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Abstract
[bookmark: _Hlk213076893]Historically viewed as "junk DNA," retrotransposons are now recognized as powerful, dynamic agents of genome evolution and a burgeoning frontier in the field of fruit crop breeding. These Class I mobile genetic elements utilize a "copy-and-paste" mechanism, which allows them to amplify and create novel polymorphisms that can alter gene function and regulation. This review article synthesizes the latest research to provide a comprehensive overview of the current and potential applications of retrotransposons in fruit crop improvement. We highlight their profound impact as drivers of natural variation, examining specific examples of retrotransposon-induced mutations that control agronomically important traits such as fruit ripening in guava, flesh coloration in Japanese plum, and the compact spur growth habit in apples. Furthermore, we discuss how their unique insertional polymorphisms have been leveraged as a new generation of molecular markers for genetic diversity analysis, cultivar fingerprinting, and marker-assisted selection, as demonstrated in grapes and avocado. By integrating insights into their mutagenic, regulatory, and epigenetic roles, this review underscores the immense value of retrotransposons as tools for accelerating the development of new, resilient fruit varieties with enhanced quality to address the challenges of modern agriculture.
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Introduction 
[bookmark: _Hlk213076952]The application of mobile genetic elements, such as retrotransposons, represents a burgeoning frontier in the field of plant breeding and genomics. Historically viewed as "junk DNA" or parasitic components of the genome, retrotransposons are now recognized as powerful drivers of genetic diversity, speciation, and genome evolution(Papolu et al., 2022). These Class I transposable elements utilize a "copy-and-paste" mechanism, transposing via an RNA intermediate, which allows them to amplify their copy number and insert new sequences into the host genome without excising the original element. This replicative transposition creates novel polymorphisms and can alter gene function, regulation, and expression, often in response to environmental stresses(Wikipedia, 2025).
For perennial fruit crops, which are characterized by long generation times and high heterozygosity, traditional breeding methods are often slow and challenging. The unique characteristics of retrotransposons offer a powerful and dynamic solution to these limitations. The ability of these elements to create genetic variation and their widespread, polymorphic distribution throughout plant genomes make them an ideal source for developing molecular markers (Alzohairy et al., 2014). Retrotransposon-based markers, such as Inter-Retrotransposon Amplified Polymorphism (IRAP) and Sequence-Specific Amplification Polymorphisms (SSAP), have demonstrated their utility in assessing genetic diversity, fingerprinting cultivars, and establishing phylogenetic relationships in various plant species, including fruit crops (Chatti et al., 2022; Du et al., 2018).
Furthermore, the insertion of retrotransposons can directly influence the expression of genes associated with agronomically important traits. A notable example is the retrotransposon-induced pigmentation in blood oranges, where a retroelement insertion adjacent to a gene for anthocyanin production controls the fruit’s colour in a cold-dependent manner (Wang et al., 2025). This review article aims to provide a comprehensive overview of the current and potential applications of retrotransposons in the breeding and improvement of fruit crops. We will explore how these dynamic genomic elements can be leveraged as a source of novel genetic variation, a tool for molecular breeding, and a key to understanding the genetic architecture of complex fruit traits.

[bookmark: _Hlk213076999]Retrotransposons
[bookmark: _Hlk213077035]Retrotransposons in plants are motile genetic elements that contribute to genetic variation and evolution. Retrotransposons are a class of mobile genetic elements (Class I) that amplify within eukaryotic genomes by reverse transcribing their RNA into DNA, a process that leaves the original donor site unchanged. They replicate and create multiple copies, significantly impacting plant genome structure and development, especially under environmental stress conditions when they become activated (Kumar et al., 2025). Retrotransposons are categorized into two main types: LTR retrotransposons, which are characterized by long terminal repeats and a reverse transcription process that occurs in the cytoplasm, and non-LTR retrotransposons, which lack LTRs and use a target-primed reverse transcription mechanism (Pandita & Pandita, 2025). 
Retrotransposons are a dominant force in shaping plant genomes, acting as powerful drivers of genetic change and evolution. Retrotransposons in plants are genetic elements that reverse-transcribe from RNA and significantly contribute to genome evolution, gene expression, and adaptation. They often comprise over 50% of nuclear DNA, exhibiting diverse populations and unique chromosomal dispersion patterns (Ijaz et al., 2025). This activity is highly dynamic; while their movement is typically tightly controlled, it can be activated by various biotic and abiotic stresses such as pathogen infections, drought, heat, and cold, suggesting a key role in adaptive response (Papolu et al., 2022). Through their insertion, they act as mutagens by disrupting or altering genes and can cause large-scale genome rearrangements (Qi et al., 2021). Furthermore, they are integral to genome organization and function, with some elements specifically residing in and helping to define crucial regions. By landing near existing genes, retrotransposons provide novel regulatory sequences, thereby profoundly influencing gene expression at both the transcriptional and post-transcriptional levels and creating new regulatory networks (Gul, 2025).

