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Omics approach for the identification and validation of genes, proteins and regulators in relevance to fruit development, ripening and shelf life: current status and future prospectives

ABSTRACT
During the maturation phase, fruits undergo a series of developmental processes accompanied by various physiological and molecular changes, that ultimately results in ripening. Given the importance of fruit as a major dietary component, extensive research has focused on understanding the mechanisms underlying fruit development and ripening. Transcriptomics is used for profiling gene expression, identifying key processes, uncovering regulatory networks and pinpointing genes for traits. Proteomics identify protein complements in the cell, some of the proteins may have key role in improving shelf-life of fruits, enhancement of nutritional traits, and breeding new varieties. Gas chromatography mass spectrometry (GC-MS) and liquid chromatography-mass spectrometry (LC-MS) are most common tools for identifying and qualifying metabolites. Metabolomics helps to understand the role of hormones like ethylene and abscisic acid (ABA) in regulating ripening process, by revealing metabolic networks.  Thus, the basic understanding on the functional role of genes /proteins such as metabolic pathways such as hormonal regulation and molecular insights behind the ripening process is necessary for improvement of fruit crops, for quality, productivity and preservation. This review explores various functional genomics-based strategies such as RNA interference (RNAi), genome editing (CRISPR/Cas9), yeast two-hybrid assays, and protoplast transformation to illustrate the functional role of individual genes, proteins and sRNAs, in hormone biosynthesis and regulation, transcription factors, and epigenetic mechanisms that tightly regulate the fruit development, ripening and shelf life. In addition, this review provides current understanding of the functional genomics on fruit development, ripening, shelf life, thereby reducing the post-harvest associated losses of fruit crops.  
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1. INTRODUCTION
Fruit development is a coordinated biological process that unfolds in three major stages: fruit set, growth (cell division and expansion), and ripening. Among these stages, ripening is the terminal phase of fruit development that involves a series of physiological, molecular, and biochemical changes, such as softening, cell wall remodelling, and alternations in color, flavor, and aroma, which gives the fruit the desirable traits it needs to become edible (Li et al., 2022). A profusion of genetic and epigenetic factors governs this irreversible process, which regulates several cellular pathways, including carbohydrate metabolism, chlorophyll breakdown, anthocyanin accumulation, ethylene production, and the biosynthesis of organic compounds and metabolites (Sirangelo et al., 2022).  Based on the physiological characteristics, fleshy fruits can be grouped into climacteric fruits such as apple (Malus domestica) (Tong et al., 2023), banana (Musa acuminate) (Liu et al. 2023), tomato (Solanum lycopersicum) (Kumar et al., 2014), and non-climacteric fruits including citrus (Citrus sinensis) (Bin et al., 2023), orange (Citrus sinensis) (Mi et al., 2022), grape (Vitis vinifera) (Sweetman, 2012), and strawberry (Fragaria ananassa)(Zhu et al., 2023). Climacteric fruits are characterized by the dramatic increase in respiration rate and ethylene production while non-climacteric fruits do not exhibit such events (Li et al., 2022). 
Ethylene is a key player hormone in climacteric fruit ripening and ABA is the primary participant in the case of non-climacteric fruit ripening (Kou et al., 2018; Wang et al., 2021). Ethylene initiates a cascade of biochemical changes responsible for fruit ripening (Park et al., 2021). In contrast, auxin promotes fruit ripening indirectly through its signaling pathway (Li et al., 2024). Studies have shown that auxin at low levels triggers ripening in tomato and grape berries (Bottcher et al., 2010; Fortes et al., 2015). Besides both of these, other hormones namely abscisic acid (ABA), brassinosteroids (BRs), gibberellins (GAs), melatonin (MT), and cytokinins (CKs) also participate in the ripening process (Ji et al., 2021; Kou et al., 2021) although their specific roles and underlying mechanisms are not yet fully elucidated. Therefore, it can be suggested that ripening is regulated by the coordinated action of multiple hormones rather than by a single hormone alone (Zhu et al., 2023). At the transcriptional level, various TFs take part in the biosynthesis of auxin and ethylene and regulate the ripening of fruits. In persimmon fruit, DkERF8/16/18 (Ethylene Responsive Factors) gene regulates fruit ripening by accelerating cell wall modification and ethylene biosynthesis (Jiahui et al., 2021). CpNAC3 (NAM, ATAF1/2, COC 1/2) is a transcription factor in papaya co-operatively regulated with CpMADS4 to influence the expression of genes namely CpERF9 and CpEIL5 (Ethylene Insensitive 3-Like). Both of these two genes are the key factor of ethylene signal transduction which is responsible for the ripening process in papaya (He et al., 2021).
