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Chromosomal Rearrangements and Genetic Fusion–Fission Dynamics in Eukaryotes: Mechanisms, Evolution, and Functional Implications 
Abstract: Structural changes in chromosomes arise through various processes and are often associated with specific genomic features that promote genetic instability. Chromosomal rearrangements have long been recognised as having significant effects on fertility and increasing the risk of human miscarriage. The study aims to evaluate the mechanisms, evolution, and functional implications of chromosomal rearrangements and gene fusion–fission dynamics in eukaryotes. The present review was conducted using secondary sources derived from existing academic literature, including peer-reviewed journal articles, books, and conference proceedings. Chromosomal fusion and fission are key drivers of genome evolution, impacting recombination rates, gene linkage, and reproductive isolation. Importantly, chromosomal rearrangements have profound biological and clinical implications. They contribute to adaptation, speciation, and genome plasticity, while also being implicated in various diseases, particularly cancer, where gene fusions act as oncogenic drivers and therapeutic targets. Advances in cytogenetic and genomic technologies have enhanced the detection and characterisation of these rearrangements, providing deeper insights into their mechanisms and consequences. Overall, chromosomal rearrangements, including fusion and fission events, represent fundamental processes that shape genome architecture, regulate gene function, and drive both evolutionary innovation and pathological outcomes. The study concludes that chromosomal rearrangements such as gene fusion and fission serve as powerful tools for investigating a wide range of biological processes. 
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1.0. Introduction
Each eukaryotic species has a characteristic number of chromosomes, and each chromosome possesses a unique size and structure. Except for gametes, most cells within an organism contain an identical set of chromosomes. Structural changes in chromosomes arise through various processes and are often associated with specific genomic features that promote genetic instability. Many of these alterations result from mechanisms such as recombination, DNA repair, or replication errors, typically occurring after a double-strand break or when a replication fork stalls or collapses (Bursse et al., 2022). Beyond structural alterations, chromosomal fusions and fissions have substantial evolutionary impacts. Chromosome reshuffling events are considered a key driver of speciation, leading to the development of distinct chromosomal arrangements even among closely related species (Brannan et al., 2023). Currently high-resolution methods are employed to identify chromosomal breakpoints sequences and nature of DNA. These studies have also enabled to trace the evolutionary processes of several Eukaryotic lineages (Capozzi et al., 2026). Chromosomal rearrangements have long been recognized as having significant effects on fertility and increasing the risk of human miscarriage. However, recent advances in molecular diagnostic techniques have made it easier for healthcare professionals and patients to accurately assess reproductive risks associated with specific chromosomal abnormalities (Morin et al., 2017). Collectively, fusion events play a multifaceted role at the genomic level by integrating regulatory innovation, spatial genome reorganization, and structural constraints. This integration highlights the importance of fusion as a key mechanism linking genome architecture with functional and evolutionary outcomes. The present review is directed to update this emerging area of chromosome biology. The review covers basics of chromosomal translocations, mechanisms and DNA structures involved. Second, the biological, evolutionary, genomic and protein level of fusion and fission are covered using diverse examples to highlight their roles. The applications of fusion-fission cover their applications in biomedical and plant sciences.
2.0. Chromosome rearrangements- basics, role of sequences, centromeres and comparative studies
Occasional alterations in chromosome number or structure may occur in eukaryotic cells collectively referred to as chromosomal mutations (Griffiths et al., 2020; Pierce, 2021). Chromosomal mutations can be broadly classified into three main categories: chromosome rearrangements, aneuploidy, and polyploidy (Snustad & Simmons, 2019). Chromosome rearrangements specifically involve structural changes in chromosomes and can be further divided into four primary types: duplication, deletion, inversion, and translocation (Alberts et al., 2022). Duplication is a mutation in which a segment of a chromosome is copied. In a tandem duplication, the duplicated segment is located adjacent to the original sequence, whereas in a displaced duplication, the copied segment is inserted elsewhere on the same chromosome or on a different chromosome (Pierce, 2021). Deletion refers to the loss or removal of a chromosomal segment, which may result in the absence of essential genetic material (Griffiths et al., 2020). Inversion involves the reversal of a chromosome segment by 180 degrees. A paracentric inversion occurs when the inverted segment does not include the centromere, whereas a pericentric inversion includes the centromere within the inverted region (Snustad & Simmons, 2019). Translocation is a type of chromosomal mutation in which a segment of one chromosome is transferred to another chromosome, typically a nonhomologous chromosome. It is important to distinguish translocation from crossing over, as crossing over involves the exchange of genetic material between homologous chromosomes during meiosis (Alberts et al., 2022). A nonreciprocal translocation occurs when a segment moves to another chromosome without any exchange, while a reciprocal translocation involves the mutual exchange of segments between two chromosomes (Pierce, 2021). 
Studies directed towards to the causes of translocations have focussed on the DNA structures and repeats. Comparative genomic analyses have been conducted to identify duplications of nucleotide sequences within chromosomes. Studies examining both fully sequenced diverse genomes such as Saccharomyces cerevisiae, Caenorhabditis elegans and Homo sapiens and partially sequenced genomes—including Drosophila melanogaster, Plasmodium falciparum, and Arabidopsis thaliana have revealed consistent patterns of intrachromosomal repeats. Research by Achaz et al. (2021) demonstrated that eukaryotic chromosomes share similar repeat dynamics, with many direct repeats located in close proximity. These closely spaced repeats tend to be shorter and more similar than other repeat types, whereas closely positioned inverted repeats are relatively rare. Studies implicate chromosome rearrangements in small apes occur at rates up to 20 times higher than in most other mammals. Due to their complexity, the mechanisms underlying chromosomal evolution in these hominoids remain incompletely understood. Nevertheless, earlier studies employing techniques such as array painting, Bacterial artificial chromosome-Fluorescent In-situ Hybridisation (BAC-FISH), and selective sequencing have shown that the high-resolution methods can effectively identify chromosomal breakpoints and trace the evolutionary processes involved (Capozzi et al., 2026). 
Centromere repositioning is considered a significant evolutionary force contributing to reproductive isolation and speciation, although the underlying mechanisms remain unclear. One proposed model suggests that an existing centromere becomes inactivated while a new centromere forms at a different chromosomal location without causing major deleterious effects. Comparative studies of humans and other primates indicate considerable flexibility in centromere positioning, resulting in substantial variation in both DNA sequence and chromosomal location (Logsdon et al., 2024). This variability is largely due to the high frequency of various rearrangements within the centromeric DNA compared to euchromatic regions (Fernandes et al., 2024). Chromosome translocations have been shown to influence the segregation of chromosomes not directly involved in the rearrangement in organisms such as mice and Drosophila. However, this interchromosomal effect has not been clearly observed in humans (Estop et al., 2000). Comparative analysis between human and chimpanzee genomes has revealed that human chromosome 2 originated from a fusion event involving two ancestral chromosomes. This conclusion is supported by the presence of telomeric and centromeric sequences within the internal region of human chromosome 2, which resemble the terminal regions of corresponding chimpanzee chromosomes (Harrington, 2015).
Chimpanzee and gorilla chromosomes differ from human chromosomes in possessing large regions of subterminal heterochromatin, primarily composed of tandemly repeated satellite DNA. A model proposed by Ventura et al. (2012) suggests that an ancestral pericentric inversion shared by humans and chimpanzees, along with the fusion event that formed human chromosome 2, contributed to increased susceptibility to sub telomeric heterochromatin formation in chimpanzees, whereas the human genome evolved relative resistance to such changes. Recent work by Altemose et al. (2022) has provided high-resolution maps of human peri- and centromeric regions, offering insights into their structure, function, and evolution. Their findings indicate that genetic and epigenetic features of centromeres are closely linked across evolutionary timescales. Specifically, α-satellite DNA arrays were observed to evolve through successive expansions, with the kinetochore protein Centromere Protein-A (CENP-A) preferentially associating with the most recently expanded regions. Additionally, kinetochore positions can shift over time, while previously active regions rapidly contract and lose function. A study by Paixão et al. (2025) investigated chromosomal evolution within the genus Oecomys by analyzing the karyotype of Oecomys rutilus using probes derived from Hylaeamys megacephalus. The resulting chromosomal homology maps revealed extensive structural variation among related species. Identified rearrangements included 15 pericentric inversions, 12 centric fusions, 11 fissions, 5 tandem fusions, 8 translocations, and the addition or loss of heterochromatin in two autosomes and the X chromosome.
3.0. Role of NHEJ and NHAR in translocation
Illegitimate recombination, in contrast to homology-directed repair, is often error-prone and can result in deletions, translocations, or rearrangements at the junction, especially in situations when homologous templates are not accessible, as in translocations (Hauer and Gasser 2017). Non-Homologous End Joining (NHEJ), also known as illegitimate recombination, is a repair mechanism for DNA double-strand breaks (DSBs) that functions with little to no sequence similarity (Stinson and Loparo et al., 2021).Studies on mouse cells show that NHEJ inhibits translocation development at non-homologous sequences, especially in lymphoid cells with double-strand breaks (DSBs) and in embryonic stem cells (Prochazkova and Loizou et al., 2016; Ghezraoui H, et al., 2014). Significant microhomology lengths are not usually present at translocation junctions in human malignancies (Nilsson, et al., 2017). Similarly, there is minimal to no microhomology at translocation junctions in cancer and model translocations in a number of human cell lines (Brunet, et al., 2009). In mammalian somatic cells, it serves as the main mechanism for fixing double-strand breaks (DSBs). It entails locating broken DNA ends (often caused by the Ku70/Ku80 heterodimer) (Zahid, et al., 2021), enlisting enzymes (like DNA-PKcs, Artemis) to process the ends (such cutting overhangs) (Go Watanabe and Lieber, et al., 2022), and ligating them with DNA Ligase IV (Conlin et al., 2017). This process is frequently inaccurate, resulting in minor insertions or deletions at the junction, in contrast to homologous recombination (HR). NHEJ can join any accessible broken ends because it does not have a method to determine whether two DNA ends belong together (Conlin et al., 2017). Translocations can occur when there are numerous DSBs because the ends of one break may be inadvertently linked to the ends of another (Herreros et al., 2019). Therefore, mis joining distinct DSBs usually leads to chromosomal rearrangements like translocations and deletions (Roukos et al., 2013). Non-allelic homologous recombination (NAHR) or ectopic recombination is the term used to describe recombination with ectopic (as opposed to allelic) homologous sequences (Liu et al., 2011). Instead of occurring between the same locations on homologous chromosomes, this kind of genetic exchange takes place between homologous sequences situated at distinct genomic sites (Wallace et al., 2023). NAHR entails gene conversion or crossing between non-allelic but homologous DNA segments, such as low-copy repeats (LCRs) or repetitive elements (such transposable elements) (Startek, et al., 2015). According to Guen et al. (2014), it is frequently caused by a meiotic or mitotic double-strand break (DSB) within a repeat sequence that subsequently inadvertently adopts another, non-allelic copy as a template for repair. 

Certain, small-scale mutations, such as frameshift or nonsense mutations that disrupt a gene's continuity, can result in gene fusion and fission that produce frameshifts (Durrens et al., 2008). A frameshifted, non-functional protein is very likely to result from fusion-generating rearrangements that take place within an exon (Kim P, et al., 2017). On the other hand, a functional in-frame chimeric protein is often produced if the break happens in an intron (Li et al., 2022).
According to Paul Cerrato and Halamka, et al. (2018), frameshift mutations are genetic changes brought about by the addition or removal of nucleotides (or bases) in a DNA sequence, as long as the number is not a multiple of three. This changes the "reading frame" of the genetic code, which frequently results in serious illnesses and a completely different, non-functional protein. mRNA is read by the cellular machinery in triplets, or codons and the arrangement of these triplets is altered for all following bases when bases are added or removed (Vitale et al., 2025). 
A single nucleotide changes that results in an early "stop" codon (UAG, UAA, or UGA) in the mRNA sequence is known as a nonsense mutation (Maloy, et al., 2013). Due to the early termination of translation, a truncated and typically non-functional protein is produced, which frequently results in several genetic diseases (Vitale et al., 2025). While nonsense mutations produce truncated, unstable proteins (loss-of-function) that are often broken down by nonsense-mediated decay (NMD), translocations can produce oncogenes (Zheng et al., 2013). Cancer and serious hereditary illnesses are frequently caused by both. 