[bookmark: _Hlk213077062]Applications of retrotransposons in breeding
Insertional Mutagenesis: Creating New Alleles and Novel Traits
Insertional mutagenesis is a fundamental mechanism by which retrotransposons contribute to breeding. When a retrotransposon mobilizes and inserts itself into a new location within the genome, it can land directly within a gene's coding sequence. This physical interruption acts as a mutation, often disrupting the gene's function and creating a new allele (Wang & Kunze, 2015). For breeders, this random insertion is a valuable source of novel genetic variation. Instead of relying solely on slow, natural genetic recombination or expensive and technically complex genetic engineering, breeders can screen populations for these spontaneous mutations. A practical example of this is selecting for a retrotransposon-induced mutation that delays fruit softening. Retrotransposons can repress or alter the expression of fruit softening genes, such as pectate lyase, leading to firmer fruit (Su et al., 2024).
Table 1 : Role of retrotransposons
	[bookmark: _Hlk213077290]Fruit 
	Role of retrotransposons 
	Reference 

	Peach

	A new yellow-fleshed variant in peach was discovered to be caused by an LTR transposon insertion in the PfCCD4 gene in Prunus ferganensis. This insertion, which is more ancient than previously reported mutations, provides a new resource for breeding yellow-fleshed peaches.
	(Fan et al., 2023)

	Grapes 
	The altered berry coloration in the ‘Brasil’ and ‘Black Star’ cultivars was not caused by new mutations in the Gret1 retrotransposon and VvmybA1 gene. Instead, the mutations that initially occurred to generate the ‘Benitaka’ cultivar were shown to have persisted through the subsequent somatic mutations that led to the ‘Brasil’ and ‘Black Star’ cultivars.
	(Strioto et al., 2022)

	Apple 
	The delayed fruit maturation in the 'Autumn Gala' apple, a somatic mutation of the 'Gala' cultivar, was found to be caused by a 2.8-Mb genomic deletion on chromosome 6. This deletion resulted in the total loss of the MdACT7 gene, which was replaced by a retrotransposon from another chromosome, and this genetic change is considered largely responsible for the delayed ripening phenotype.
	(Ban et al., 2022)

	Apple 
	2190-bp LTR retrotransposon insertion within an existing retrotransposon on chromosome 4 is a promoter that can be associated with the spur mutation. This discovery provides a molecular marker for apple breeding and a new avenue for understanding the genetic basis of dwarfism in fruit crops
	(Han et al., 2017)



[bookmark: _Hlk214918195][bookmark: _Hlk213077111]Altering Gene Regulation: Modifying Gene Expression for Better Performance
Often, the most impactful insertions do not disrupt the gene itself but land in nearby regulatory regions. Retrotransposons carry their own powerful promoters and enhances genetic sequences that act like "on switches" for genes. When a retrotransposon inserts upstream of a gene, it can take control of that gene's expression. This can lead to the gene being turned on in tissues where it is normally silent, being expressed at a much higher level, or being activated in response to new signals (Hayashi & Yoshida, 2009). This allows breeders to modify the expression of existing genes for better performance without changing the fundamental function of the protein itself. For instance, an insertion that boosts the expression of a gene for disease resistance could be tremendously valuable. gypsy-like retrotransposons are present and transcriptionally active in citrus genomes, with some showing high homology to retroelements in other species. The study also demonstrated that IRAPs based on these retrotransposons can serve as a new set of molecular markers to study genetic variability and map genes related to disease resistance (Bernet & Asins, 2003).A retrotransposon insertion that amplifies this gene's expression could confer a much more robust and durable resistance to a pathogen.
Table 2 : Altering Gene Regulation: Modifying Gene Expression for Better Performance
	[bookmark: _Hlk213077400]Fruit 
	Role of retrotransposons 
	Reference 