However, genetic factors including small RNAs (sRNAs), and genes/ proteins also play essential roles in modulating the ripening processes in fruit (Wang et al., 2023). sRNAs have gained recognition as a promising substitute for traditional genetic transformation methods in plants. These molecules function by interfering with gene expression at the RNA level, either by promoting the breakdown of specific messenger RNAs (mRNAs) or by hindering transcription through gene silencing (Alhassan et al., 2024). This sRNA-based gene regulation technique has been commonly implicated in the induction of gene expression and plant gene interruption that could impact the crop developmental and ripening process such as crop shelf life, stress responses etc (Zaman et al., 2023; Alhassan et al., 2024).  Remarkable progress in modern plant biotechnology has significantly advanced our understanding of the molecular mechanisms underlying fruit ripening, due to the recent advances in sequencing platforms, enrichment of databases and efficiency in the data analysis using different software’s/programs (Wang et al., 2023; Zaman et al., 2023; Zhan et al., 2023).
Numerous genes and proteins associated with fruit physiology and biochemistry, have been identified through global omics-approaches such as proteomics, transcriptomics and metabolomics (Habibi et al., 2023). However, functional validation of these genes/proteins to assign a functional role is far from fruition. Recent studies have employed the tools such as RNA interference (RNAi) (Zhang et al., 2022), genome editing (Nie et al., 2024) and transient assays such as protoplast transformation (Wang et al., 2021) and yeast two-hybrid assays (Liu et al., 2025) for functional validation of the genes and proteins Such integration is essential to elucidate the functional significance of these genes and to unravel the complex hormonal, genetic, and metabolic networks that govern the ripening process (Surabhi et al., 2016; Li et al., 2021). 
Transcriptomic analyses have revealed dynamic expression patterns of ethylene biosynthetic genes such as ACS (1- aminocyclopropane-1- carboxylic acid synthase) and ACO (ACC oxidase) across climacteric and non-climacteric fruits (Luo et al., 2024). Proteomics has highlighted post-translational modifications influencing enzyme activities, while metabolomics has mapped the downstream effects of ethylene on volatile production, sugar metabolism, and texture modification (Song et al., 2022; Yun et al., 2022; Martínez-Rivas and Fernie, 2024). Together, these multi-omics insights provide a systems-level understanding of ethylene's functional roles and open new avenues for precise, crop-specific manipulation of ripening traits through biotechnological or breeding strategies.
The yeast two-hybrid (Y2H) system is a cost-effective, in vivo method for studying protein-protein interactions involved in various regulatory pathways (Qamar et al., 2020). This approach has been widely used to validate proteins linked with the fruit ripening process and to discover novel interacting proteins in several plant species, including papaya (Fu et al., 2017), banana (Wang et al., 2023), peach (Liu et al., 2025), strawberry (Hou et al., 2021), and apple (Zhen et al., 2025) Using this system in model plants, multiple members of the PYR/PYL/RCAR family in Arabidopsis thaliana were identified as interacting with ABI1 (Abelson interactor-1), a key negative regulator in the ABA signalling pathway. The complete genomic sequences of many plant species, including economically important fruit species and horticultural crops, are now available, enabling researchers to develop solutions that address consumer demands and the needs of a growing population. Now it is possible to identify the expression of a gene and its function through the advent of RNA-sequencing technology within a short period of time (Li et al., 2021). Through this approach, a wide range of ripening-associated genes influencing diverse physiological and biochemical traits in fruits have been identified (Shinozaki et al., 2018). 
Primary aim of this study is to synthesize recent advancements in understanding the complex regulatory networks of fruit ripening, with a specific focus on the roles of sRNAs, transcription factors, and regulatory proteins. It seeks to consolidate knowledge from functionally validated genes and proteins identified through integrated multi-omics approaches across various climacteric and non-climacteric fruit species. The ultimate goal is to deepen the comprehension of the coordinated hormonal, genetic, and epigenetic mechanisms that govern this vital process. For future prospective, this review lays the groundwork for significant research contributions by highlighting the potential of biotechnological tools like RNA interference, genome editing, and transient assays for the functional validation of the plethora of candidate genes identified by omics studies. Future research should focus on elucidating the specific roles and interactions of less-understood hormones and on exploiting the regulatory power of sRNAs and key transcription factors to precisely manipulate ripening pathways. This will open new avenues for developing innovative strategies to enhance fruit quality, tailor desirable traits, and significantly extend postharvest shelf life in a crop-specific manner, addressing global agricultural and consumer demands.