According to Martins-Dias and Romão et al. (2024), translocations that result in recombinational modifications entail the breakage of two or more non-homologous chromosomes and their illicit re-joining, which can lead to altered gene linkage, fusion genes, or rearranged genomic structures. These chromosomal rearrangements are caused by DNA damaging agents or incorrect repair of DNA double-strand breaks (DSBs), frequently during planned recombination events such V(D)J recombination in lymphocytes (Hoolehan et al., 2023; Nickoloff et al., 2017). While they can be balanced (no gain/loss of genetic material), they often lead to unbalanced rearrangements, causing severe pathologies such as cancer, infertility, and developmental disorders (Canoy et al., 2022: Duijf et al., 2012; Zorrilla and Yatsenko et al., 2013; Blue et al., 2018).
4.0Biological roles of Fusion
Evolutionary roles
Chromosomal fusions are a widespread evolutionary phenomenon that can reshape genome architecture and give rise to novel chromosomes with profound functional consequences. The consequences of gene fusion are mediated through two effects, first disruption of meiotic sorting in heterozygotes leading to chromosomal races (J Luo et al., 2023; Akera et al., 2019). Second fusion events reduce the number of unlinked DNA favoured in few conditions such as adaptation if recombination is reduced between co-adapted alleles (Goettel et al., 2009). Also it impacts the efficacy of purifying selection. Although some parallels may be drawn between inversions and fusions, they are inherently very different genomic features. Several questions in this area of chromosome biology offer exciting arenas of investigation such as can fusions evolve, as inversions do, by their effect on recombination? If so, would fusions also leave a signature of their evolution on the neutral genetic sequence? Inversions greatly reduce recombination in heterozygotes, whereas fusions reduce recombination—albeit less dramatically—both in fused homozygotes and heterozygotes (Berdan et al., 2023; Mitelman et al., 2007). Using few examples, we describe in the following paragraphs the impact of the gene fusion-fission on various areas of Biology. Over the course of several hundred million years of evolution, numerous factors have changed the structure of vertebrate genomes, resulting in significant variability in genome size and karyotype, especially in amphibians. According to Voss et al. (2011), diversity in frog genomes varies in terms of chromosome size, shape, and number, DNA content and chromosomal rearrangements. Additionally, there is strong synteny conservation between Ambystoma, chicken, and humans, and the length of conserved segments and genome size are positively correlated. Chicken chromosomes are the result of fission and fusion with ancient segments fused independently at random when chromosome numbers decreased in lineages leading to Ambystoma and Xenopus, while others fused before salamanders and anurans diverged. Gene order links between chromosomal segments have significantly grown and constricted in the genomes of salamanders and chickens, respectively, according to the findings, indicating either very low rates of chromosomal rearrangement or evolutionary pressure to preserve synteny ties. 
Culajay, (2025) describes a two-stage process of adaptive evolutionary pressure in the primate lineage that sheds light on the emergence of upright locomotion. According to the evidences of the study, the development of bipedality is triggered by the fusing of two ancient ape chromosomes into contemporary human chromosome 2. This uncommon genomic reorganization changed the chromatin architecture close to the HOXD cluster (2q31), as seen by telomeric remnants and a vestigial centromere. Additionally, by prematurely truncating and resetting nuclear positioning, folding dynamics, and CTCF border activity, the fusion indirectly biased HOXD enhancer timing. The study offers a comprehensive description of how a rare genetic event involving fusion, bolstered by computational modeling, allowed to gain insights into the evolution of human iliac growth. 
Oomycetes fungal group includes many plant pathogens with chromosomal variations mediated by chromosome fusions, fissions and/or losses enabling emergence of their effects on genome and virulence evolution (Zang, 2023). Utilizing cytological study of meiotic crossings in primary spermatocytes and inferred analysis of recombination rates based on linkage disequilibrium utilizing single nucleotide polymorphisms (SNPs), Marín-García (2024) reported on fusion occurrences in wild populations of house mice. The findings point to the role of the Prdm9 allelic background (a gene implicated in the development of meiotic double-strand breaks and postzygotic reproductive isolation) and Robertsonian fusions. Compared to animals without Robertsonian fusions, there was a greater chromosomal redistribution of meiotic recombination towards telomeric areas in metacentric chromosomes. 
The bigger horn wrack bryozoan F. foliacea of southern Norway has undergone numerous chromosomal fusions since splitting from other cheilostome bryozoans, according to Baalsrud et al. (2025). According to the study Long terminal repeat (LTR) retrotransposon-enriched fusions were detected underscoring the intricate relationship between genomic repeats and genome organization. It is presently accepted that Saccharum complex species descended from a diploid common ancestor about 5.1 million years ago through chromosome fusion and polyploidization events. Through comparative genomics analyses, Baiyu Wang et al., 2025 report in Erianthus rockii an allotetraploid that the mechanism underlying centromere rapid mobility and the outcomes of multiple centromeres following chromosome fusion events serve as a crucial phylogenetic reference for researching polyploidization in Saccharum. Significant variations in DNA methylation and transposable elements, structural changes, 3D chromatin architecture reorganizations, and expression biases were noted by the study. In Heliconius butterflies Francesco Cicconardi, 2021 used chromosomal-level assemblies of Eueides Isabella and Dryas iulia to investigate the evolutionary effects of numerous chromosome fusions. Ten of the twenty-one autosomal chromosomes' fusion locations showed notable distinctions between the traits of fused and unfused chromosomes. Higher repeat and GC content and longer introns were found in the ten smallest autosomes in D. iulia and E. isabella, both of which were fused to a larger chromosome resulting in decreased diversity. According to Bidau et al. (2012), the grasshopper Dichroplus pratensis has three polymorphic fusions that exhibit regional variation and connections to phenotypic features (such body size) believed to be adaptive in harsh conditions. Genomic structural variation is associated with hypoxia adaptation in high-altitude zokors (An   et al., 2024).
Genome rearrangement
Fusion events, encompassing both chromosomal and gene fusion, represent fundamental mechanisms driving genome evolution, structural reorganization, species divergence and functional innovation across eukaryotes (Cicconardi et al., 2021; Saccone et al., 2025). Fusions can occur at multiple biological levels chromosomal, genomic and protein—and has far-reaching consequences for gene regulation, and cellular function (Annala et al., 2013). These processes arise primarily through DNA double-strand break repair, recombination, and structural rearrangements, thereby reshaping genomes (Gómez-Herreros, 2019). Modern cytogenetic and genomic analyses demonstrate that most fusion-like events are more accurately explained by reciprocal translocations and complex rearrangements constrained by chromosome architecture (Schubert and Lysak, 2011). At the gene level, fusion generates novel genes and proteins, contributing to evolutionary innovation and adaptation (Kapoor et al., 2026). These fused genes often exhibit unique regulatory patterns, altered expression dynamics, and new functional properties. Importantly, fusion operates across three major biological scales: the evolutionary level (speciation and phylogenetics), the genomic level (gene regulation and chromatin organization), and the protein level (functional innovation and domain architecture) (Oakley 2017; Kuang et al., 2024; Kumar and Kim, 2024).
Chromosomal fusion plays a significant role in speciation by creating reproductive barriers. Individuals heterozygous for fused chromosomes often experience reduced recombination, meiotic mispairing, production of unbalanced gametes, and consequently reduced fertility. These effects promote reproductive isolation, a key driver of speciation (Kulmuni et al., 2020). Fusions can lower local recombination rates by joining co-adapted alleles, creating "genomic islands" of differentiation between divergent lineages (Wellband et al., 2019). The zones of differentiation can grow from these barrier locations, increasing genetic differentiation and promoting speciation. A study by Zhenyong Du et al. (2025) reveal expansions of ion transport-related gene families associated with adaptation to different environmental salinities by examining chromosome-level genomic sequences of three sibling species within the invading copepod Eurytemora affinis species complex. Two of the three genetically distinct sibling species showed significant chromosomal evolution patterns, including chromosomal fusions, leading to linked ion transport-related genes near the telomeres that become joined near the newly formed centromeres, where recombination is low. Empirical evidence supports this role; for instance, in mammals, Robertsonian fusions have been shown to reduce gene flow between populations, thereby promoting divergence (Potter et al., 2015). Similarly, in insects and plants, fusion-related rearrangements are associated with altered recombination landscapes and adaptive divergence (Marín-García et al., 2024; Francesco Cicconardi et al., 2021). Additionally, fused chromosomes tend to exhibit lower recombination rates, which can preserve co-adapted gene complexes and facilitate evolutionary divergence (Martin et al., 2021).
Gene fusion events also provide important insights into evolutionary history. They often exhibit dispersed phylogenetic distributions, making them valuable markers for evolutionary inference. Such patterns may arise from independent fusion events, horizontal gene transfer, or lineage-specific innovations. Studies have demonstrated that gene fusion data can be used to reconstruct phylogenetic relationships and identify major evolutionary transitions (Guy Leonard and Thomas A. Richards, 2012). Similarly, Jing Liu and Qi Zhou's, (2026) reconstruction of ancestral linkage groups (ALGs) of the amniote ancestor and its descendent nodes using chromosome-level assemblies from 36 species reveals novel genomic insights. According to the study, the lineages that led from the amniotic ancestor to the reptile ancestor had fewer chromosomal fusions and translocations. Another finding of the study was that the ancient "building block" chromosomes, which were incorporated into larger chromosomes in modern mammals as a result of recent fusions and translocations, were maintained in the ancestor of amniotes, reptiles, and mammals as well as in the majority of extant reptiles. The descendent branch of Atlantogenata (elephants, anteaters, etc.) had the highest estimated rate, followed by Laurasiatheria (bats, dogs, pigs, whales, etc.,). In prokaryotes, gene fusion is strongly associated with functional coupling and horizontal gene transfer, reflecting the modular organization of metabolic pathways (Cheah et al., 2024). In contrast, in eukaryotes, gene fusion reflects a combination of vertical inheritance and lineage-specific innovations, highlighting its role in both conservation and diversification of gene function (Naranjo-Ortiz, and Gabaldón, 2020).
Genomic roles: Regulatory Evolution, 3D Genome Organization(3-D) and Structural Constraints
One of the most significant consequences of gene fusion is regulatory innovation, which contributes substantially to genome evolution and phenotypic diversity. Fusion events can reposition genes under the control of novel promoters or regulatory elements, leading to altered spatial and temporal expression patterns, tissue-specific expression changes, and the emergence of new regulatory networks (Tao Xu et al., 2018). Such regulatory rewiring enables organisms to explore new functional landscapes without requiring entirely new genetic material (Downes and Hughes, 2022). An example includes the study by Lu, et al. (2021) demonstrated that newly formed genes, including fusion genes, often display unique expression profiles, highlighting their role in phenotypic diversification. Similarly, study in rice demonstrates fusion genes frequently exhibit novel transcriptional patterns, further supporting their contribution to adaptive evolution (Zhang et al., 2022). Yin (2021) reports that the early evolution of muntjacs' sex chromosomes involved recurring chromosome tandem fusion. According to the study, new chromatin contacts were progressively formed throughout the fusion sites. M. crinifrons acquired new neo-Y chromosome, which experienced male-specific inversions, which has drastically altered chromatin compartments. Genomic analysis report frequent chromosome fusions caused by complex structures with distinct centromeric satellites, truncated telomeric repeats, and palindrome repeats. Over time, diploidization—a variety of molecular mechanisms that results in gene losses, genome shrinking, and chromosomal fusions—can also cause polyploids to revert to a diploid form (Mandáková and Lysak, 2018). These mechanisms can help polyploids stabilize and improve their capacity for environmental adaptation. The evolutionary history of a species, including its distribution patterns, life history, and ecological adaptations, may be affected by such events. In many of the world's crops—particularly those vital to the world's food production, such wheat (Triticum aestivum L.), maize (Zea mays L.), and potatoes (Solanum tuberosum L.) this mechanism is observed —Benítez-Bětez, 2025.
Beyond gene regulation, fusion events also influence the three-dimensional (3D) organization of the genome, which is a critical determinant of gene expression and genome function (Di Stefano et al., 2020; Álvarez-González et al., 2020). Chromosomal fusion can reshape chromosome territories, alter topologically associating domains (TADs), and modify chromatin interaction networks within the nucleus (Vara et al., 2021; Álvarez-González et al., 2025). TADs function as insulated, mega base-scale structural components that limit interactions between enhancers and promoters; when these boundaries are breached, enhancers can act on previously isolated adjacent genes, a process called "enhancer hijacking." These structural changes affect how genes are brought into contact with regulatory elements, thereby influencing transcriptional activity. Advances in chromosome conformation capture techniques, such as Hi-C, have revealed that fusion events can lead to large-scale reorganization of chromatin compartments and interaction patterns (Liang et al., 2025). Consequently, these alterations impact not only gene expression but also chromosome pairing and segregation during meiosis, with important implications for fertility and inheritance. Importantly, fusion events are not random but are constrained by fundamental aspects of genome stability and chromosome architecture, including telomere integrity, centromere function, and chromatin organization (Pobiega et al., 2021). Telomeres protect chromosome ends and prevent inappropriate end-to-end fusions, while centromeres ensure proper chromosome segregation. As emphasized in the study by Schubert and Lysak (2011), most fusion-like events are better explained by DNA double-strand break repair and reciprocal translocation mechanisms rather than true telomere-to-telomere fusion. These structural constraints limit the types of rearrangements that can persist over evolutionary time, ensuring that only those compatible with cellular viability and faithful chromosome segregation are retained.
Protein-Level Roles of Gene Fusion and Integrated Biological Significance
Gene fusion plays a pivotal role at the protein level by generating chimeric proteins that combine functional domains derived from previously independent ancestral genes (Tang et al., 2025). Thus, they enable the emergence of novel or enhanced biological properties such as new biochemical functions, increased catalytic efficiency, and the integration of multiple enzymatic activities within a single polypeptide. The structural innovation facilitates efficient coordination of cellular processes (Rybarczyk A, et al. 2026). Gene fusion events can serve as reliable predictors of protein–protein interactions, highlighting their importance in cellular network organization (Morilla et al., 2010). Beyond chimeric protein formation, gene fusion is a major driver in the evolution of multi-domain proteins, which are widespread in eukaryotic system (Haikal et al., 2024). The linking of functional domains allows coordination of enzyme activities, promotes substrate channelling, and enhances metabolic efficiency by minimizing diffusion constraints (Aalbers et al., 2018). Rewiring of protein interaction networks in cancer has been demonstrated to be mediated by gene fusions (Natasha S. Latysheva, 2016). Additionally, less complex protein products result from the division of a single gene into several separate components. One example of this kind of action is the intein proteins. Inteins are intervening protein sequences that use a self-splicing mechanism to concurrently splice together the flanking sequences (N- and C-exteins) and catalyze their own removal from a precursor polypeptide (Patel, 2016).
Furthermore, gene fusion contributes directly to functional innovation and adaptive evolution, influencing diverse biological processes such as development, stress responses, and metabolic regulation, thereby enabling organisms to acquire new traits without the need for entirely novel genes (Henry et al., 2016; Hornisch et al., 2025). Importantly, fusion operates as a multi-scale evolutionary mechanism that integrates genome structure, gene regulation, and protein function, linking structural genomic rearrangements with phenotypic outcomes and contributing to overall biological complexity (Riggs et al., 2013). In addition to its evolutionary significance, fusion plays a critical role in disease biology, particularly in cancer, where gene fusion events can generate oncogenes with aberrant activity, such as the BCR–ABL fusion in chronic myeloid leukemia and the TMPRSS2–ERG fusion in prostate cancer, which drive tumorigenesis through dysregulated signaling pathways (Ayatollahi et al., 2018; Lara Jr, 2017). These examples underscore the dual role of fusion as both an evolutionary mechanism and a pathological process. Future research would benefit from integrating multi-omics approaches; including genomic, transcriptomic, proteomic, and epigenomic data, to better understand the dynamics and functional consequences of fusion events, particularly within the context of 3-D genome organization, while studies in non-model organisms will further illuminate the evolutionary diversity of fusion mechanisms. 
In summary, fusion represents a fundamental driver of genome evolution, contributing to structural variation, functional innovation, and speciation, and by operating across multiple biological levels, it plays a central role in shaping the diversity and complexity of life.


5.0. Biological roles of Fission
Evolutionary and Genomic Roles
A key factor in the evolution of gene architecture is gene fission, which, when it takes place within coding areas, frequently has an impact on protein structure (Bolotin et al., 2023). It is the reverse of gene fusion, involving the division of a single open reading frame (ORF) into two or more separate units. Leonard et al. (2012) propose that gene fission is more important to gene evolution than previously thought and is fueled by processes like separation, degeneration, and duplication. In addition to adding to genetic variety, gene fusion and fission can result in neofunctionalization, which creates proteins with new roles (Jiang et al., 2025). Although traditionally considered rare due to the requirement for coordinated evolutionary events—such as the gain of a stop codon, acquisition of a promoter, and establishment of a start codon (RJ Leigh et al., 2020). Research evidence suggests that gene fission may occur more frequently through simpler mechanisms. At the genomic level, gene fission can arise from point mutations such as frameshift and nonsense mutations, as well as recombination events, leading to the division of genes into multiple segments (Durrens et al., 2008). When cis-regulatory elements are affected, gene expression may become mis regulated. Detection of such events, particularly in non-coding regions, is challenging due to their rapid evolution across distantly related species (Zhao et al., 2026). In coding regions, however, gene fission can result in protein simplification through domain loss, as observed in the monkey king gene family in Drosophila (Wang et al., 2004). One example in vertebrates is the JAZF1-JJAZ1 gene fusion, which produces a chimeric transcription factor with modified regulatory characteristics and is commonly seen in endometrial stromal tumors. The development of the tissue-type plasminogen activator (tPA) gene, which incorporates domains similar to fibronectin, trypsin, and epidermal growth factor (EGF), is another illustration. Its dual role in cell signalling and fibrinolysis is supported by this modular assembly. Additionally, gene fission can lead to the formation of pseudogenes (Tutar et al., 2012). The diversity of mechanisms underlying gene fission supports it’s relatively frequent in occurrence and highlights its importance in driving functional diversification within gene families (Padalkoet al., 2024). Consequently, extensive genome sampling is essential for accurately identifying fission events or confirming the stability of fusion events, particularly when such events are used as evolutionary markers (Leonard et al., 2012).

Protein-Level Roles of Fission
Mitochondrial fission, in which a single mitochondrion splits into two distinct organelles, is an essential biological activity at the protein and cellular levels that supports cellular homeostasis and function (Cagalinec et al., 2013). The endoplasmic reticulum, lysosomes, Golgi-derived vesicles, and actin filaments are among the cellular elements that tightly control this process (Wong et al., 2018; Nagashima et al., 2020). Mitochondrial fission is initiated at specific sites often marked by interactions between mitochondria, mitochondrial nucleoids, and other organelles (Sabouny et al., 2020; Liu et al., 2020). Key outer mitochondrial membrane proteins facilitate the recruitment of dynamin-related protein 1 (DRP1), a cytosolic GTPase that assembles into oligomeric ring structures to constrict and sever the mitochondrion (Pernas et al., 2016; Han et al., 2020). Functionally, mitochondrial fission is closely linked to the regulation of the cell cycle, cytoskeletal organization, and apoptosis. Furthermore, fission plays a crucial role in mitochondrial quality control by generating fragments enriched in mutated mitochondrial DNA (mtDNA), which are selectively degraded (L Ye et al., 2025). 
6.0 Roles of Fusion-fission in chromosomal evolution, roles of telomeres and effects on chromatin organisation
Autosome to sex chromosome fusion and fission have been reported by several authors. It has been suggested that intra-locus sexual antagonism can be resolved by fusing an autosome with a sex chromosome. According to Anderson and Blackmon (2020), a fusion between an autosome and the X chromosome in Drosophila americana appears to have developed by decreasing recombination between sexually antagonistic genes and the sex-determining locus. 
Fusions and fissions events can lead to reduced fitness in hybrid offspring, as heterozygous individuals (carrying both the old and new chromosome arrangements) often produce unbalanced gametes during meiosis, reducing fertility. Boman 2025 report in wood white butterfly (Leptidea sinapis) an indirect relationship between hybrid inviability and chromosome fusions, related to reduced recombination in fused chromosomes. The study mapped postzygotic isolation to chromosomal rearrangements.  Fusions/fissions can lead to post-zygotic isolation as reported in Pristionchus nematode speciation. Yoshida et al 2016 report chromosome fusions re-patterned recombination rate and facilitated reproductive isolation. Fusion-fission events drive rapid adaptation as in parasite-host systems. An example is the mitosome of the anaerobic parasitic protist Entamoeba histolytica (Santos and Nozaki, 2022). Fission-fusion of chromosomes enables survival in fluctuating or hostile conditions. In Carex sedges this mechanism enables rapid changes in chromosome number and higher adaptability to post-glacial habitats (Escudero et al., 2023).  Similarly, in fungi Taphrina, extensive rearrangement near breakpoints allows for rapid evolution of secreted effector proteins enabling adaptation to host (Wang et al., 2020). 
Fused or fission chromosomes can survive by being stabilized by active telomeres. Differentiating between damaged DNA double-strand breaks and genuine chromosomal ends is a crucial function of the telomeres. Because illegal repair of chromosomal ends could lead to chromosome fusions, this function is essential for preserving chromosome integrity. These fusions would either result in breakage-fusion-bridge cycles in succeeding cell divisions, which would produce translocations, aneuploidy, and ultimately genomic instability, or they would cause mitotic arrest and cell death. The ends of broken chromosomes lack telomeres, or sticky ends, and are very likely to fuse. A sticky, unstable broken end is transformed into a stable, capped, linear end by adding functional telomeres to these new ends. In telomerase-negative cells of the budding yeast Naumovozyma castell, sub telomeric elements stabilize short telomeres (Jaiswal et al., 2025). Armstrong and Tomita's (2017) study clarifies the functions of telomerase in cancer cells by elaborating on its functions in yeasts and mammals. In order to identify chromosome-end fusions in Schizosaccharomyces pombe, Almeida and Ferreira, (2013) have developed an experimental positive selection technique. The findings of the study imply that end-joining reactions occured by non-homologous end-joining (NHEJ) repair, similar to the disruption of the telomere regulator Taz1/TRF2. The findings imply that telomeres fuse before becoming dangerously short, perhaps as a result of temporary de-protection. 
Translocations that change the organization of the TAD-spanning WNT6/IHH/EPHA4/PAX3 locus result in distinct human limb deformities (Lupiáñez et al., 2015). Brunet and Jasin 2018 demonstrate similar rearrangements in mice using CRISPR/Cas genome editing using mouse limb tissue and patient-derived fibroblasts. Disease-relevant structural alterations resulted in ectopic interactions between promoters and non-coding DNA. Additionally, a group of limb enhancers that are typically linked to Epha4 are positioned incorrectly in relation to TAD borders, causing ectopic limb expression of another gene within the locus. Additionally, position-effect variegation (Elgin and Reuter, 2013) and regulatory rewiring (Keough et al., 2023) are impacted by gene fusion and fission. The modification of gene regulation which frequently occurs when a new promoter takes control of a coding region and results in altered expression patterns or the development of new signalling pathways. The process known as position-effect variegation occurs when a gene's expression is impacted by its relocation to a new chromosomal site. This usually results in the gene becoming silenced in some cells but not in others because of the close proximity of heterochromatin. When genes are fused, the promoter (cis-regulatory sequence) of one gene may govern the coding sequence of another. One important example is found in human prostate tumors, where oncogenic overexpression of transcription factors (such as ERG and ETV1) is driven by the TMPRSS2 promoter. Fusion genes (close to 100) have been found in four Oryza species (O. sativa japonica, O. sativa indica, O. barthii, and O. glaberrima) according to genome-wide research. The fusion of two or more previously distinct genes to produce a new hybrid gene, which frequently results in multi-domain proteins with unique functions, is one example of tangible impacts on the protein (Zhou, 2022).
When they take place in coding sequences, gene fusion and fission events—two important mechanisms in the evolution of gene architecture—have an impact on protein architecture. In Fungi, Leonard and Richards (2012) found 63 gene fusions in two or more genomes. The study testing each gene fusion for signs of homoplasy, such as gene fission, convergence, and horizontal gene transfer, using a mix of phylogenetic and comparative genomic analysis in the evolution of 115 fungal genomes. The work emphasizes the fungal tree of life and genome-scale comparative investigation of gene fusions and fissions.
7.0. Biological and therapeutic Significance of Gene Fusion
Fusion events are a very common genetic abnormality in cancer (Tang H, et al., 2025). NRG1 gene fusions are observed in less than 1% of colorectal, ovarian, pancreatic, breast, and non-small cell lung cancer (NSCLC) cases (Jonna et al., 2019). CD74, ATP1B1, SDC4, and RBPMS are among the most common fusion partners (Laskin et al., 2020). TMPRSS2-ERG is a common and specific fusion in prostate cancer (St John et al., 2012), whereas ALK, ROS1, RET, and NTRK represent important targetable fusions in lung cancer (Farago et al., 2017). Additionally, EWSR1 rearrangements are characteristic diagnostic indicators in sarcomas (Louati et al., 2018). Oncogenic fusion proteins have been shown to cause or contribute to cancer development, including abnormal signaling in cells beyond the fusion-positive cancer cells themselves (Ivana et al., 2022). Oncogenic gene fusion products are promising therapeutic targets for an increasing number of rationally designed treatments. For example, ALK fusion inhibitors in lung cancer include crizotinib (first-generation) (Shaw et al., 2020) and more potent agents such as alectinib and brigatinib, which are effective in treating CNS metastases (Gil, 2023). In lung cancer, ROS1 fusions are treated with crizotinib, entrectinib, or lorlatinib (Sehgal et al., 2020). Erdafitinib and pemigatinib, which target FGFR fusions in urothelial carcinoma, are widely used in refractory patients (Benjamin DJ et al., 2023). Fusion transcripts in cancer are primarily detected using RNA sequencing (RNA-Seq) and long-read sequencing methods (Hafstað et al., 2023). Furthermore, these fusions serve as both diagnostic markers and therapeutic targets (e.g., BCR-ABL1, TMPRSS2-ERG, and ALK fusions), often driving oncogenesis. Oncogenic fusions typically involve the combination of a strong promoter that induces overexpression with a proto-oncogene (e.g., TRABD-DDR2), resulting in downstream deregulation. Additionally, fusions involving transcription factors are important oncogenic drivers. Classifying patients into molecular subtypes based on specific fusion transcripts is a cornerstone of modern precision medicine, particularly in oncology. Fusion genes, arising from chromosomal rearrangements, produce unique RNA transcripts and chimeric proteins that function as highly specific diagnostic markers, prognostic indicators, and actionable therapeutic targets (Sun et al., 2020). Commonly used markers include PML::RARA in acute myeloid leukemia (AML), which defines the acute promyelocytic leukemia (APL) subtype (Thomas et al., 2019). RUNX1::RUNX1T1 identifies a subtype with distinct morphological, immunophenotypic, and favourable prognostic characteristics (Cheng et al., 2025), while KMT2A rearrangements define a high-risk paediatric subtype (Stutterheim et al., 2025). Disease subtypes are also classified by specific fusions such as SS18-SSX in synovial sarcoma (Chen et al., 2024) and COL1A1-PDGFB in dermatofibrosarcoma protuberans (Li N et al., 2018). Moreover, fusion-defined subtypes (e.g., high-risk KMT2A-rearranged ALL) are predictive of relapse-free and overall survival rates (Menghrajani et al., 2022).
A key component of recombinant DNA technology is gene fusion techniques, which combine two or more functional domains into a single polypeptide chain to create novel multifunctional proteins (Merkx, 2021). These approaches enable the integration of distinct features, such as a binding moiety (e.g., an antibody fragment) and a functional moiety (e.g., a toxin, enzyme, or drug carrier), into a single expressed unit (Costa S et al., 2014; Malik et al., 2016). For instance, fusion of immunoglobulin variable domains (scFv) with toxins such as Pseudomonas exotoxin or diphtheria toxin results in a homogeneous therapeutic protein (Mahmoudi, 2021). Tobacco is one of the host systems used in molecular farming, an emerging approach for producing therapeutic proteins in plants. A wide range of recombinant proteins—including monoclonal antibodies (mAbs), vaccines, and replacement enzymes—are currently produced in plants (Lee et al., 2023). The mistletoe lectin viscumin is another toxin used in the development of antibody–toxin fusion proteins, commonly referred to as recombinant immunotoxins (RITs) (Buyel and Knödler, 2021). Immunotoxins are among the most well-known therapeutic fusion proteins and are designed to function as targeted “magic bullets” in cancer therapy. One example is an anti-CD25 scFv fused to a 38 kDa truncated Pseudomonas exotoxin (PE38), which has been investigated for leukemia treatment (Kaplan et al., 2018) (Table-1). Advantages of this approach include a controlled ratio of binding to cytotoxic components, reduced immunogenicity, and efficient cytosolic delivery to the site of action. Fusion genes have also been implicated in enhancing resilience to environmental stress in plants. They are widely used to study regulatory processes governing plant growth, metabolism, and stress adaptation. For example, in sesame, a WRKY-FtsH4 fusion gene promotes stem cell maintenance under heat stress and reduces photo-oxidative damage (Hamid et al., 2026). Fusion events frequently involve transcription factor families such as WRKY and AP2/ERF (Parakkunnel et al., 2022). In sesame, Swetha_28474 (AP2 fused with importin) facilitates nuclear transport, while Swetha_02245 (AP2 fused with translation initiation factors) supports translation under stress conditions (Xu et al., 2020; Shopan et al., 2017). In Arabidopsis thaliana, the NodGS fusion gene regulates both flg22-induced biotic stress signaling and root development (Sano et al., 2014). In rice, fusion genes such as Osjap07g28390 and Osjap09g15430 are associated with enhanced drought resistance (Zhou et al., 2020). Fusion genes can also act as bifunctional enzymes, improving metabolic efficiency through substrate channeling (Kummer et al., 2021). Examples include AK-HSD in Arabidopsis thaliana and the REPI gene in poppy (Papaver somniferum) (Sageman-Furnas et al., 2022; Li et al., 2020). Additionally, fusion gene transcripts are useful tools in developmental studies; for instance, the PFP-LeT6 fusion has been shown to influence leaf development in tomato (Chitkara et al., 2024).
8.0. Discussion
Comparative analyses of genomes across living species reveal patterns of chromosomal variation that highlight multiple underlying mechanisms, including whole-genome duplications, convergent chromosome evolution, dynamic chromosomal rearrangements, and lineage-specific differences in genome size and gene content. Among these, gene fusion and fission are likely the most prevalent rearrangements in eukaryotes, although they remain relatively underexplored. Chromosomal fusions, for instance, are estimated to occur in approximately 0.1% of human meiosis. A wide diversity of karyotypes has been observed across taxa, including plants (Patel et al., 2023), trematodes (Solovyeva et al., 2016), ants (Cardoso et al., 2021), fish (Saenjundaeng et al., 2020), and mammals (Brannan et al., 2023). Some groups exhibit extreme karyotypic variability; for example, the house mouse displays 106 out of the possible 171 fusions among its 19 autosomes (North et al., 2020). Gene fusion–fission studies have provided valuable insights into evolutionary biology and have been used to address fundamental questions across diverse biological fields. These approaches have clarified relationships within various eukaryotic lineages, including resolving debates about the ancestral tetrapod karyotype and the origin of amniote chromosomes. Similarly, they have contributed to resolving phylogenetic relationships among both Old World and New World primates. In plants, such studies have identified lineage-specific genomic features and mechanisms driving evolutionary diversification. Furthermore, multiple fusion–fission loci have been associated with the emergence of distinct Homo sapiens-specific traits during evolution from primate ancestors, including skeletal, neurological, and reproductive developments (McCartney et al., 2019; Solar et al., 2025).
Gene fusion and fission also play a significant role in driving evolution, metabolic adaptation, and functional diversity in lower plants such as algae and bryophytes (Liu et al., 2025). In addition, autosome–sex chromosome fusions are widespread and contribute to the formation of neo-sex chromosomes (e.g., neo-X, neo-Y, neo-Z, or neo-W), resulting in complex sex chromosome systems such as X1X2Y or ZW1W2. Examples include Drosophila pseudoobscura and Drosophila albomicans (Nozawa et al., 2021), the Japan Sea stickleback (Gasterosteus nipponicus) (Yoshida et al., 2017), the Myzomela honeyeater bird (Orzechowski et al., 2025), and Rumex hastatulus (Sacchi et al., 2024). Such fusions with autosomes are also a primary mechanism for expanding the pseudo autosomal regions of sex chromosomes (Wilhoit et al., 2024). Another major area of research focuses on how gene fusion mechanisms contribute to genomic complexity and rapid adaptability, particularly in fungal genomes. These processes influence metabolic pathways, environmental adaptation, and pathogenicity (Naranjo-Ortiz and Gabaldón, 2020). They also serve as useful models for studying DNA structure, double-strand breaks (DSBs), and chromosomal pairing and breakage. The fission yeast Schizosaccharomyces pombe has proven to be an effective model organism for investigating chromosomal fusion and fission events (Vyas et al., 2021). Advancements in sequencing technologies have significantly expanded research into speciation and adaptation (Wang et al., 2025). Both empirical and theoretical studies suggest that certain genomic regions, particularly those involving structural rearrangements such as fusion and fission, are more prone to speciation. These rearrangements contribute to speciation through several mechanisms, including the development of hybrid incompatibilities, suppression of recombination, reduction of gene flow in rearranged regions, and the consolidation of pre-existing barriers to gene flow (Zhang et al., 2024). Additionally, chromosomal rearrangements can influence gene expression patterns, potentially leading to adaptation or reproductive isolation (Mohan et al., 2024). Several hypotheses have been proposed to explain the role of chromosomal fusions in local adaptation. One possibility is that adaptation reaches equilibrium due to local selection in demes exchanging migrants, particularly when heterozygotes exhibit reduced recombination compared to homozygotes. Alternatively, a fusion may involve only one locally adapted locus, limiting its spread across populations. In some cases, polymorphisms may be transient. Local adaptation may also produce stable polymorphic equilibria under conditions such as one-way migration (e.g., continent–island models). However, forces such as meiotic drive or associative overdominance—arising from linkage with deleterious recessive alleles—may hinder the spread of adaptive fusions (Rafael and Kirkpatrick, 2014). At the genomic level, chromosomal rearrangements significantly influence three-dimensional genome organization, including topologically associating domains (TADs), thereby affecting gene expression through multiple pathways. These mechanisms have both beneficial and detrimental consequences. For instance, they have been utilized to improve agronomic traits in plants and to develop fusion proteins for targeted cancer therapies, enhancing patient outcomes. Conversely, certain gene fusions are associated with malignancies.
The manuscript may have certain limitations, since the area of chromosomal fusion-fission is vast, we may have omitted few importance contributions in plants and animals. Also, in application it could be possible that our literature survey may be limited.
Conclusion
In summary the chromosome and gene level fusion, fission can not only facilitate rapid adaptation in the genome. It can alter the expression of protein function and gene expression. Overall, chromosomal rearrangements such as gene fusion and fission serve as powerful tools for investigating a wide range of biological processes. With continued advancements in high-throughput sequencing, bioinformatics, and the study of emerging model organisms, this field is at a critical juncture, offering significant potential to address fundamental questions in chromosome biology, evolution, and adaptation.
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Table-1. List of few recombinant proteins expressed in plants
	Protein
	Type
	Application
	Plant host
	Product
(Range)
	Refs

	2G12
	Antibody
	HIV
	Tobacco
	25mg Kg-1
	Ma et al., 2015

	BDI-G28-5-scfv
	Immunoglobulin 
	Non-godgins lymphoma
	Tobacco Cell culture 
	Na
	Fransisco et al., 1997a

	BR55-2
	Antibody
	Breast cancer 
	Tobacco
	30mg Kg-1
	Brodzik et al., 2006

	Anti-CD22PE
	Immunotoxin
	ALL
	Chlamydomonas reinhardteii
	na
	Trans et al., 2013

	CO17-1A
	Antobody(IgG)
	Colon cancer 
	Tobacco
	na
	Verch et al., 1998