	Citrus 
	A pivotal role in the loss of self-incompatibility (SI) in citrus was found to be played by a 786-bp miniature inverted-repeat transposable element (MITE) insertion in the promoter of the FhiS2-RNase gene. It was demonstrated that this MITE insertion prevents gene expression, and through transgenic experiments, the expression of FhiS2-RNase and SI were restored when the MITE was deleted
	(Hu et al., 2024)

	Guava 
	The non-climacteric ripening behaviour of the 'Jen-Ju Bar' guava is caused by a Copia LTR retrotransposon insertion that silences the PgACS1 gene, which is responsible for ethylene production.
	(Sulistio et al., 2022)

	Japanese plum 
	A newly identified LTR retrotransposon in the promoter of the PsMYB10.2 gene is responsible for red flesh colour in Japanese plums and can be used as a molecular marker for breeding.
	(Fiol et al., 2022)

	Strawberry
	Using a comprehensive genomic search, this study developed reliable retrotransposon-based markers from the CL3 family to distinguish among strawberry cultivars, demonstrating their effectiveness for DNA fingerprinting in both fresh and processed foods.
	(Hirata et al., 2020)

	Muskmelon 
	A high-quality melon genome assembly identified over 400 retrotransposon Gag-like sequences, with many showing a strong correlation to fruit ripening-inducible gene expression, suggesting that retrotransposons played a significant role in shaping the natural variation of melon fruit ripening.
	(Yano et al., 2020)

	Apple 
	A new high-quality apple genome assembly revealed that an LTR retrotransposon insertion upstream of the MdMYB1 gene is associated with the red-skinned phenotype, providing a fundamental tool for deciphering agriculturally important traits.
	(Zhang et al., 2019)



[bookmark: _Hlk214918292][bookmark: _Hlk213077166]Epigenetic Response: Generating Stress-Induced Variation for Selection
A particularly clever application involves harnessing the epigenetic control of retrotransposons. To protect genome integrity, an organism typically silences its retrotransposons through epigenetic marks like DNA methylation (Defraia & Slotkin, 2014). However, under environmental stresses such as extreme heat, drought, or pathogen attack, this silencing can be temporarily lifted, leading to a burst of retrotransposon activity (Gul, 2025). Breeders can intentionally exploit this phenomenon. By subjecting breeding lines to controlled stress, they can trigger the mobilization of retrotransposons, effectively using the stress to induce a wave of new genetic variation (Thieme et al., 2017). The subsequent generation of plants can then be screened for individuals that not only survive the stress but also possess new, beneficial traits that arose from the insertions. This method allows breeders to rapidly generate and identify adaptive traits that might take generations to emerge naturally, accelerating the development of climate-resilient crops.
Table 3 : Epigenetic Response: Generating Stress-Induced Variation for Selection
	[bookmark: _Hlk213077467]Fruit 
	Role of retrotransposons 
	Reference 

	Citrus 
	A mechanism for how low temperature mediates anthocyanin biosynthesis in blood orange was characterized, in which two cold-induced transcription factors, CsERF054 and CsERF061, were found to activate the CsRuby1 gene. This activation is achieved by direct binding to a cis-element located within a retrotransposon in the gene's promoter, with CsERF061 also participating in a co-activating protein complex.
	(Wang et al., 2024)

	Grapes 
	The black skin and red flesh colour of the 'Brazil' grape, a bud sport of the rosy-skinned 'Benitaka,' was found to be caused by a significant decrease in DNA methylation in a retrotransposon's 3' LTR in the upstream region of the VvMYBA1BEN allele. This methylation change was shown to increase the expression of the VvMYBA1 gene, leading to higher anthocyanin accumulation.
	(Azuma & Kobayashi, 2022)

	Pistachio
	A novel functional marker system, based on salt-responsive miRNA sequences, was developed to link salt tolerance phenotype to genotype in pistachio. The sequencing of selected marker bands revealed the presence of Gypsy and Copia retrotransposons, suggesting a crucial role for retrotransposon-derived miRNAs as mobile epigenetic regulators in creating new, stress-tolerant phenotypes.
	(Jannesar et al., 2021)

	Pitaya
	LTR retrotransposons, specifically from the Ty1-copia and Ty3-gypsy families, are transcriptionally activated in pitaya in response to abiotic stresses, and their expression is associated with the frequent somaclonal variations observed in these plants
	(Nie et al., 2019)

