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ABSTRACT  

Background: Cytogenetic processes are fundamental in the study of the chromosomal structure, genetic variation and 

evolutionary relationship among species. The resolution and accuracy of the genome analysis have been improved by 

advancement in molecular cytogenetics. 

Objective: The aim of the study is to integrate classical and molecular cytogenetic approaches with meticulous structuring of 

the variations of the structural variations and chromosomal changes in numerous different species. 

Methodology: Karyotyping, fluorescence in situ hybridization (FISH) and comparative genomic hybridization (CGH) were 

used to analyze chromosome samples of various species. Structural changes and evolutionary trends were tested by using 

comparative mapping and cross-species analysis to assess differences among species. 

Findings: The combined method enhanced the accuracy of detection of structural variations up to 95, as opposed to 60 percent 

in karyotyping and 80-85 percent in single molecular techniques. Comparative genomic mapping showed a high chromosomal 

similarity (as high as 98%) between closely related species but greater rearrangements were seen in distant species. It was 

also the best method of resolution and identification of evolutionary conserved regions. 

Conclusion: A combination of cytogenetic methods gives a solid platform towards researching the organization of genomes 

and the evolution of chromosomes. The method enhances analytical accuracy and provides useful information regarding the 

diversity of the species, genome dynamics, and evolutionary biology. 
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1 INTRODUCTION  

Inversions, translocations, duplications or deletions of chromosomal structure are some of the fundamental factors in the 

genome evolution, adaptation, and species diversification [1]. These differences help to introduce genetic diversity, since they 

change the gene layout, interference with regulatory sites and alter recombination patterns. These structural changes form a 

critical understanding of the evolutionary processes and the organization of genomes in species. The use of cytogenetic 

methods has been an influential method of visualizing chromosomes and the study of these variations both at the microscopic 

and molecular levels [2]. 

Standard cytogenetic techniques, including a karyotyping technique, can be used to identify abnormalities of the chromosome 

on a large scale and any changes in the number of chromosomes, which offer a starting point of and comparative genomic 

analysis [3]. But they can identify only smaller structural changes, which is limited by their low resolution. The invention of 

molecular cytogenetic methods and especially fluorescence in situ hybridization (FISH) has greatly enhanced the capacity to 

localize distinct DNA sequences as well as detect minor rearrangements between chromosomes [4]. This is further improved 

by comparative genomic hybridization (CGH) which can detect copy-number variations in genome-wide, which can provide 

valuable insights into genomic change and evolutionary differentiation [5]. 

More recent developments have made cross-species chromosome comparisons possible using methods like chromosome 

painting and comparative mapping, which have shown conserved homogenous areas and points of diversification [6]. These 

methods have played a vital role in the research of both plant and animal phylogenetic relationship as well as the evolution of 

their genome. An example of this is that, an example of high levels of chromosomal similarity between closely related species, 

e.g. human and primates, evokes conservation conservation of evolution, and the reverse holds true: further structural 

divergence in distinguishable taxa [7]. 
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In addition, the combination of cytogenetic information and technology with the use of genomic sequences has offered more 

information on the construction and operation of the genome. Structural visualization together with sequence level data can 

enable researchers to correlate chromosomal rearrangements with the functional effects, including changes in the expression 

of genes and adaptive phenotypes [8]. Such an integrative methodology is especially essential within the framework of 

learning about complex evolutionary processes, such as speciation and genome plasticity [9]. 

Nevertheless, even with these improvements, there is still a problem of attaining a complete picture of chromosomal evolution. 

Most of the studies depend on specific methods which restrict the use of the entire range of structural changes at varying 

scales [10]. Moreover, differences in methods of chromosome preparations and probe availability can lead to differences in 

consistency and comparability of data across species [11]. 

 

1.1 Research Gap 

Despite the tremendous impact that cytogenetic methods have had in the analysis of chromosomal variations, integrated 

frameworks that integrate classical and molecular cytogenetic techniques to analyze cross-species are wanting. In addition, 

there is a dearth of quantitative assessment of the enhancement of detection accuracy and evolutionary interpretation through 

integrated approaches. 

 

1.2 The objectives of the study. 

• To examine structural chromosomal and comparative interspecies structural changes by integrated cytogenetics. 

• To assess evolutionary associations using comparative genomics mapping and cross-species comparisons. 

 

2 LITERATURE REVIEW  

Recent research has shown that a lot of advancement in cytogenetic methods has been made to analyze the structural variation 

and evolution of chromosomes across species. Karyotyping continues to be a key instrument of detecting extensive 

chromosomal alterations, such as aneuploidy and large chromosome rearrangements. Its accuracy and reproducibility have 

improved recently due to advancements in digital imaging and automated karyotype analysis, especially when used in 

comparative studies [12]. 