2. PHYSIOLOGICAL, BIOCHEMICAL AND MOLECULAR CHANGES DURING FRUIT RIPENING
2.1 Hormonal Regulation
Fruit ripening is a complex, and highly fruit-specific physiological process predominantly regulated by hormonal cues, with ethylene acting as the central regulator in climacteric fruits. In climacteric fruits such as banana (Musa spp.), a sharp increase in ethylene biosynthesis triggers a cascade of transcriptional changes responsible for starch degradation, cell wall softening, and aroma production (Pua and Davey, 2009). Similarly, in tomato (Solanum lycopersicum), ethylene orchestrates a well-characterized ripening program involving transcription factors such as RIN and NOR, influencing carotenoid biosynthesis and softening (Klee and Giovannoni, 2011). Earlier studies described that, mango (Mangifera indica) and papaya (Carica papaya) also exhibit climacteric ripening behaviour, where exogenous ethylene treatment significantly accelerated ripening by upregulating genes involved in aroma formation and cell wall metabolism (Lalel et al., 2003; Gapper et al., 2013). In apple (Malus domestica), ripening is tightly linked to autocatalytic ethylene production, with key roles for MdACS and MdACO gene families (Johnston et al., 2009).
In contrast, non-climacteric fruit such as grape (Vitis vinifera) exhibited ripening that is largely ethylene-independent and more reliant on abscisic acid (ABA), particularly in the induction of anthocyanin biosynthesis and sugar accumulation during veraison (Wheeler et al., 2009). Strawberry (Fragaria×ananassa) ripening is regulated primarily by ABA and auxin interactions, with ethylene playing a context-specific role (Jia et al., 2011). In citrus fruits, including orange (Citrus sinensis) and mandarin (Citrus reticulata), ripening is classified as non-climacteric, although ethylene is still involved in peel colour change and some ripening aspects, indicating a semi-ethylene-sensitive process (Katz et al., 2004). Watermelon (Citrullus lanatus) also demonstrates an ethylene-independent ripening mechanism, relying more on ABA and sugar signalling pathways (Yano and Ezura, 2016). This diverse hormonal control across fruit types highlights the evolutionary divergence of ripening regulation mechanisms.
Emphasizing the critical role of auxin-ethylene crosstalk, where a decline in auxin levels in the pericarp tissue acts as a permissive signal for the system-2 autocatalytic ethylene burst (Wang et al., 2024). Conversely, in non-climacteric fruits such as strawberry and grape, abscisic acid (ABA) is confirmed as the primary ripening hormone, which regulates sugar accumulation, colour change, and softening by interacting with sucrose and phenylpropanoid pathways (Liu et al., 2024). At the molecular level, ethylene biosynthesis and signalling are finely controlled. Ethylene is perceived by a family of membrane-bound receptors that act as negative regulators. These receptors such as ETR1 (ethylene response-1), ERS1 (ethylene response sensor-1), and EIN4 (ethylene insensitive-4) belong to two subfamilies: one harbouring histidine kinase domains, the other possessing serine/threonine kinase-like domains (Binder, 2020). In the absence of ethylene, the CTR1 kinase remains active and suppresses downstream responses by phosphorylating EIN2, blocking signal transduction. When ethylene binds, CTR1 becomes inactivated, leading to the cleavage and nuclear translocation of EIN2, which in turn stabilizes and activates the transcription factors EIN3/EIL1. These regulate the expression of ERFs (e.g., SlERF6/ SlERF52/  SlERF.B3, MdERF2/ MdERF3/  MdERF4 , MdERF106, MaERF11 / MaERF9) and downstream ripening-associated genes, such as those involved in pigment synthesis (e.g., PSY1 for carotenoids), cell wall degradation (e.g., PG, EXP, XTH), and aroma production (Merchante et al., 2013; Kirschner et al., 2023).
Interestingly, recent transcriptomic and epigenomic studies across fruit crops such as kiwifruit (Actinidia spp.), pear (Pyrus spp.), and melon (Cucumis melo) have revealed both conserved and divergent components in the regulation of ripening pathways. While ethylene-dependent signalling dominates in some fruits, other hormonal pathways involving ABA, auxin, and brassinosteroids also contribute significantly, especially in non-climacteric fruits (Fujisawa et al., 2021; Bapat et al., 2022). In conclusion, ethylene plays a pivotal functional role in fruit ripening, senescence, and stress responses, with its regulation being highly expressed in specific fruits. Integrative omics approaches including transcriptomics, proteomics, metabolomics, and epigenomics have significantly advanced our understanding of the ethylene biosynthesis and signalling network.
2.2 Cell wall Metabolism
Textural changes and softening in fruits during ripening are primarily attributed to the dynamic remodelling of the cell wall architecture, involving a series of enzymatic and non-enzymatic processes that compromise the mechanical integrity and turgor of fruit tissues. These changes are largely driven by the depolymerization, solubilization, and de-esterification of major structural polysaccharides such as pectin, cellulose, and hemicellulose, as well as a decline in cell wall plasma membrane adhesion and modulation of cellular turgor pressure (Paniagua et al., 2014; Figueroa et al., 2021).