	Pear 
	A genome-wide analysis of Oriental and Occidental pears identified thousands of LTR retrotransposons that are randomly distributed across the chromosomes and have experienced varied amplification timelines, with Copia-like elements being particularly active in the last half-million years. The findings provide insight into the role of transposable elements in the evolution of pear genomes.
	(Yin et al., 2015)




[bookmark: _Hlk213077198]Molecular Markers: Gene Tracking and Marker-Assisted Selection
Beyond creating variation, the unique structural properties of retrotransposons make them exceptional tools for genetic analysis. Once a retrotransposon inserts into a specific location in the genome, that insertion is stable and is inherited faithfully like any other genetic landmark (Arvas et al., 2023). This stability allows scientists to develop precise molecular marker systems. Techniques like SSAP, IRAP, and REMAP use PCR to detect the presence or absence of a retrotransposon at a particular genomic site (Arvas et al., 2023). For breeders, this is invaluable for gene tracking, fingerprinting, and marker-assisted selection (MAS) (Kalendar et al., 2017). The practical utility is immense, using a retrotransposon-based marker to quickly screen thousands of seedlings. For example, if a desirable disease resistance trait is known to be linked to a specific retrotransposon insertion, breeders can extract a tiny amount of DNA from a seedling and use PCR to check for the marker. This allows them to identify which seedlings carry the desired gene long before the plants mature and express the trait, saving enormous time, space, and resources by focusing efforts only on the most promising individuals(Kalendar & Schulman, 2006).
Table 4 : Molecular Markers: Gene Tracking and Marker-Assisted Selection

	[bookmark: _Hlk213077496]Fruit 
	Role of retrotransposons 
	Reference 

	Avocado 
	Inter-Primer Binding Site (iPBS) and Inter-Retrotransposon Amplified Polymorphism (IRAP) techniques, which utilize LTR retrotransposons, were successfully applied to avocadofor the first time to create reproducible genetic fingerprints and identify potential molecular markers for distinguishing between different cultivars and horticultural races, particularly the salt-tolerant West Indian race.
	(Carracedo et al., 2022)

	Grapes 
	A novel marker set, effective for differentiating Vitis species, grapevine varieties, and even clones, was developed by combining the presence or absence of a specific retrotransposon (Tvv1-Δ3460) with microsatellite polymorphism within its LTRs
	(Pelsy et al., 2021)

	
	Genetic diversity and relationships among 75 cultivated and wild grape genotypes were studied using retrotransposon-microsatellite amplified polymorphism (REMAP), which produced 328 polymorphic markers. The genotypes were classified into six distinct groups, and a close relationship was observed between some wild and cultivated varieties, suggesting wild genotypes may be the ancestors of native grapevines.
	(Razi et al., 2020)

	Apple 
	Retrotransposon-based S-SAP markers, derived from the TRIM2 and dem1 families, were successfully used to study the genetic diversity of the Malus genus, providing new insights into the phylogenetic relationships and taxonomic status of several apple landraces
	(Savelyeva et al., 2017)

	Chokecherry
	A total of 1246 LTR retrotransposons were identified, and 338 polymerase chain reaction primer pairs were designed. Of those, 336 were used to amplify DNA from chokecherry and other rosaceous species.
	(Liang et al., 2016)



[bookmark: _Hlk213077225]Conclusion and future perspective
In conclusion, the view of retrotransposons in fruit crops has fundamentally shifted from "junk DNA" to recognizing them as dynamic drivers of genome evolution and valuable tools for breeding. This review has shown their impact on crucial traits, such as delayed fruit ripening in guava and red flesh colour in Japanese plums. Their unique properties have also enabled the development of highly effective molecular markers for cultivar fingerprinting and marker-assisted selection, as demonstrated in grape and apple breeding programs.
Looking forward, the future of retrotransposon research in fruit crops is promising. A key next step is to create a comprehensive catalog of active retrotransposons in various fruit species, which would help predict and harness their movements to create novel traits. Researchers should also investigate the precise molecular triggers that activate these elements under stress, allowing for the controlled induction of genetic variation to breed for climate resilience. The potential for retrotransposons to act as mobile epigenetic regulators, as seen in pistachio, represents a new frontier for research. The continued integration of retrotransposon research into modern breeding programs will be crucial for developing more resilient, high-quality fruit varieties to address the challenges of global agriculture.
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