


Selfish genomic elements and genomic conflicts: an update on microbial elements and their genetics and evolutionary consequences


Abstract:
Selfish genetic elements (SGE) are elements that have characteristics to enhance its own transmission relative to the rest of the genome. These elements include transposable elements (TEs), meiotic drivers, supernumerary B chromosomes, post-segregation killers, and heritable microbes and organelles that distort sex determination. Genetic conflict can arise among components of the genome that have different transmission patterns (e.g., transposons, nuclear genes, cytoplasmic genes), and therefore conflicting genetic interests.  Genomics has illuminated that microbial genomes are rife with mobile genetic elements (MGEs), entities that have evolved to persist and replicate through adaptations that transfer DNA. SGEs have major roles in shaping structure and function of genomes and in playing an important role in such fundamental biological processes as gene regulation, development, evolution of genetic novelty, and evolution of new species. The present review is a brief provides insights into the SGEs and their roles in genome evolution and adaptation. In the first few sections we cover the tools, methods of microbial SGE and defense mechanisms. Next, we review the various outcomes of MGE effects on the genome and the costs and benefits using few unique microbial species. Finally, the evolutionary consequences of SGE in speciation, fitness consequences and genome evolution are summarized. The highlights of the review are diversity in the mechanisms of SGE transmission in host. Genome domestication of SGEs leads to acquisition of novel genes and genetic controls. Also, ecological interactions and evolutionary trajectories. Hosts gain adaptive potential, genetic diversity and defense capabilities these are balanced by substantial metabolic, genetic and ecological costs. The flip-side of conflicts could be exploited to tailor genes to counter cancer, produce Genetic engineering tools and editing of specific genes. 	Comment by Siti Najihah Solehin: using a few	Comment by Siti Najihah Solehin: Reword for clarity: “The highlights include the diversity of SGE transmission mechanisms among hosts.” 
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1.0.  Introduction
The idea that some components of the genome can be “selfish” or “parasitic” has a long and controversial history (Bird et al., 2020). The first recognition that a gene could increase in frequency by imparting a drive relative to its homolog came with the description of X-chromosome meiotic drive dynamics in Drosophila obscura by Gershenson (Gershenson, 1928). Advances in genetics and evolutionary biology led to wider acceptance of a gene-centric view of evolution. Noteworthy in this regard was Dawkin’s book entitled-The Selfish Gene, which described genes as “selfish replicators” encoding phenotypes that increase their transmission to future generations and organisms fundamentally as “vehicles” for the transmission of genes (Dawkins, 1976). Next, rapid advances in molecular biology began to reveal that many eukaryotic genomes contain large amounts of repetitive DNA without any clear function, although their potential role within the genome was the subject of much speculation (Biscotti et al., 2015). Seminal work by Cosmides and Cosmides (1981) introduced the concept of genetic conflict between nuclear and cytoplasmic (e.g., mitochondria) elements over sex determination. The idea of selfish genetic elements (SGEs) and genetic conflict remained highly controversial, however, and a counterview was that such elements exist because they play important regulatory roles in cells and in evolution. Increasing number of genetic studies began to uncover non-Mendelian and other elements within diverse organisms that appeared to have “self-promoting” features that cannot simply be explained as adaptations for the organism (Agren et al., 2018). 
Werren et al., (1998) gave a general view of selfish or parasitic genes and defined an SGE as an element that has characteristics to enhance its own transmission relative to the rest of the genome. These elements include transposable elements (TEs), meiotic drivers, supernumerary B chromosomes, postsegregation killers, and heritable microbes and organelles that distort sex determination. In contrast, the SGE model of Avise, J.C. (2001) is an “ecological” view that considers the genome as a set of genetic elements with potentially different kinds of interactions, ranging from cooperative (mutualistic), to neutral (commensal), to selfish (parasitic). According to this paradigm, genetic conflict can arise among components of the genome that have different transmission patterns (e.g., transposons, nuclear genes, cytoplasmic genes), and therefore conflicting genetic interests.  Early microbiologists, training their lenses on samples, observed individual microbes, separated from one another by membranes and cell walls dividing by binary fission. Genomics has illuminated that microbial genomes are rife with mobile genetic elements (MGEs): entities that have evolved to persist and replicate through adaptations that move DNA. The roll call of MGEs is long, diverse and growing. Some MGEs, like transposons and insertion sequences, move DNA between locations within a cell. Others, like conjugative elements and bacteriophages, move DNA between cells. Many MGEs are mosaic or modular in their structure, enabling coalitions of different functions and defying straightforward classification (Alberts et al., 2022).  These observations developed into an understanding of microbial diversity and ecology that, by and large, placed cellular organisms at the center. Although TEs were “dismissed” till 2001 as mere selfish DNA, new evidence in the last decade implicate they have evolved functions within the genome. With availability of high-throughput genomic methods the “black box” of genome structure, function, and evolution can be dissected with precision to address several basic questions related to MGEs. Today, 1,000 bacterial genomes and over 100 eukaryote genomes have been sequenced, with the numbers growing almost yearly (http://www.ebi.ac.uk/genomes/). The emerging theme increasingly supports a central role of SGEs in shaping structure and function of genomes and in playing an important role in such fundamental biological processes as gene regulation, development, evolution of genetic novelty, and evolution of new species. 	Comment by Siti Najihah Solehin: References?
Through introduction of conceptual framework and genomic conflict as a background. Further with description of several types of genomic conflicts and consequences, the present review sets stage for a detailed description of bacterial mobile elements. Finally, MGE mediated transfer of microbial host their cost and benefits and conflicts and the evolutionary consequences MGE are discussed.
2.0. Types of genomic conflicts 