In climacteric fruits as well as in non-climacteric fruits ripening is associated with the activation of a suite of cell wall-modifying enzymes. These includes pectin methyl-esterase (PME) which catalyzes the de-methyl esterification of homogalacturonan, allowing subsequent action of hydrolases. Polygalacturonase (PG) responsible for depolymerizing pectins in the middle lamella, leading to cell separation. β-galactosidase hydrolyzes galactosyl residues from side chains of pectin and hemicellulose. Expansins (EXP) and endo-1,4-β-D-glucanases disrupt hydrogen bonding in the cellulose, hemicellulose network, loosening the cell wall (Uluisik & Seymour, 2020).
For instance, in apple (Malus domestica) and pear (Pyrus communis), cell wall breakdown is characterized by a rapid decrease in firmness due to pectin solubilization and reduction in hemi-cellulosic xyloglucans, which is highly correlated with ethylene production (Johnston et al., 2009; Moya-León et al., 2019). In kiwifruit (Actinidia deliciosa), the activity of PME and PG is tightly regulated by ethylene, while in grape, where ethylene has a minor role, cell wall metabolism is regulated through ABA and other non-ethylene signals (Goulao and Oliveira, 2008).
Further by focusing on transcriptomics study on tomato by Jia et al. (2014), it has been validated that the silencing of SlCYP707A2 gene enhances cell wall catabolic enzyme expression which regulate ripening and senescence in fruits where, SlNCED1-RNAi fruits show reduced ABA and extended shelf life in tomato. Through transcriptomics study by Shan et al. (2019) repress promoters of MaEXP2, MaPL2, and MaXET5 during banana fruit ripening where, MaBZR1/2 interact with MaMPK14 to enhance transcriptional inhibition of genes to repress promoters of MaEXP2, MaPL2, and MaXET5 during ripening. In another study on banana cv. BB Franca shows the most resistance to finger drop where PEL1 (pectate ligase) gene plays a major role in banana breading program alongside BRS Pioneira exhibits anatomical changes leading to greater fragility (Rodrigues et al., 2023).
PEL modulates softening in strawberry, and it has been demonstrated to be an important softening modifier in tomato. SlPL-suppressed tomato fruits possess a substantially firmer texture, prolonged shelf life, and reduced infection during postharvest phase, without sacrificing quality (Uluisik et al., 2016; Yang et al., 2017). Recent molecular and transcriptomic studies have identified several ripening-specific TFs such as ripening inhibitor (RIN), non-ripening (NOR), and fruitful (FUL) in tomato, and FaMYB10 in strawberry, that regulate the expression of these cell wall–modifying enzymes, highlighting the conserved yet fruit-specific regulatory frameworks (Seymour et al., 2013; Zhang et al., 2022).
In a recent study by, Seok et al. (2025) have used high-throughput proteomic profiling to explore the response of perennial fruit crops to osmotic stress and identified several upregulated cell wall-associated proteins, including EXPA1 and PME3. These proteins were involved in loosening and restructuring the cell wall to enhance tissue flexibility under drought conditions (Seok et al., 2025). The study also reported the activation of genes responsible for cellulose biosynthesis, lignin deposition, and hemicellulose degradation, further highlighting the complex orchestration of gene-protein networks during stress adaptation.
While limited, such proteomic studies continue to provide pivotal insight into the post-transcriptional and post-translational regulation of cell wall dynamics, with applications in improving fruit shelf life, texture, and environmental resilience. Additional proteomic efforts targeting fruit ripening process, like tomato, apple, and banana are expected to identify further cell wall-targeting proteins relevant for breeding programs. Understanding these molecular networks offers valuable strategies for improving postharvest texture retention and shelf life across diverse fruit crops.
2.3 Starch Breakdown and Sugar Synthesis 
During ripening, fruit undergoes dramatic changes including depolymerization of starch into soluble sugars (e.g., in banana and mango), softening of the texture via cell wall disassembly (notably in peach and avocado), degradation of chlorophyll and synthesis of anthocyanins and carotenoids (as seen in grapes, strawberries, and tomatoes), and the accumulation of aromatic volatiles that enhance flavor profiles (Jia et al., 2019; Zhang et al., 2023). These events are also accompanied by modulation of organic acids (e.g., malic and citric acid in apple and citrus) and phenolic compounds that affect taste, color, and antioxidant properties (Zhang et al., 2020).
Starch degradation, especially relevant in fruits such as banana, mango, and plantain, contributes to textural transitions. Starch is hydrolysed into soluble sugars through the action of amylases and starch phosphorylases, enhancing sweetness while also weakening structural support (Santosh et al., 2021). This enzymatic hydrolysis works in synergy with the loss of turgor pressure to enhance softening and juiciness in ripe fruits.
In developing fruits, sucrose serves as the primary long-distance carbon source, which is enzymatically hydrolysed into glucose and fructose in sink tissues by invertases and sucrose synthases. These enzymes are differentially localized cell wall, vacuolar, and cytoplasmic and play central roles in maintaining sink strength and supporting rapid cell division during early fruit development, especially in tomato and peach (Li et al., 2021; Kou et al., 2021). Meanwhile, sugar transport is orchestrated by several transporter families, notably the SWEET (sugars will eventually be exported transporter), SUT (Sugar transporter), and TMT (tonoplast monosaccharide transporter) classes. For example, ClTST2 and CmTST2 have been identified as key sugar transporters associated with vacuolar sugar loading in watermelon and melon, directly correlating with sweetness and market quality (Pott et al., 2020; Wu et al., 2023). 
Similarly, in a broader review by Hossain and Caparros (2024), sugar metabolism was examined across multiple fruit crops under abiotic stress conditions. Their study highlighted transcriptomic activation of sugar transporter genes such as SWEETs and SUTs, along with proteomic identification of enzymes like aldolase and fructokinase that play roles in glycolysis and the TCA cycle. These findings suggest that sugar metabolism is tightly regulated at multiple molecular levels, not only for energy but also for stress adaptation and osmotic balance.
In addition to transport and metabolism, sugar molecules act as potent signalling agents that regulate gene expression networks involved in ripening, stress response, and hormone crosstalk. Recent findings highlight trehalose-6-phosphate (T6P) as a critical signalling molecule linking sucrose availability to SnRK1 activity, thereby influencing starch degradation and anthocyanin production. Overexpression of SnRK1 or sugar-responsive transcription factors like MabHLH6 in bananas promotes sugar accumulation and ripening (Peng et al., 2022; Wu et al., 2023). 
Furthermore, sugar-hormone interactions, especially with abscisic acid (ABA) and ethylene, modulate ripening transitions in both climacteric and non-climacteric fruits. ABA not only enhances sucrose accumulation but also acts synergistically with sugars to induce ASR genes that regulate stress tolerance and pigment biosynthesis (Gupta et al., 2022). Sucrose also acts as a direct enhancer of anthocyanin and carotenoid biosynthesis, shown by upregulation of flavonoid pathway genes in grapes and apples upon exogenous sugar treatments (Yin et al., 2023). 
In berry fruit (Lycium barbarum), Ma et al. (2024) performed an integrative multi-omics analysis combining transcriptomic, proteomic, and metabolomic datasets. The study identified crucial regulatory genes such as sucrose synthase (SuSy), sucrose phosphate synthase (SPS), and invertase, which showed coordinated expression patterns during fruit maturation. On the proteomic level, enzymes such as acid invertase and hexokinase were upregulated in late stages of development, supporting sucrose degradation and hexose accumulation. Corresponding metabolomic profiling revealed increasing levels of glucose and fructose, aligning with the observed gene and protein expression patterns.
Sugar accumulation during ripening triggers extensive transcriptional changes that affect texture (via cell wall modification genes), colour (via anthocyanin biosynthesis), and taste (via invertase and transporter regulation). For instance, in apples and grapes, hexose sugars upregulate flavonoid biosynthetic genes, enhancing anthocyanin production and fruit application.
3. TRANSCRIPTOME, PROTEOME AND SMALL RNAS (TRANSCRIPTIONAL REGULATORS) IN IDENTIFYING KEY CANDIDATES FROM DIFFERENT METABOLIC PATHWAYS
The integration of transcriptome, proteomics, and sRNA regulation is pivotal in identifying key candidates for various biological processes. Transcriptome analysis, particularly through RNA-Seq provides a comprehensive view of gene expression profiles, enabling the identification of differentially expressed genes and novel transcripts (Lea et al., 2011; Chen et al., 2015). This foundational understanding is complemented by proteomics, which examines protein abundance and interactions, revealing functional implications that may not be evident from transcription level studies alone (Duan, 2011). 
Additionally, small RNAs, such as microRNAs, play a crucial role in transcriptional regulation by targeting specific mRNAs for degradation or repression, further refining our understanding of gene regulation. Together, these approaches facilitate a complete view of cellular mechanisms, enhancing our ability to identify potential therapeutic targets and elucidate the molecular basis of various conditions (Sordillo and Raby, 2014). This multi-faceted strategy underscores the importance of integrating different layers of biological information to uncover key candidates in research.
3.1 Transcriptomics 
The whole transcriptome represents the complete collection of RNA transcripts including messenger RNAs (mRNAs), long non-coding RNAs (lncRNAs), circular RNAs (circRNAs), and other regulatory RNA molecules synthesized from an organism’s genome at a specific developmental or physiological stage. In fruit crops, this transcriptomic landscape changes dynamically during the process of fruit development and ripening, offering deep insights into gene regulation, metabolic transitions, and stress responses (Zhao et al., 2023; Pei et al., 2019). Recent applications of RNA sequencing (RNA-Seq.) have significantly broadened our understanding of this dynamic complexity.
RNA-Seq. technology has emerged as an indispensable tool in the study of fruit ripening, enabling not only the quantification of gene expression but also the de novo discovery of novel transcripts and regulatory elements. In tomato (Solanum lycopersicum), comparative transcriptomics identified key ripening regulators such as SlWD40, RIN, and ethylene-related genes that coordinate pigment biosynthesis and softening (Zhu et al., 2022). In raspberry (Rubus idaeus), RNA-Seq. revealed novel candidate genes involved in anthocyanin biosynthesis, aroma production, and cell wall degradation during ripening (Travisany et al., 2019). Similarly, RNA-Seq. studies in Fragaria chiloensis (Chilean strawberry) have uncovered differentially expressed genes (DEGs) regulating fruit firmness, pectin metabolism, and hormonal control, highlighting its utility in identifying targets for breeding (Gaete-Eastman et al., 2022).
The transcriptomic profile of ripening fruit varies markedly based on tissue type, ripening stage, and environmental conditions. For example, in Prunus persica (peach), RNA-Seq. has helped identify members of the NAC, MYB, and MADS-box transcription factor families involved in climacteric ripening responses (Pei et al., 2019; Nilo-Poyanco et al., 2019). In melon (Cucumis melo), researchers have used transcriptomics to uncover lncRNAs that distinguish between climacteric and non-climacteric ripening types (Tian et al., 2019). Furthermore, studies on banana (Musa spp.) and papaya (Carica papaya) have shown how ethylene and auxin treatments modulate gene expression during ripening, affecting texture, flavor, and shelf life (Asif et al., 2014; Shen et al., 2017).
In tomato, Di Giacomo et al. (2023) used integrative transcriptomics and proteomics in near-isogenic lines to uncover key regulators affecting shelf-life traits and fruit softening through altered expression of cell wall remodelling genes and ethylene biosynthesis pathways (Di Giacomo et al., 2023). Similarly, Li et al. (2023) revealed how transcription factors, particularly NAC and AP2/ERF families, orchestrate the climacteric rise in ethylene in apple, reshaping post-climacteric transcriptome dynamics (Li et al., 2023). In melon, Santo Domingo et al. (2024) identified ERF024 as a novel ethylene-responsive factor regulating climacteric behaviour via chromatin accessibility and transcriptional reprogramming (Santo Domingo et al., 2024).
Studies in blueberry (Wang and Nambeesan, 2024) demonstrated how ethylene triggers abscisic acid biosynthesis while suppressing jasmonic acid pathways to initiate ripening, while in papaya, transcriptomic and metabolomic analyses by Zhu et al. (2023) linked chilling-induced softening to disrupted cell wall gene expression and stress-related signaling (Zhu et al., 2023; Wang and Nambeesan, 2024).
Banana ripening has also been return to using hormone-transcriptome integration, revealing distinct regulatory modules for ethylene and auxin cross-talk (Lin et al., 2024) Moreover, a comparative RNA-Seq. analysis in postharvest tomato ripening by Zhao et al. (2024) highlighted differential expression of genes controlling texture and pigment synthesis under natural versus storage conditions (Zhao et al., 2024).
Single-cell RNA-Seq. (scRNA-Seq) and multi-omics approaches are adding new dimensions to ripening research by uncovering cell-type-specific expression patterns and integrating epigenetic data. For instance, recent studies in sweet cherry (Prunus avium) have integrated RNA-Seq. and bisulphites sequencing (WGBS) to reveal how abscisic acid (ABA) modulates gene expression and DNA methylation during ripening (Kuhn et al., 2025).
Collectively, these recent advances exemplify the power of transcriptomics in decoding tissue-specific and temporal gene regulatory events in climacteric ripening. These insights are being translated into practical breeding strategies for enhancing fruit firmness, extending shelf life, and by altering hormonal regulation.
3.2 Proteomics 
Similar to transcriptomic profiling, proteomics allows for large-scale temporal monitoring of protein accumulation, offering insights into regulatory processes across fruit developmental stages. This approach has been successfully applied to climacteric fruits as well as non-climacteric fruits and also collectively enhanced our understanding of fruit development and ripening by identifying key biomarkers and regulatory proteins, paving the way for targeted strategies to improve fruit quality, extend shelf life, and optimize nutritional properties.
Proteomic research in fruit science has undergone a profound transformation, driven by successive technological advancements that have enhanced both the depth and resolution of protein identification and quantification. Initially, fruit proteomics relied on two-dimensional gel electrophoresis (2-DE) coupled with MALDI-TOF mass spectrometry, which, while foundational, suffered from limitations such as low sensitivity, gel-to-gel variability, and restricted dynamic range (Prinsi et al., 2011; Molassiotis et al., 2013; Surabhi et al., 2016). 
Through high-resolution mass spectrometry and label-free quantification techniques, researchers can now identify thousands of proteins in a single run, enabling detailed analyses of metabolic shifts, signaling pathways, and structural changes during fruit maturation (Palma et al., 2011; Xiao et al., 2019; Jiang et al., 2020; Mohanty et al., 2025). The mid-2000s marked a pivotal shift with the advent of shotgun proteomics using liquid chromatography-tandem mass spectrometry (LC-MS/MS), and the adoption of isobaric labeling techniques such as iTRAQ and TMT, which enabled multiplexed, quantitative analyses across developmental stages and treatments (Xiao et al., 2019; Zhang et al., 2016).
More recently, the field has moved toward label-free quantification (LFQ) for large-scale proteomic profiling without chemical labelling, along with targeted proteomics approaches like selected/multiple reaction monitoring (SRM/MRM) that offer high sensitivity and reproducibility in quantifying specific protein subsets (Li et al., 2015; Karagiannis et al., 2016). Another key advancement is the growing focus on post-translational modifications (PTMs), which play critical roles in modulating protein function during fruit development and ripening (Yan et al., 2022). 
Recent advances in fruit proteomics have spotlighted a suite of ripening-related proteins across species. For instance, in tomato (Solanum lycopersicum), proteomic analyses have revealed that phosphorylation events on MADS-box proteins such as RIN and MC modulate ethylene signaling pathways, directly impacting ripening onset and carotenoid accumulation (Xie et al., 2021). Similarly, in banana (Musa spp.), iTRAQ-based proteomics has identified key cell wall-degrading enzymes like PG and EXP that mediate softening, a key quality attribute (Li et al., 2019).
In apple (Malus domestica), studies by Zheng et al. (2013) have shown the accumulation of proteins involved in aroma biosynthesis (like alcohol dehydrogenases) and sugar metabolism during climacteric ripening. Peach (Prunus persica), a model for stone fruit ripening, has yielded insights into enzymes such as PME and acidic invertase, which drive textural changes (Jiang et al., 2020). 
A recent study in mango (Mangifera indica) demonstrated how aroma-related changes in ripening are mediated not solely by enzyme abundance, but by shifts in the phosphorylation state of those enzymes (Chin et al., 2019). Similarly, in strawberry (Fragaria × ananassa), comparative proteomics across cultivars revealed differentially expressed allergens, stress response proteins, and anthocyanin-related enzymes that define varietal differences in fruit color and shelf life (Bianco et al., 2009).
Concurrently, the focus on post-translational modifications (PTMs) has intensified, with phosphoproteomics and redox proteomics revealing that many ripening processes are controlled not by changes in protein abundance, but by dynamic switches in their phosphorylation or oxidation status (Liang et al., 2024). Study on banana peel ripening employed TMT-based proteomics to map the crosstalk between phosphorylation and ubiquitination, identifying key regulatory nodes that control the transition to ethylene autocatalysis and chlorophyll degradation (Wang et al., 2024). 
In tomato, recent phosphorproteomic work has elucidated how mitogen-activated protein kinase (MAPK) cascades phosphorylate and stabilize transcription factors like NOR and NAC1, creating a parallel regulatory layer to the canonical ethylene pathway that directly influences firmness and shelf life (Zhou et al., 2024). In strawberry, a model non-climacteric fruit, integrative proteomic and metabolomic analyses have detailed how ABA-induced proteins activate the phenylpropanoid pathway, leading to anthocyanin synthesis, while also coordinating the upregulation of enzymes involved in volatile ester production, defining the fruit's flavor and aroma profile (Lee and Kim, 2025). 
Meta-analysis of apple and pear proteomes highlighted a conserved set of redox-regulated proteins, including ascorbate peroxidases and thioredoxins, that manage oxidative stress during the climacteric burst, directly impacting superficial scald susceptibility and postharvest disorders (Silva et al., 2025). These findings underscore a paradigm where fruit quality, ripening uniformity, and postharvest resilience are now understood as a function of finely tuned protein expression and modification networks, paving the way for non-transgenic breeding and precision postharvest interventions.
The predominant message from the current status of fruit proteomics is one of a field in transition from descriptive observation to predictive and applied science. The initial phase of cataloging protein identities has given way to a sophisticated understanding of proteo-forms distinct protein variants created by PTMs as the true functional agents controlling quality traits. The integration of proteomic data with genomic, transcriptomic, and metabolomic datasets is no longer an aspiration but a standard practice, enabling the construction of causal regulatory networks rather than just correlated changes. This holistic view is revealing that the fundamental differences in ripening physiology between climacteric and non-climacteric fruits, as well as the unique quality attributes of different species, are encoded at the proteo-form level. The ultimate goal is to translate this knowledge into practical strategies for precisely managing ripening, enhancing nutritional quality, and minimizing postharvest waste, thereby bridging the gap between fundamental proteomic discovery and sustainable horticultural innovation.
3.3 Metabolomics
Fruit ripening is a complex, genetically programmed physiological process that culminates in dramatic changes in colour, texture, aroma, and flavor. These organoleptic properties are directly determined by the fruit’s metabolome the full complement of small molecule metabolites. Advances in metabolomics over the past few years have refined our understanding of how changes in primary and secondary metabolite pools underpin ripening. For example, a study of 18 banana cultivars showed that soluble sugars increase during postharvest ripening irrespective of genotype, whereas amino acids and TCA-cycle-derived organic acids show genotype-dependent accumulation patterns (Sheng et al., 2023). Similarly, a recent analysis of citrus species (pummelos) used metabolite‐based genome‐wide association (mGWAS) analyses to map the genetic variation underlying flavonoid diversity and accumulation during maturation (Wang et al., 2024).
Mass spectrometry (MS), often coupled to separation methods such as liquid chromatography (LC-MS/MS) or gas chromatography (GC-MS), remains central to modern fruit metabolomics. Its sensitivity and breadth allow detection of non-volatile metabolites, volatiles, and semi-polar compounds. For example, in tomato, LC-MS and GC-MS were used to profile metabolites in fruits treated with 1-kHz sound waves: mature‐green through red ripe stages revealed, via principal component analysis and PLS-DA, that amino acids (e.g., tryptophan), certain lipids (e.g., phytosphingosine), and sugars (sucrose) shift markedly during ripening and in response to the treatment (Jeong et al., 2023).Also, in the banana carotenoid study, MS techniques allowed quantification of provitamin A carotenoids across ripening and revealed how both ripening method (ethylene vs natural) and genotype together influence carotenoid accumulation and bioaccessibility (Munoz et al., 2024).
Recent MS-based metabolomic studies in several fruit crops have highlighted both conserved and species-specific metabolic pathways. In banana, the starch-to-sugar conversion, increase of soluble sugars, genotype-specific carotenoid accumulation, and decline of certain organic acids are observed during ripening (Sheng et al., 2023). In strawberry, integration of metabolomics and transcriptomics shows that aroma volatiles increase sharply via phenylpropanoid and amino acid precursor pathways during natural color change (Fang et al., 2024). In citrus (pummelo and other species), flavonoid glycoside malonylation, regulated by specific MYB transcription factors, has been associated with variation in flavor and secondary metabolite accumulation (Wang et al., 2024). 
Other crops such as grapes and cranberries have also been subject to metabolomic scrutiny. Bigard et al. (2025) characterized the "Low Sugarberry" trait in grapevine by profiling metabolic changes during ripening, revealing consistency across multiple seasons a key trait for wine production (Bigard et al., 2025). In contrast, Harnly et al. (2025) examined cranberries, where both genetics and environment shaped the metabolomic output, particularly in anthocyanin and proanthocyanidin levels (Harnly et al., 2025). 
These recent findings underscore several conserved ripening phenomena loss of chlorophyll, shifts to carotenoids or anthocyanins for colour, increase in certain sugars, modulation of phenylpropanoid pathways while diverging in volatile profiles, bioactive secondary metabolites, and texture‐related metabolites depending on species and cultivar. Furthermore, the field is moving toward multi-omics (e.g., combining metabolomics with transcriptomics or mGWAS) to build regulatory networks, and toward integrating treatments (e.g. different ripening methods, or external treatments like sound waves) to manipulate ripening and quality traits. The accumulated knowledge is now increasingly being leveraged to breed for superior flavor, improved nutritional quality, and enhanced shelf life.
4. COMBINATION OF DIFFERENT OMICS APPROACHES FOR UNDERSTANDING THE FRUIT DEVELOPMENT, RIPENING AND SHELF LIFE
Contemporary multi-omics research has provided a nuanced understanding of organic acid metabolism during fruit ripening, highlighting conserved and species-specific regulatory patterns. