome behavior during meiosis [11].Cytogenetic 

analysis of hybrid plants has made much progress but the molecular basis of meiotic chromosome instability and 

genome interactions is not fully understood. Thus, advanced cytogenetic characterization is needed to assess the 

compatibility of chromosomes, recombination behavior, and genome stability in hybrid breeding systems [12]. 

 

1.1 Research Gap 

Despite considerable advances in molecular cytogenetics, only few comparative studies have provided a 

comprehensive assessment of the Meiotic chromosome dynamics, genomic interactions and chromosomal instability 

in hybrid plant species with different genetic background. Furthermore, the connection between meiotic abnormalities, 

hybrid fertility and mechanisms of genome stabilization is not studied enough. 

 

1.2 Objectives 

1. To study the meiotic chromosome pairing behavior and cytogenetic abnormalities in hybrid plant species.  

2. To study genome interactions and chromosomal recombination by molecular cytogenetic techniques, e.g. FISH and 

GISH.  

3. To investigate the impact of meiotic irregularities on hybrid fertility, genome stability, and reproductive efficiency. 

 

1.3 Scope of the Study 

The current study aims at the cytogenetic characterization of meiotic chromosome dynamics in hybrid plant species 

by means of classical and molecular cytogenetic approaches. The research comprises of chromosome pairing analysis, 

assessment of meiotic abnormality, fluorescence microscopy, genomic in situ hybridization, and fertility evaluation. 

The study also explores genomic interactions, chromosomal stability, and reproductive consequences related to hybrid 

genome incompatibility. The results are expected to contribute to plant breeding strategies, crop improvement 

programs, fertility restoration research and agricultural biotechnology applications. 

 

2 BACKGROUND WORK 

2.1 Cytogenetics and Plant Hybridization 

Plant hybridization is an important source of genetic diversity and a tool to introduce desirable agronomic traits, such 

as disease resistance, adaptation to environmental conditions, and improved productivity, into breeding populations 

[1]. Cytogenetic analysis is routinely used to assess chromosome pairing behavior, genome compatibility and meiotic 

stability between parental species of hybrids. Correct homologous chromosome pairing during meiosis is required for 

proper recombination and gamete formation [2]. 

 

 
 

Figure 1. Meiotic Chromosome Pairing in Hybrid Plants 
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Fig. 1. The main steps in meiotic chromosome pairing in hybrid plants (see text). At the start, parental chromosomes 

from different species pair homologously in early meiosis. This is followed by synapsis formation, where homologous 

chromosomes pair and genetic recombination occurs. Then, proper chromosome segregation ensures that 

chromosomes are evenly distributed to daughter cells. Abnormalities at any of these steps in hybrid plants can disrupt 

meiosis causing chromosomal instability, abnormal gamete formation and reduced fertility. 

 

2.2 Meiotic Chromosome Behavior 

During meiosis, homologous chromosomes pair, cross-over and segregate in order to ensure the proper distribution of 

chromosomes to daughter cells [3]. In hybrid plants, structural and genetic divergence of parental genomes often 

disrupts homologous interactions leading to meiotic irregularities and abnormal chromosome segregation [4]. 

 

Table 1. Common Meiotic Abnormalities in Hybrid Plants 

Abnormality Cytogenetic Effect Biological Consequence 

Univalents Improper pairing Reduced fertility 

Chromosomal Bridges Segregation defects Genome instability 

Lagging Chromosomes Delayed movement Micronuclei formation 

Spindle Defects Chromosome misalignment Abnormal gametes 

These abnormalities are important causes of genome instability and lead to reduced pollen fertility and abnormal 

gamete formation in hybrid species [5]. 

 

2.3 Chromosomal Abnormalities in Hybrids 

[6] Genomic incompatibility, chromosomal translocations, inversions, unequal recombination, and defective spindle 

organization may cause chromosomal instability in hybrid plants. Such aberrations disrupt chromosome segregation, 

and often lead to reproductive isolation and reduced hybrid viability. Environmental stress factors, such as temperature 

fluctuations and drought, can further aggravate the meiotic disturbances and chromosomal instability of hybrid 

genomes [7]. 