Genomic conflicts arise when different genetic elements within an organism possess divergent evolutionary interests, leading to internal competition and manipulation of inheritance mechanisms. These conflicts can occur within a genome (intragenomic) or between genomes (intergenomic), often resulting in significant evolutionary consequences (Lee, 2025). These conflicts are often driven by selfish genetic elements, DNA sequences that prioritize their own transmission, sometimes at the expense of organismal fitness or other genomic components (Werren, 2023). Such elements include transposable elements, meiotic drivers and cytoplasmic endosymbionts, all of which can disrupt genome integrity, skew sex ratios or induce reproductive incompatibilities (Lindholm et al., 2024). Four prominent categories include, transposons, biased gene converters, post segregation distorters and heritable organelles/microbes, illustrate the diversity and evolutionary impact of these conflicts.
Transposons, or mobile genetic elements, exemplify this conflict by inserting themselves into various genomic locations, potentially disrupting gene function and altering genome architecture. For instance, in polyploid plants, transposons contribute to genetic diversity and adaptability, while in microbial systems; they are harnessed for metabolic engineering and synthetic biology, showcasing their dual role as both genomic parasites and tools for innovation (Xiao et al., 2025; Zhang et al., 2022). TEs fall into two main categories: DNA transposons move via DNA copies, and retrotransposons use RNA intermediate (Kim et al., 2012). TEs can also be autonomous (encoding proteins that promote their transposition) or nonautonomous (not encoding proteins needed for transposition but using the cellular machinery or proteins provided by other TEs). An interesting category of mobile elements is group I and II self-splicing introns (Hausner et al., 2014), which can be tolerated in the typically streamlined genomes of prokaryotes and organelles because self-splicing restores functional open reading frames in genes with the inserts, thus reducing negative fitness costs. Host organisms have evolved silencing mechanisms, such as small RNA pathways, to suppress transposon activity and preserve genome integrity. 
Another subtle yet impactful mechanism of genomic conflict is biased gene conversion (BGC), which favors the transmission of specific alleles during recombination. BGC can mimic natural selection, skew allele frequencies, and influence genome composition, particularly GC content, thereby complicating evolutionary interpretations and contributing to the fixation of deleterious mutations (Duret et al., 2023). BGC insert themselves into homologous uninserted sites in the genome. The most famous of these are the homing endonucleases (HEs) found in bacteria and eukaryotes (Stoddard et al., 2014). HEs are self-splicing group I introns coding for highly specific endonucleases that cut rare specific sites within the genome, typically the uninserted homologous sequence (hence the name “homing”). Biased gene conversions have been found in recombination hotspots in humans through detailed analysis of the products of recombination (Arbeithuber et al., 2015). The extent to which such biased gene conversion can be considered selfish depends on whether conversion bias is dependent on the sequence of the putative SGE.
Meiosis results in a reduction of the diploid germ cells to haploid gametes. In general, meiosis is “fair,” meaning that the two homologous chromosomes have an equal probability of ending up in functional gametes (sperm or eggs). Meiosis creates opportunities for SGEs that can increase their transmission relative to a nondriving homolog, however. Meiotic drivers are widespread in nature and include such examples as segregation distorter (SD) in D. melanogaster, X-chromosome drive in many animals, X and Y drive in plants, knob-containing chromosomes in maize, the t-locus in mice, supernumerary or B chromosomes in animals and plants, and centromere drive in different organisms (Helleu et al., 2014; Swanepoel et al., 2024).
Post segregation distorters (PSDs) and heritable organelles or microbes further illustrate the complexity of genomic conflict. PSDs, including meiotic drivers, manipulate gamete viability to favor their own transmission, often distorting Mendelian inheritance patterns. In Drosophila melanogaster, recent research has revealed host counter measures that suppress these selfish elements, highlighting an evolutionary arms race between genomes and their internal parasites (Chen et al., 2025). Examples of PSDs are the killer plasmids of bacteria and yeast. In killer plasmids, the longer persistence of the encoded toxin relative to the antidote protein ensures that daughter cells die if the plasmid is lost (Wickner et al., 2015). This acts to prevent both segregation loss of the plasmid and its displacement by a competitor plasmid. PSDs may be co-opted by bacterial and yeast genomes for defense against competitors, viral protection, or other phenotypes. For example, killer plasmids share some features with bacteriocins in bacteria and diffusible killer toxins in yeast, which can act to kill competitor cells lacking the linked modification-rescue mechanism (Molina-Vera et al., 2024). Meanwhile, organelles such as mitochondria and chloroplasts, which are maternally inherited, can engage in conflict with nuclear genes when their transmission interests diverge. Cytoplasmic male sterility in plants is a classic example, where organelle genes promote female-biased reproduction, disrupting nuclear male fertility (Werren, 2023). Heritable microbes like Wolbachia further manipulate host reproduction through mechanisms such as parthenogenesis, feminization, and male killing, enhancing their own spread and exemplifying intergenomic conflict and co-evolution (Turelli et al., 2022). Together, these mechanisms underscore the pervasive influence of selfish genetic elements and the evolutionary innovations that arise from their interactions with host genomes.
3.0. MGE-mediated transfer of microbial host DNA and host defenses 
MGEs are autonomous genetic agents that may proliferate even when they have a negative impact on host fitness (Haudiquet et al., 2022). The more recent discovery of an increasing array of other mobile genetic elements (MGE) including genomic islands (GIs), conjugative transposons (CTns), and mobilizable transposons (MTns) which each integrate within the chromosome, offer an increasingly diverse assemblage contributing to bacterial adaptation and evolution. 	Comment by Siti Najihah Solehin: References? 
Mobile genetic elements (MGEs), which are self-replicating entities that can move within and between their hosts genome (Haudiquet et al., 2022), are abundant in the prokaryotic world. In addition to transferring their own DNA to new hosts, many MGEs also transmit host DNA that is located elsewhere on the chromosome in the process. When the consequent increase in chromosomal variation leads to more effective natural selection, this may have indirect benefits for the host. Plasmids, bacteriophages, and transposons are canonical examples of MGEs, however there are several intermediate forms of these entities also exist (such as conjugative transposons) (Osborn et al., 2002; Vos et al., 2024).
MGEs can make up a very large portion of prokaryote genomic diversity; for instance, prophages alone can account for up to 13.5% of the Escherichia coli genome (Bobay et al., 2013), while MGE-related genes have been estimated to make up 39% of the E. coli pangenome (Touchon et al., 2020). Coalitions between chromosomes and MGEs, as well as between various MGEs themselves, are constantly shifting due to the continuous transit of MGEs between host cells (Hall et al., 2022; Rocha et al., 2022).
MGEs are frequently assigned very distinct roles by microbiologists. There are two types of genetic parasites that spread infectiously and harm their host by decreasing their growth rate or, as in the case of most bacteriophages, even lyzing the host. The second is that of mutualists that help the host's fitness by delivering cargo genes that confer novel adaptive phenotypes like virulence (Savory et al., 2017), antibiotic resistance (Rivard et al., 2020), or metabolic functions (Schmidt et al., 2011). However, these two situations, are not distinct and are in fact endpoints of a continuum where where changes in the environment (e.g., the concentration of antibiotics), evolution of the MGE (e.g., changes in the antibiotic resistance phenotype), or evolution of the host (e.g., compensatory mutations that lower the cost of MGE carriage) will result in shifts along this mutualist–parasite scale (Rankin et al., 2011; Dimitriu et al., 2014; Harrison et al., 2015; Vos et al., 2024).
Integrative and conjugative elements
Integrative and conjugative elements (ICEs) are MGEs that vary in size from ∼20 kb to 500 kb and contain different functional modules that regulate integration, excision, replication, and transfer to a recipient genome (Johnson et al., 2015). Like plasmids, ICEs are usually transmitted as single-stranded (ss) DNA mediated by type IV secretion systems (T4SSs) and are found in a diverse variety of Gram-positive and Gram-negative bacteria (Guglielmini et al., 2011; Bellanger et al., 2014).
[bookmark: _Hlk211898970]The excision that initiates ICE transfer is driven by the recognition of direct repeats flanking the integrated elements. There is evidence that ICEs can also facilitate the transfer of other stretches of chromosomal DNA (Yamasaki et al., 2001). These transfers frequently involve chromosomal DNA that is adjacent to the insertion site of the element. For example, the integrated SXT ICE in Vibrio cholerae can transfer chromosomal DNA that is located within hundreds of kilobases (Hochhut et al., 2000). However, ICEs are also known to transfer chromosomal DNA markers that are not adjacent to the element (i.e., in trans). In Mycoplasma, numerous DNA fragments (comprising up to 17% of the chromosome) can move from the MGE recipient to the donor in a single ICE-mediated conjugation event, followed by chromosomal integration via both homologous and non-homologous recombination (Dordet-Frisoni et al., 2019).
Conjugative plasmids
Extra-chromosomal DNA molecules having self-replicating capabilities are called plasmids (Norman et al., 2009). During cell-to-cell contact, conjugative pili transfer DNA from donor to recipient, making many plasmids self-transmissible by conjugation (Dimitriu, 2022). To initiate conjugative replication and DNA transfer, the plasmid conjugation machinery precisely identifies oriT, the plasmid origin of transfer. An element that was later named the F plasmid was responsible for the initial discovery of conjugative plasmid-mediated chromosome mobility in E. coli. By integrating into the chromosome, F plasmids can convert their host into a high frequency of recombination (Hfr) strain that exhibits high levels of chromosomal gene recombination (Vos et al., 2024). IS-deficient F plasmid variants are incapable of chromosomal mobilization. Chromosome genes located closer downstream of the oriT are transferred more often because conjugation is likely to be halted over time. Experimental characterisation has primarily relied on plasmids with derepressed, constitutive expression of transfer genes since chromosomal mobility is such an uncommon result of plasmid conjugation. Because longer regions of homology with the chromosome increase the frequency of recombination into the chromosome and the creation of Hfr clones, chromosome mobilization is also enhanced when plasmids contain these regions. For example, chromosome mobilization increased 100-fold in a variant of plasmid RP4 that contained a 2 kb IS duplication (Babic et al., 2008).
Phages: specialized, generalized, and lateral transduction
The packaging of host DNA into a subset of phage capsids can occur via specialized transduction, generalized transduction, or, most efficiently, through the recently discovered mechanism of lateral transduction. Specialized transduction is limited in scope because it arises from aberrant prophage excision, and only transfers loci directly adjacent to the prophage insertion site together with the phage genome (Touchon et al., 2017).
By contrast, generalized transduction and LT result from aberrant packaging and can result in the transfer of chromosomal loci in trans. The 'headful' technique of phage genome packaging involves cleavage of the terminase enzyme close to a specific packaging (pac) site in the phage genome, which starts the packaging of phage DNA into empty capsids (Davidson, 2018).
Phage DNA is packaged until the capsid is full, after which the DNA is cleaved non-specifically and the packaging process continues with a new capsid. In generalized transduction, the phage terminase recognizes pac site homologs present in the host DNA (Chiang et al., 2019), resulting in regions distributed randomly across the host chromosome being transduced at relatively low frequencies. In LT the expression of excision genes is delayed, and phage genomes begin to replicate before excision. Although best-studied in Staphylococcus aureus and Salmonella enterica, LT and lateral-like transduction are probably widespread in other bacteria (Davidson, 2018).
Bacterial Defense mechanism
Bacteria have evolved multiple defense strategies to protect themselves from invading mobile genetic elements (MGEs), such as restriction–modification systems and the clustered regularly interspaced short palindromic repeats (CRISPR) along with CRISPR-associated (Cas) genes. These defense mechanisms are often organized within genomic regions known as “defense islands” and are widespread across both bacteria and archaea (Agapov et al., 2024). The repetitive integration of short spacer sequences—originating from fragments of invading MGEs—into CRISPR loci allows for partial reconstruction of recent (HGT) events (Watson et al., 2018). While CRISPR-Cas immunity can protect hosts from parasitic elements by restricting HGT, it can also limit the uptake of beneficial genes carried by MGEs. To counteract such defenses, MGEs have evolved anti-CRISPR (Acr) proteins that inhibit CRISPR-Cas activity. Initially discovered in prophages, Acr proteins have more recently been identified in non-phage MGEs such as plasmids and integrative conjugative elements (ICEs) (Davidson et al., 2020).
[bookmark: _heading=h.p86h4saix16t]4.0. Conflicts between MGEs and resident genes 