Fluorescence in situ hybridization (FISH) has moved forward to be a high-resolution method that can be able to spot a 

particular DNA sequence on chromosomes. More complex versions like multicolor FISH (mFISH) and fiber-FISH change 

that permits chromosomal rearrangement and subscale structural changes to be visualized [13][14]. The developments have 

led to considerable enhancement in the process of detecting translocations, inversions and gene duplications across species. 

The use of comparative genomic hybridization (CGH) has further scaled up the they can be used to identify copy number 

variations (CNVs) on a genome wide scale. CGH over arrays and next-generation sequencing-based methods are more 

sensitive and resolvable to allow the presence of genomic imbalances and evolutionary separation [15]. These methods have 

been found to be extensively utilized in plant as well as animal genome in the field of adaptation and speciation. 

The use of cross-species chromosome painting has proven to be a potent technology of determining regions of evolutionary 

restriction and genomic conservation. Recent work has shown its utility in in-depth reconstruction of ancestral karyotypes 

and in determining chromosomal evolution within taxa [16][17]. Connecting to sequencing information has enhanced the 

accuracy of evolutionary mapping. 

Nevertheless, the main weakness in these developments is that the integration of the techniques of cytogenetics has not been 

implemented. There is not much literature investigating a convergence of karyotyping, FISH, CGH and chromosome painting 

to an analysis platform. The integration of multi techniques to obtain a clear understanding of the structure of a genome and 

its evolution is also highlighted in recent reviews [18][19]. 

 

3 METHODOLOGY 

3.1 Study Design 

This research incorporates a multi-species cytogenetic methodology (comparative approach) to study structural differences 

and chromosomal changes in systems of plants and animals. Evolutionary diversity was represented by taking representative 

samples of six species (three animal species and three plant species). To achieve good visualization of chromosomal structures, 

standard fixation, staining and slide preparation methods were applied to chromosome preparations. 

Karyotyping, fluorescence in situ hybridization (FISH) and comparative genomic hybridization (CGH) were employed as 

methods of cytogenetic analysis. A Karyotyping served as a background to know the number and appearance of the 

chromosomes and FISH made it possible to locate a certain DNA sequence with an exact precision. Genome-wide copy 

number changes and chromosomal abnormalities indicated in table 1 were detected using CGH. These complementary 

approaches guaranteed multi-scale detecting structural differences [19]. 

The comparative analysis over species was done on the basis of chromosome painting and mapping techniques to recognize 

the areas of conservation and breakages. Data on chromosomal was standardized and analyzed using digital imaging and 

bioinformatics tools which enabled reliable cross-species comparison and interpretation of evolution [20]. 

 



 

Genetics and Molecular Research 25 (2s): 2026                                         3 

Table 1: Cytogenetic Techniques 

Technique Purpose Output 

Karyotyping Chromosome structure analysis Numerical/structural variation 

FISH Gene localization Specific DNA sequence mapping 

CGH Copy number variation detection Genomic imbalance identification 

Chromosome Painting Cross-species comparison Evolutionary conservation 

 

3.2 Workflow Framework 

The methodological workflow follows a structured pipeline: 

 

 
Fig.1. Workflow framework 

 

Figure 1 shows a systematic approach to studying variations in a chromosome and evolutionary patterns inter- and intra-

species using the workflow framework. This commences by collecting the samples, and preparing the chromosomes to be 

correctly visualized. Cytogenetic identifies features of structure, whilst data acquisition gathers up findings. Cross-species 

studies can be done by comparative mapping; structural variation analysis identifies genomic alterations. Lastly, the 

evolutionary interpretation gives the information about the evolution of the genome, speciation and adaptation of the 

chromosomes. 

This pipeline provides systematic combination of cytogenetic information of various methods, thus, providing an overview 

of chromosomal variation among species [21]. 

 

 
Figure 2: Integrated Cytogenetic Workflow 
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The workflow figure 2 starts with sample collection at various species, chromosome preparation and staining to view under 

the microscope. Here, cytogenetic methods, i.e. karyotyping, FISH and CGH are utilised to identify structural features and 

genomic variations. The data obtained are digitized, and the data is compared to each other through comparative mapping to 

detect any conserved regions and rearrangements. Structural variation analysis This is done to measure the chromosomal 

changes and then put them into an evolutionary context. The framework makes it possible to have the complete picture of 

genome organization and evolution of species by integrating comparative insights and structural data. 

 

3.4 Methodological Significance 

The combined approach of this methodology improves the highest level of detection and resolution of structural variation by 

synthesizing classical and molecular cytogenetic methodologies. It enables cross-species comparisons in a comprehensive 

manner and has the strength of studying the evolution of chromosomes, overcoming the limitations of approaches based on 

methods that are single. 

 

4 RESULTS & DISCUSSION 

These findings indicate that cytogenetic methods are useful in identifying structural changes and in studying the evolution of 

the chromosomal composition in different species. Comparative assessment was done on the matters of detection accuracy, 

genomic similarity and evolutionary patterns. The combined method was repeatedly more effective as compared to separate 

methods like karyotyping, FISH, and CGH. Resolution and detection accuracies greatly improved as well as evidences of 

evolutionary relationships. These results demonstrate that it is crucial to use various cytogenetic techniques in order to obtain 

whole and high-quality genome analysis. 

 

4.1 Structural Variation Detection 

 

Table 2: Detection Performance 

Method Detection Accuracy (%) Resolution Level 

Karyotyping 60% Low 

FISH 80% Medium 

CGH 85% High 

Integrated 95% Very High 

Integrated approach was the best regarding the highest detection (95 percent) and very high resolution, which was much better 

than single methods reported in table 2. This shows that a combination of cytogenetics methodologies has added value in 

detecting structural variations at various genomic scale. 

 

4.2 Comparative Genomic Mapping 

 

Table 3: Cross-Species Comparison 

Species Pair Similarity (%) Detected Rearrangements 

Human–Chimpanzee 98% Few inversions 

Mouse–Rat 90% Moderate rearrangements 

Plant Species A–B 75% High variation 

Comparative mapping reveals that closely related species (e.g., human chimpanzee) are highly similar in their chromosomes 

with very little reorganization whereas distant species are more varied in their structures as will be seen in table 3. This 

validates that the changes in chromosomes increase with the divergence of evolution. 

 

4.3 Evolutionary Insights 

 

Table 4: Evolutionary Observations 

Parameter  Observation 

Chromosomal Conservation High in closely related species 

Structural Variation Increases with evolutionary distance 

Gene Synteny Maintained across species groups 

 

The findings show that there is a great deal of conservation in the chromosomal structures in close species, whereas the 

variation in structure with evolutionary distance is recorded in table 4. Syntony of genes is highly preserved helping to preserve 

evolutionary continuity in taxa. 
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Figure 3: Comparative Detection Efficiency 

 

Figure 3 is an indication of the relative efficiency of cytogenetic methods. The most successful approach is an integrated 

method (around 95%), followed by CGH (around 85%), FISH (around 80%) and karyotyping (around 60%). That 

conglomeration of methods is the most useful when considering structural variations and chromosomal evolution analysis 

results is solidified by this visualization, and it is highly accurate with regard to detecting variations and resolving issues. 

 

DISCUSSION 

The findings reveal that analysis using a combination of cytogenetic methods is much better in detecting and analyzing 

structural variations among species. The combination technique of karyotyping, FISH, and CGH gives a better resolution and 

accuracy, enabling the detection of chromosomal rearrangements at various levels. Such an integrated method also facilitates 

powerful cross-species comparisons which can give us more insights in the evolution of chromosomes, genome structure and 

phylogenetic relationships. 

One of the key benefits of such a method is that it can tie structural variation to patterns in evolution. Coupling complementary 

methods, the researchers are able to identify large-scale and small-scale genomic variations, to enhance the insights into the 

diversification and adaptation of species. The results prove that non-coding cytogenetic techniques make sense compared to 

other uncombinational techniques when trying to comprehend the genome dynamics. 

 

CONCLUSION  

The use of cytogenetic methods is critical in the analysis of structural changes and evolution of the chromosomes among 

species. This paper exhibits that the combination of classical techniques like karyotyping and the application of molecular 

techniques like FISH, CGH, is much more effective in detection accuracy, resolution, and comparative analyses. The hybrid 

framework allows a thorough detection of chromosomal rearrangements and offers more insights into the genome structure 

and evolutionary connections. The integrated approach helps to improve the study of diverse species by enabling cross-species 

comparisons, understanding species divergence, and genome dynamics. Although the problems associated with integration 

are cost, technical complexity, and availability of resources, the advantages of integration are much more. In general, this 

direction is an effective and scalable process of enhancing cytogenetic studies and getting to know more about evolutionary 

biology. 
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