 

2.4 Molecular Cytogenetic Techniques 

The visualization and characterization of chromosome dynamics in hybrid plants have been greatly improved by 

advanced molecular cytogenetic techniques. Fluorescence in situ hybridization (FISH) and genomic in situ 

hybridization (GISH) are commonly used to detect chromosome localization, parental genome interactions, and 

chromosomal rearrangements [8]. Confocal microscopy and chromosome painting further allow high-resolution three-

dimensional imaging of meiotic chromosomes and structural genome organization [9]. 

 

Table 2. Molecular Cytogenetic Techniques 

Technique Purpose Advantages 

FISH Chromosome localization High specificity 

GISH Genome discrimination Hybrid genome analysis 

Chromosome Painting Structural visualization Detects rearrangements 

Confocal Microscopy 3D chromosome imaging High-resolution analysis 

 

3 MATERIALS & METHODS 

3.1 Study Design 

A combined cytogenetic and molecular analysis framework was devised to study meiotic chromosome dynamics and 

genomic interactions in hybrid plant species. The present study was focused on the assessment of chromosome pairing 

behavior, meiotic irregularities, genomic stability and reproductive implications in hybrid genomes. Chromosomal 

compatibility and meiotic stability were evaluated at different levels of meiosis through comparative analyses between 

hybrid plants and parental control species [17]. 

 

3.2 Plant Material Collection 

Hybrid plant species and the parental control plants were obtained from experimental breeding populations grown 

under controlled greenhouse conditions. Young floral buds in pre-meiotic and meiotic stages were selected for 

chromosome analysis because actively dividing pollen mother cells are the best meiotic chromosome visualization 

[21]. Floral buds were immediately fixed in Carnoy’s solution and stored at low temperature to preserve chromosomal 

integrity. 

 

Table 3. Plant Samples Used for Cytogenetic Analysis 

Plant Material Purpose 

Hybrid Plant Species Meiotic chromosome analysis 
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Parental Control Plants Comparative genome evaluation 

Floral Bud Samples Meiotic stage observation 

The plant materials used for cytogenetic investigation are summarized in Table 3. Chromosome dynamics were studied 

in hybrid plant species and parental controls were included for meiotic stability and genomic interactions comparison. 

 

3.3 Chromosome Preparation 

Aceto-carmine staining and enzymatic digestion techniques were applied to obtain clear visualization of meiotic 

chromosomes and chromosome spreads. Floral buds were hydrolyzed, squashed and stained for microscopic 

examination. Prophase I, metaphase I, anaphase I and telophase I were observed by fluorescence and confocal 

microscopy system [20]. 

 
Figure 2. Experimental Workflow 

 

Figure 2 illustrates the step-by-step experimental protocol of cytogenetic analysis. The procedure involves plant 

sample collection, floral bud isolation, chromosome preparation, fluorescence and genomic in situ hybridization 

analysis, microscopy imaging, and cytogenetic evaluation of meiotic chromosome behavior. 

 

3.4 Cytogenetic and Molecular Analysis 

Cytogenetic evaluation was made by assessing the frequency of chromosome pairing, chiasmata formation, frequency 

of micronuclei and meiotic abnormalities such as lagging chromosomes, chromosomal bridges and spindle defects 

[16]. Genomic in situ hybridization (GISH) and fluorescence microscopy were used to study genome interactions and 

parental chromosome discrimination. High-resolution chromosome alignment and segregation pattern was visualized 

further by confocal imaging. 

 

Table 4. Cytogenetic Parameters Evaluated 

Parameter Biological Significance 

Chromosome Pairing Frequency Genome compatibility 

Chiasmata Formation Genetic recombination 

Micronuclei Frequency Chromosomal instability 

Meiotic Abnormalities Fertility assessment 

Table 4 Cytogenetic parameters for the assessment of meiotic chromosome dynamics and genomic stability of hybrid 

plants. These parameters give information on the behavior of the chromosome segregation and of the reproductive 

efficiency. 

 

3.5 Statistical Analysis 

The statistical analysis of the experimental data was performed based on analysis of variance (ANOVA) and Student’s 

t-test. All experiments were carried out in triplicate and statistical significance was considered at p < 0.05 to ensure 

the reliability and reproducibility of cytogenetic observations. 
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3.6 Dataset and Parameters 

The experimental data set comprised hybrid plant species and parental control plants from controlled breeding 

populations for cytogenetic evaluation. We chose young floral buds at active stages of meiosis to examine 

chromosome pairing behavior, genome interactions and meiotic abnormalities. Chromosome pairing frequency, 

chiasmata formation, micronuclei frequency, lagging chromosomes and pollen fertility percentage were the key 

cytogenetic parameters. Genome stability and meiotic chromosome dynamics in hybrid plants were assessed by 

evaluating these parameters using fluorescence microscopy, fluorescence in situ hybridization (FISH) and genomic in 

situ hybridization (GISH) techniques [17,20]. 

 

Table 5. Experimental Dataset and Cytogenetic Parameters 

Dataset/Parameter Description 

Hybrid Plants Meiotic chromosome analysis 

Parental Controls Comparative genome stability 

Chromosome Pairing Homologous pairing assessment 

Chiasmata Formation Recombination analysis 

Micronuclei Frequency Chromosomal instability marker 

Pollen Fertility Reproductive efficiency 

 

4 RESULTS & DISCUSSION 

In the present study meiotic chromosome dynamics and cytogenetic abnormalities in hybrid plant species were 

investigated by molecular and classical cytogenetic techniques. Comparative analysis revealed significant 

chromosome pairing irregularities, abnormal segregation patterns and genomic instability in hybrid plants as compared 

to the parental controls. Molecular cytogenetic analysis also confirmed partial homologous chromosome pairing and 

genomic recombination between parental genomes . These meiotic abnormalities had significant effects on pollen 

fertility and seed viability, emphasizing the role of chromosomal instability on the reproductive efficiency of hybrids 

and genome stabilization. 

 

4.1 Meiotic Chromosome Pairing Patterns 

In meiosis, hybrid plant species showed unusual chromosome pairing behavior, including higher frequencies of 

univalents, lagging chromosomes, chromosomal bridges, and micronuclei formation. Incomplete synapsis and 

interrupted interactions between homologous chromosomes were often observed in the stages of metaphase and 

anaphase. 

Table 6. Chromosome Pairing Abnormalities 

Abnormality Frequency (%) 

Univalents 42 

Chromosomal Bridges 28 

Lagging Chromosomes 31 

Micronuclei Formation 36 

 

Table 6. Summarizes the frequency of meiotic chromosome abnormalities in hybrid plant species. The most frequent 

was univalent formation (42%) indicating the disturbed homologous chromosome pairing and incomplete synapsis. 

Increased micronuclei and lagging chromosomes were also suggestive of genomic instability and abnormal 

chromosome segregation during meiosis. 

 

4.2 Comparative Cytogenetic Analysis 

Molecular cytogenetic analysis using fluorescence in situ hybridization (FISH) and genomic in situ hybridization 

(GISH) revealed partial homologous chromosome pairing and genomic recombination between the parental genomes. 

Hybrid chromosomes exhibited structural divergence and aberrant segregation patterns throughout meiotic 

progression. 
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Figure 3. Frequency of Meiotic Abnormalities 

 

Figure 3 shows the relative frequency of the major meiotic irregularities found in the hybrid plants. The most frequent 

anomaly was the occurrence of univalent chromosomes, followed by micronuclei formation and lagging 

chromosomes. These results indicate extensive impairment of homologous chromosome pairing and segregation 

caused by genomic incompatibility between parental species. 

 

4.3 Implications for Hybrid Fertility 

Meiotic irregularities caused abnormal chromosome segregation and genomic instability, which greatly reduced 

reproductive efficiency in hybrid plants. Pollen fertility and seed viability were lower in hybrid plants than in parental 

control plants. 

 

Table 7. Fertility Assessment in Hybrid Plants 

Parameter Hybrid Plants Control Plants 

Pollen Fertility (%) 58 91 

Seed Viability (%) 62 94 

Micronuclei Frequency (%) 36 8 

 

The comparative fertility assessment of hybrid and control plants is shown in Table 7. Hybrid plants showed a 

significant reduction in the fertility of pollen (58%) and viability of seeds (62%) due to meiotic chromosome 

abnormalities and genomic instability, indicating impaired reproductive performance. 