We use individual examples to describe the different host and MGE consequences. Smith et al., 2021 investigated in Pseudomonas species, which acquires a bigger 976 kb P. syringae plasmid pMPPla107, supporting the idea that some genes play a role in modulating the detrimental effects of plasmids. Under experimental growth settings, plasmid-carrying cells become sensitive to an unidentified substance released by rivals. The sensitivity was eliminated in the laboratory by a single nonsynonymous mutation in the putative plasmid protein SkaA. The gene seems to be necessary for plasmid replication; however it is unclear how the wild-type form of skaA helps the plasmid. Hence, the significance of particular gene functions and gene interactions within the context of a host cell is highlighted by the fact that single base-pair mutations can have such dramatic consequences on expensive plasmid-conferred phenotypes. Genome defenses, which target horizontally acquired DNA to hinder its establishment, are a result of the burden imposed by MGE. Interference competition mechanisms, including contact-dependent (type IV secretion) and contact-independent (tailocin) toxins have been facilitated by MGEs (Booth et al., 2023). Pseudomonas isolates have the ability to encode tailocin (Carim et al., 2021). Highly streamlined genomes are particularly vulnerable to harmful transposable elements (TE) activity because TEs can cause havoc in their host cells if they insert into an important gene. Dijk et al. (2021) examine the potential of MGEs to propel large-scale genome evolution in relation to TEs. In continuous and recurring cycles, populations of cells with streamlined genomes outnumber TEs, which in turn outnumber non-streamlined genomes, based on local interactions and supported by rock-paper-scissors dynamics. Therefore, streamlining has advantages at the lineage level but is maladaptive to individual cells. Because TEs also lose out if their host microbe is killed, this sensitivity tends to purge populations of TEs while being detrimental to individual cells. However, because transposition is less likely to interfere with vital genome activities, genomes with redundancy—such as gene duplications—offer TEs a safer home. MGEs inhabit a world with other MGEs, and the genome itself might be thought of as an ecosystem with several agents interacting and coexisting. Many plasmids, for example, inhabit cells with at least one other plasmid, and there are diverse mechanisms by which plasmids can interact to affect conjugation, co-infection, and fitness costs (Gama et al., 2020).	Comment by Siti Najihah Solehin: Smith et al. (2021)	Comment by Siti Najihah Solehin: When discussing prior studies, use past tense for specific findings and present tense for general scientific truths. Change to “acquired” instead of acquires	Comment by Siti Najihah Solehin: The sentence too long. Break into two sentence to improve the clarity	Comment by Siti Najihah Solehin: References?
Igler et al. (2021), investigated how conjugative plasmids and integrative prophages affect each other’s transmission. Prophages were found to limit conjugative plasmid spread by killing recipients even though neither the plasmid nor the phage used in their experiments (RP4 and lambda) contained systems known to directly interfere with transfer. They also suggested that prophages may also inhibit plasmid entry. By contrast, in environments with high rates of phage infection, plasmids can benefit from the superinfection immunity provided by a prophage, and they are likely to evolve higher conjugation rates in response. 
Satellites are unable to package and transmit themselves and they hijack the machinery of phages P4-like satellites parasitize and P2-like phages in Enterobacterales belong to this category (Mouna de Sousa et al., 2022). The study also demonstrates phylogenetically that these elements have been proliferated by Hyper parasitism and exhibit horizontalism, or gene transfer (HGT) between species. 	Comment by Siti Najihah Solehin: Check format
Excessive parasitism—horizontal transfer being parasitic on a parasite, or hyperparasitism, is a significant new theme in MGE biology, involving phage-like elements and Staphylococcus pathogenicity islands (SaPIs), Phage-inducible chromosomal (PLE), hyperparasitism—being (PLE), and chromosomal (PLE) strategy (Parratt et al., 2016). In certain instances, MGE hyperparasites provide their microbial hosts with significant evolutionary chances providing defense against a high phage infection load. It is common for viruses to provide their infected hosts advantageous features, a phenomenon known as virus–host mutualism. Phage-encoded toxins aiding in defense is a method that is shared by all bacteria.  The virus Sulfolobus spindle-strain-shaped virus 9 (SSV9) can cause chronic infection in Sulfolobus islandicus Archaeal-shaped denizen of volcanic hot springs. Since SSV9 reproduces by budding from host cells without lysis, a chronic infection only has a minor fitness cost. In fact SSV9 gives infected strains a competitive edge in communities. According to Jaubert et al. (2013) this advantage results from a particular toxin protein that is encoded by a virus and kills rivals. 	Comment by Siti Najihah Solehin: References?
Numerous viral clusters and the widespread presence of prophage in Rhizobium across species and geographical areas were discovered by comparative genomics, suggesting that some phages have a broad host range and dispersion while others remain. Santamaría et al., (2014). It's interesting to note that just a small percentage of Rhizobium prophages remained intact, indicating that prophages undergo continuous destruction within genomes. By promoting mutations that stop MGE transmission (loss of genes for packaging), selection at the microbial host level frequently favors analyzing MGE independence while keeping genes that are advantageous to the host. Weisberg et al. (2021), examined more than 4,000 plasmid sequences from the agricultural sector agrobacterium which has biotechnologically significance. The study identified widespread recombination and reshuffling characteristics that have produced plasmids with novel gene combinations capable of conferring pathogenicity to novel lineages. In particular, the underexplored accessory plasmids of the complex, which are thought to mainly confer catabolic traits, appear to have contributed key regions and genes, accelerated diversification and extended the functions of virulence plasmids. 	Comment by Siti Najihah Solehin: Please italic the genus name
Horizontal gene transfer plays an important role in the acquisition of new properties, such as pathogenicity and antibiotic resistance, underpinning the formidable adaptive potential of bacteria (Partridge et al., 2018). MGEs carry non-essential genes that can provide their bacterial host with adaptive functions and alter their fitness, such as antimicrobial resistance (AMR) and virulence genes. These elements employ a myriad of ecological and evolutionary strategies to promote their own replication and transmission, which allow them to persist even in the absence of positive selection for the beneficial genes they carry. For example, non-mobilizable plasmids can persist over evolutionary timescales without selection for the plasmid function, while multicopy plasmids can promote the coexistence of ancestral and novel functions, allowing bacteria to escape from fitness trade-offs   Transposable and integrative elements mediate the insertion of resistance genes into chromosomes and plasmids, with the latter serving as key vehicles of intercellular transmission. 	Comment by Siti Najihah Solehin: References?