 

4.4 DISCUSSION 

The results of this study show that hybrid plant species have considerable meiotic chromosome instability due to 

genomic divergence between parental genomes. The increased frequencies of univalents, chromosomal bridges, 

lagging chromosomes and micronuclei formation indicate the disruption of homologous chromosome pairing, 

defective recombination and abnormal chromosome segregation during meiosis.Molecular cytogenetic analysis with 

GISH and fluorescence microscopy revealed partial chromosome homology and genomic recombination between 

parental genomes suggesting genetic interaction and structural divergence of hybrid chromosomes. These meiotic 

disturbances impaired reproductive efficiency significantly, lowering pollen fertility and seed viability.Moreover, 

micronuclei formation and spindle defects indicated an increase of genomic instability and abnormal gamete formation 

in hybrid plants. Environmental and genomic factors may also affect chromosome behavior and meiotic stability 

during hybridization. Molecular cytogenetics, fluorescence imaging, confocal microscopy and computational genomic 

analysis, when integrated, provide valuable insights into chromosome dynamics, genome compatibility and hybrid 

fertility mechanisms. 

Understanding meiotic chromosome behavior in hybrid species may enhance the breeding strategies, genome 

stabilization techniques, fertility restoration programs, and crop improvement technologies in modern agricultural 

biotechnology. 

 

5 CONCLUSION AND FUTURE SCOPE 

Cytogenetic characterization of meiotic chromosome dynamics provides important insights into chromosome 

behaviour, genome stability and reproductive compatibility in hybrid plant species. In the present study, we 

demonstrated that hybrid genomes are linked to considerable meiotic abnormalities, such as univalent formation, 

lagging chromosomes, chromosomal bridges, and micronuclei formation due to genomic divergence between parental 

species. These defects disrupted the pairing and segregation of homologous chromosomes, leading to decreased pollen 

fertility and seed viability in the hybrid plants.Molecular cytogenetic techniques such as fluorescence in situ 

hybridization (FISH) and genomic in situ hybridization (GISH) effectively demonstrated chromosome interactions, 

genomic recombination patterns, and structural chromosomal instability during meiosis. The comparative cytogenetic 



 

Genetics and Molecular Research 25 (3s): 2026                                        7 

analysis also supported partial genome compatibility and abnormal chromosome segregation in the hybrid cells. The 

combination of fluorescence microscopy, confocal imaging and molecular cytogenetic analysis greatly enhanced the 

knowledge of meiotic chromosome dynamics and hybrid genome organization. 

In conclusion, the findings highlight the importance of cytogenetic characterization in the evaluation of hybrid fertility, 

genome stabilization and reproductive efficiency in plant breeding programs. Understanding meiotic chromosome 

behavior in hybrid plants better may help generate better crop varieties, fertility restoration, and other applications of 

agricultural biotechnology. 

 

6. Future Scope 

In the future, the research should be focused on the development of advanced chromosome imaging technologies that 

can provide high-resolution three-dimensional visualization of meiotic chromosome behavior and genome interactions 

in hybrid plants. Computational genomic tools and artificial intelligence-assisted cytogenetic analysis may improve 

the accuracy and efficiency of chromosome identification, detection of meiotic abnormalities and assessment of 

genome stability. 

Further studies are needed to elucidate molecular mechanisms underlying pairing, recombination and genome 

stabilization in hybrid crops. Hybrid fertility and chromosomal instability can be improved by genome editing 

technologies and molecular breeding approaches. Moreover, strategies for fertility restoration should be investigated 

to improve reproductive success and stable inheritance in interspecific and intergeneric hybrids. 

Molecular cytogenetics, precision agriculture, bioinformatics and integration of plant genomics can accelerate the 

development of hybrid crop varieties that are high-yielding, stress tolerant and genetically stable. Future 

interdisciplinary research involving cytogenetics, biotechnology and computational biology should lead to major 

advances in hybrid breeding systems and sustainable agricultural production. 
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