In an ESKAPE panel consisting of five species (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii and Pseudomonas aeruginosa) and one genus (Enterobacter sp.) common nosocomial infections, due to their multi-drug resistance and/or invasive phenotype (Botelho et al., 2023) report overrepresentation of AMR genes and anti-CRISPRs across the ESKAPE mobilome. In another study in a large collection of clinical strains of the human pathogens Legionella pneumophila (Lp) and clinical and environmental strains of Acinetobacter baumannii (Ab) analysis of transformation rates in light of phylogeny revealed the evolution by a mixture of frequent small changes and a few large quick jumps across 6 orders of magnitude (Mazzamurro et al., 2024). Hence, bacteria often face a trade-off between immunity and acquisition of novel elements, which favour adaptation to different ecological niches and stressors, such as antibiotic pressure.
5.0.MGE-mediated DNA transfer Host benefits and costs 
Mobile genetic elements (MGEs) such as plasmids, bacteriophages, transposons and integrative conjugative elements (ICEs) are pivotal drivers of horizontal gene transfer (HGT) and bacterial evolution. MGEs not only mobilize their own DNA but can also mediate the transfer of host chromosomal DNA, thus generating novel genetic combinations that influence both microbial adaptability and genome architecture (Tokuda M, et al., 2024). This process, often described metaphorically as MGE-mediated “bacterial sex” has significant implications for microbial fitness, diversification and ecosystem resilience. While MGEs can bestow hosts with adaptive traits such as antibiotic resistance, virulence factors or novel metabolic capabilities (Tokuda et al., 2024; Partridge et al., 2018), their presence often comes with metabolic, regulatory or stability costs to the host (Huisman et al., 2025). Understanding this duality of benefit and burden is crucial for deciphering the evolutionary dynamics that govern MGE–host relationships and the long-term stability of bacterial genomes.	Comment by Siti Najihah Solehin: References?
Experimental evidence suggests that MGE-mediated chromosomal recombination enhances bacterial adaptability under selective pressure. Vos et al. (2024) demonstrated that E. coli populations exposed to donors carrying highly recombinogenic F plasmid derivatives evolved increased fitness in specific metabolic environments (e.g., adaptation to 4-hydroxyphenylacetate metabolism). This benefit was context-dependent absent when butyric acid was the selective agent indicating that MGE-mediated recombination can accelerate adaptation only under particular environmental constraints. Another evolutionary benefit arises from the ability of MGE-mediated recombination to eliminate deleterious alleles, defective elements, or genomic “junk” from the host genome. By promoting homologous exchange, transferred DNA can overwrite defective alleles or disrupt parasitic insertions. In extreme cases, lateral transduction by prophages, which can package large contiguous chromosomal segments adjacent to a prophage region, could excise and delete defective prophages or transposons, effectively “cleaning” the genome. In Pseudomonas and Rhizobium, prophage-mediated recombination has been observed to reshape host genomes, selectively retaining beneficial genes while discarding deleterious or redundant sequences (Santamaría et al., 2014). Perhaps the most straightforward advantage is the acquisition of novel functional genes, including antibiotic resistance determinants, virulence factors, metabolic enzymes or regulatory networks. MGEs (plasmids, ICEs, phages) facilitate the movement of these adaptive genes between strains or species. In many pathogenic bacteria e.g., Acinetobacter baumannii and Pseudomonas aeruginosa, MGE-mediated gene transfer underlies rapid adaptation to clinical environments (Botelho et al., 2023; Haudiquet et al., 2022). Because MGEs sometimes mobilize chromosomal DNA segments (not just “cargo” genes on plasmids), they can transfer regulatory or structural genes not originally encoded on plasmids, thereby expanding the host’s ecological/molecular repertoire. This role of MGEs in spreading adaptive traits is well documented in plasmid ecology and antibiotic resistance dynamics (Coluzzi et al., 2025; Zwanzig et al., 2021). In fact, plasmids often recombine with other plasmids or genomic segments to create chimeric replicons carrying multiple resistance genes (Rodriguez-Beltran et al., 2022).	Comment by Siti Najihah Solehin: References?
Costs and Trade-offs to the Host
MGEs often impose fitness costs by diverting host resources toward their replication and expression. Early studies attributed plasmid-associated burdens primarily to metabolic and translational costs (Millan, 2017). Recent research suggests that gene-level conflicts between host and MGE components, rather than general resource depletion drive much of the observed fitness reduction (Rodríguez-Beltrán et al., 2022). Such conflicts can lead to less adaptive phenotypes or heightened susceptibility to environmental stressors. The integration of MGEs into host genomes increases the risk of genome instability. Transposable elements (TEs) may disrupt essential genes or regulatory networks, particularly in streamlined genomes with minimal redundancy (Dijk et al., 2021). Hosts often evolve genome defense mechanisms, such as restriction-modification systems or CRISPR-Cas complexes, to mitigate these effects. However, these defenses can themselves be costly, as they limit beneficial gene acquisition. Evidence of a negative correlation between CRISPR-Cas presence and antibiotic resistance genes suggests that bacteria may sacrifice immunity to gain adaptive traits (Shehreen et al., 2019).
Even when MGEs confer adaptive traits, their maintenance can reduce growth rates and competitive fitness in the absence of selection. For example, prophages that provide superinfection immunity or toxin-mediated defense can impose chronic infection costs (Jaubert et al., 2013; Parratt et al., 2016). Similarly, MGEs can sensitize hosts to toxins secreted by competitors, as observed in Pseudomonas syringae plasmid interactions (Smith et al., 2021). These dynamics underscore the complex balance between short-term costs and long-term evolutionary benefits. At the population level, MGE-mediated transfer can have ecological consequences. Lytic cycles associated with phage transduction lead to cell death, reducing population density. GTAs, which rely on the lysis of donor subpopulations, create public goods problems: non-producing cells benefit from recombination without paying the cost of lysis. Theoretical models indicate that GTA persistence requires structured populations or frequency-dependent selection where benefits outweigh lytic losses (Vos et al., 2024). Bacteria frequently evolve compensatory mutations that offset the costs of MGE carriage. Knöppel et al. (2016) and Rebelo et al. (2023) demonstrated that compensatory evolution can stabilize plasmid–host relationships by mitigating replication and expression costs. Interestingly, compensated hosts may deploy costly MGEs as “weapons,” transferring them to competitors that have not evolved similar adaptations, thereby reducing rivals’ fitness. This “infectious weaponization” of MGEs illustrates how host–MGE conflicts can evolve into cooperative or antagonistic equilibria depending on ecological context. Gama et al. (2020) presents a methodology for formally investigating the implications of such plasmid "co-infection." One noteworthy aspect of the models is the appearance of frequency-dependent selection, which can be either positive or negative based on the plasmids' epistasis. Rare plasmids spread when plasmids lower each other's costs because the co-infected condition is favored; when plasmids increase each other's costs, dominant plasmids inhibit rare plasmids. The fact that the presence of other plasmids in a community can dramatically affect plasmid fate underlines the importance of considering the effects of a plasmid in the context of other MGEs.	Comment by Siti Najihah Solehin: References?
6.0. Evolutionary Dynamics and Evolvability of SGEs 
The percentage of mobile DNA in bacteria varies between 0 and 21% (Ross et al., 2024). Research indicates that a mix of self-serving traits that encourage the uptake and retention of TE in bacterial genomes as well as (in certain situations) are advantageous on the bacterial hosts can sustain mobile elements in bacteria. The tendency of big plasmids to become stationary and carry out crucial bacterial tasks suggests that they have evolved towards mutualism. DNA methylation, RNA interference, short RNA regulatory pathways, and R-M systems are examples of significant eukaryotic genome characteristics that have developed, at least in part, as defence mechanisms against SGEs (Wang et al., 2024). SGEs are thought to play a major role in eukaryotic development and speciation, as well as potentially in species extinction as evidenced by studies. Evolutionary changes resulting from genome domestication of SGEs include the acquisition of novel genes and gene control from selfish plasmids, heritable microorganisms (like Wolbachia), and TEs (Bertels et al., 2017; Eugénio et al., 2023; Skipper et al., 2013). SGEs are significant drivers of evolutionary change and innovation, according to rapidly mounting evidence from genetics and genomics research (Chen et al., 2025). Selfish genetic components have been identified in the majority of organismal groups, and they exhibit a striking patterns and difference in the ways that they facilitate their own transmission. They are now understood to impact a broad range of biological processes, from genome size and architecture to speciation, despite being long disregarded as genetic oddities with no bearing on evolution (Agren et al., 2018). Though selfish genetic elements show a remarkable diversity in the way they promote their own transmission, some generalizations about their biology can be made. In a classic 2001 review, Gregory D.D. Hurst and John H. Werren proposed two 'rules' of selfish genetic elements. Compared to outcrossing sexual genomes, highly self-fertilizing or asexual genomes should encounter less conflict between selfish genetic components and the remainder of the host genome. This is due to a number of factors. First, selfish genetic elements are introduced into new genetic lineages through sex and outcrossing. Any selfish genetic element, on the other hand, is effectively trapped in a highly selfing or asexual lineage, which should increase individual variation in fitness. Since a lineage devoid of selfish genetic elements should outcompete a lineage with the selfish genetic element, the additional variety should lead to stronger purifying selection in selfers and asexuals. Second, the chance for competition between homologous alleles is eliminated due to the greater homozygosity in selfers. Third, theoretical research has demonstrated that in some, albeit limited, instances, selection for lower transposition rates may result from the increased linkage disequilibrium in selfing genomes as opposed to outcrossing genomes.	Comment by Siti Najihah Solehin: References?
Horizontal gene transfer (HGT) is arguably the most conspicuous feature of bacterial evolution. This process enables microorganisms to obtain new genes which can hasten evolution and be advantageous for survival (Arnold et al., 2022). However, not all transfer events may be biologically significant and may instead represent the outcome of an incessant evolutionary process that only occasionally has a beneficial purpose. When adaptive transfers occur, HGT and positive selection may result in specific, detectable signatures in genomes, such as gene-specific sweeps or increased transfer rates for genes that are ecologically relevant (Zhaxybayeva and Nesbø, et al., 2025). Example is the spread of antibiotic resistance genes. These genes will proliferate by natural selection since they include virulence determinants. This process occurs in many bacterial lineages, resulting in diverse populations of a variety of strains. The Staphylococcus aureus strain, resulting in methicillin-resistant strain CC398 bacteria proliferate is a major nosocomial infection in an example (Turner et al., 2019). Next, Duplication and deletion of genes result in streamlined genomes or new roles. In microorganisms, this process is highly dynamic, with numerous events taking place in a brief amount of time (Luiselli et al., 2024). Duplications are often attributed to “unequal recombination” between separated, directly repeated sequence elements (>100 bp), events that leave a recombinant element at the duplication junction (Reams et al., 2012). In bacterial chromosome, duplications form at high rates (10−3–10−5/cell/division) even without recombination (RecA). From an evolutionary perspective in unselected populations, the frequency of duplications and higher amplifications rapidly approach a steady state due to a balance between their high formation rate and their frequent loss and fitness cost (Andersson et al., 2015). Following prolonged growth under selection for increased gene copy number, amplifications (more than two copies) whose structure differs from the duplication types that predominate in unselected cultures are recovered (Kugelberg et al., 2016). With no selective advantage in keeping the duplicated gene, it is usually reduced to a pseudogene and disappears from the genome; however, some paralogs are retained. These gene products are likely to be beneficial to the organism, e.g. in adaptation to new environmental conditions. In Escherichia coli K-12 as many as 30% of the proteins has at least one paralogous sequence in the genome (Watson et al., 2022). Expansion of genetic material represents an increased cost for most organisms. The ability to adapt is crucial to the survival of the organism, and the duplicated genes may facilitate the handling of changed environmental conditions (e.g. nutritional scarcity or thermal stress). An example of this process is seen in the hyper halophilic bacterium Salinibacter ruber (Siglioccolo et al., 2011). Lastly, Evolvability is the capacity of a population to generate heritable variation that can be acted upon by natural selection. This ability influences the adaptations and fitness of individual organisms (Bukkuri et al., 2023). The evolution of new lineages has the potential to alter the structure, composition, and function of the community in which those lineages arise. Microbial communities provide an ideal means to investigate diversification. By viewing this capacity as a trait, evolvability is subject to natural selection and thus plays a critical role in eco‐evolutionary dynamics (Pelletier et al., 2009). Understanding this role provides insight into how bacterial species respond to changes in their environment and how species coexistence can arise and be maintained (Hiltunen et al., 2017).  An example reported by Shoemaker et al., 2024 in E.coli Ara–2 in rediversification in a nascent microbial community. The single S clone after initial ecological diversification (∼6,500 generations) when  subjected to further evolution rediversifies  in 2 out of 12 replicate populations (60 generations). These novel lineages descended from S, referred to as SB, produced heritable large colonies that resembled the L lineage. 
The capacity of RM systems to act as selfish, mobile genetic elements may underlie the structure and function of RM enzymes (Steven et al., 2020). This mechanism provides an example to study speciation in bacteria. Restriction–modification (RM) systems are composed of genes that encode a restriction enzyme and a modification methylase. RM complexes attack invading DNA that has not been properly modified and thus may serve as a tool of defense for bacterial cells (Vasu et al., 2013). This post-segregational or post-disturbance cell killing may provide the RM complexes (and any DNA linked with them) with a competitive advantage. There is evidence that they have undergone extensive horizontal transfer between genomes, as inferred from their sequence homology, codon usage bias and GC content difference (Kobayashi et al., 2001). They are often linked with mobile genetic elements such as plasmids, viruses, transposons and integrons. The comparison of closely related bacterial genomes also suggests that, at times, RM genes themselves behave as mobile elements and cause genome rearrangements (Oliveira et al., 2014). The avoidance of some restriction sites by bacterial genomes may result from selection by past restriction attacks. Several competition mechanisms in the RM such as recognition sequences in post-segregational killing, super-infection exclusion are drivers of speciation. 
7.0. Discussion	Comment by Siti Najihah Solehin: Consider changing the subheading “Discussion” to a more suitable one that reflects the content better. 
An evolutionary “arms race” occurs among different components of the genome over basic biological processes. Genetic conflict within the genome will then result, because enhanced transmission of an SGE decreases transmission of other genetic elements. It is clear that MGEs can be both powerful and elusive. Current evidence strongly supports the view that SGEs are maintained by their transmission-enhancing phenotypes and that evolutionary innovations emerging from them are a consequence of their existence rather than the cause (Janis et al., 2017). Unlike the microbes that carry them, it is difficult to meaningfully visualize an MGE, since in most cases; MGEs are essentially strands of DNA, nested within genomes. But as the principal cause of horizontal gene transfer (HGT)—a major mode of microbial evolution in which individual microbes get genetic information from sources other than their parents. MGEs have a huge impact on adaptation and genome structure (Touchon et al., 2014). Though we have known about MGEs for a long time it is only in recent years, with the explosion of relatively inexpensive sequencing, that we have begun to understand their unique contribution to microbial evolution. Many MGEs indeed replicate along with their host cells, and can provide benefits that improve host fitness (Chevallereau et al., 2022). But MGEs also have an alternative route to success, because the DNA moved by MGEs often encodes the MGE itself, providing an alternative opportunity for MGE replication that is not necessarily shared with other genes in a cell. As a consequence, these autonomous MGEs experience selection occurring at multiple levels. The resulting pressures may not align with those acting on other regions of the genome, and can instead favour adaptations that can generate intragenomic conflicts (Crespi et al., 2013). Viewing MGEs as more than simply extensions of their host microbes, as adapting, fitness-maximizing agents in their own right, enables us to draw on a wider range of conceptual frameworks for understanding their behaviour. MGEs, with their own interests and adaptive trajectories transcending those of their hosts, might well be considered to have ‘lives’, hidden within the genomic habitat of their host cells. This perspective—viewing MGEs as evolving, self-interested, semi-autonomous actors in their own right—challenges the implicit coherence of the microbial individual, instead revealing genomes to be a contested space of competition and collaboration (Dimitriu, 2014). The obvious question is- What the implications are for understanding MGEs, horizontal gene transfer and microbial evolution? Ghaly et al. (2021) provide three complementary viewpoints for understanding and controlling MGEs in the context of antimicrobial resistance. MGEs can be conceptualized as biological individuals, as pollutants, and as invasive species, with each of these presentations inviting distinct interventions. For example, by viewing MGEs as biological individuals, attempts could be made to target MGE replication specifically through use of conjugation inhibitors or CRISPR, reducing the collateral damage to their host cells. As pollutants, MGEs could be targeted by adapting methods of waste water treatment. And as invasive species, we might use tactics used in larger-organism ecology to make communities more stable against invasion. Though focused on controlling the spread of resistance, strategies drawing on such alternative perspectives are more widely applicable, for example, because influencing and controlling MGE activity could facilitate bioaugmentation of microbiomes through introduction of beneficial traits.	Comment by Siti Najihah Solehin: References?
Applications of conflicts includes: a. directed CRISPR-Cas editing systems specific genes, cane be targeted and effective antimicrobials can be developed (Mayorga-Ramos et al., 2023). b. CRISPR target and cleavage of antibiotic resistance genes, which enables turning of multidrug-resistant bacteria susceptible to conventional antibiotics (Javed et al., 2023). c. Custom guided RNAs can be designed to target essential, unique genes in pathogenic bacteria, leaving beneficial commensal bacteria unharmed (Dersch et al., 2017). d. Engineered bacteriophages can deliver toxin genes into pathogenic bacteria, leading to self-destruct (Kakkar et al., 2024). Several Genetic engineering tools could be developed such as the TA systems of cloning vectors to increase the efficiency of selecting recombinant bacteria (Motohashi, 2019). TA systems can ensure their stable maintenance within the host cell without the need for constant antibiotic selection. Industrial applications include toxin genes can be used as counter selectable markers in gene deletion or other chromosomal manipulations. In the area of biomedical applications The E. coli toxin and recombinant adenoviral vectors are demonstrated to target tomour cells growth (Trivedi et al., 2023).
We live in a microbial world pervaded by tiny lives which continue to shape our understanding of health, disease and ecosystem function. Understanding MGEs on their own terms, and uncovering their ‘secret lives’ in the process, will ultimately spur new ways of studying, influencing, and comprehending microbiomes. Also, find applications in basic sciences, industry and medicine.
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Tables and figures:
Table 1: A brief of various MGE classes and their source organism
	MGE
	SPECIES
	REFERENCES

	MITE

	MITE- like
	Acinetobacter johnsonii
	Gillings et al., 2009

	
	Acinetobacter baumannii
	Domingues et al., 2011

	
	Acinetobacter bereziniae
	Domingues et al., 2012

	IMU
	Enterobacter cloacae
	Poirel et al., 2009

	IS

	IS6 family
	Escherichia coli
	Zienkiewicz et al., 2007

	
	Salmonella enterica serovar Newport
	Doublet et al., 2009

	
	Salmonella enterica serovar Typhimurium
	Miriagou et al., 2005

	ISCR1
	Aeromonas punctata
	Xia et al., 2010

	
	Citrobacter freundii
	Ferreira et al., 2010

	
	Klebsiella pneumoniae
	Quiroga et al., 2007

	
	Enterobacter cloacae
	Quiroga et al., 2007

	ISEcp1
	Klebsiella pneumoniae
	Navon-Venezia et al., 2008

	
	Escherichia coli
	Navon-Venezia et al., 2008

	
	Enterobacter cloacae
	Navon-Venezia et al., 2008

	
	Proteus mirabilis
	Navon-Venezia et al., 2008

	MTn

	Tn21-like 
	Aeromonas salmonicida subsp. salmonicida
	Reith et al., 2008

	
	Escherichia coli
	Nógrády et al., 2006

	
	Salmonella enterica serovar Brandenburg
	Martínez et al., 2007

	
	Klebsiella oxytoca
	 Tato et al., 2010

	Tn5045
	Pseudomonas aeruginosa
	Petrova et al., 2011

	Tn6001
	Pseudomonas aeruginosa
	Tseng et al., 2007

	ICE

	SXT 
	Vibrio cholerae
	Hochhut et al., 2001

	GI

	n.n.
	Pseudomonas aeruginosa
	Roy Chowdhury et al., 2009

	n.n.
	Shigella flexneri
	Rajakumar et al., 1997

	AbaR
	Acinetobacter baumannii
	Post et al., 2009

	SGI
	Salmonella enterica serovar Haifa & Newport
	Doublet et al., 2009

	
	Proteus mirabilis
	Ahmed et al., 2007

	Plasmid

	n.i.
	Enterococcus faecalis
	Clark et al., 1999

	n.i.
	Salmonella enterica serovar Typhimurium
	Antunes et al., 2004

	n.i.
	Acinetobacter baumannii
	Liu et al., 2006

	n.i.
	Aeromononas sp.
	Moura et al., 2007

	n.i.
	Escherichia coli
	Moura et al., 2007

	n.i.
	Enterobacter cloacae
	Tato et al., 2010

	n.i.
	Klebsiella oxytoca
	Tato et al., 2010

	n.i.
	Pseudomonas aeruginosa
	Tato et al., 2010

	IncHI2
	Enterobacter cloacae
	Tato et al., 2010

	IncI1
	Klebsiella pneumoniae
	Tato et al., 2010

	
	Escherichia coli
	Tato et al., 2010

	CGP3
	Corynebacterium glutamicum
	Nanda et al., 2013

	pp1, pp4, pp6
	Enterococcus faecalis
	Matos et al., 2013

	phiHP33
	Helicobacter pylori
	Alves de Matos et al., 2013
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Figure-1: Major routes of bacteria HGT. Mayo-Muiloz et al., 2023




image2.JPG
recurring infection

-
9
~ adaptation Q
g —— 009
/’ expression and.
\limcessing
, crRNAs

ﬁ®/—®

A\

methyl-
transferase

restriction
endonuclease

CRISPR array

2
PAgO '
G-

Figure-2: Bacterial defense mechanisms against MGE Mayo-Muiloz et al., 2023
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Figure-3: Overview of the effects of MGEs on the phenotypes of their host cells.
Lang et al., 2025
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Figure-4:Interaction and evolutionary relationship among MGEs. Lang et al., 2025




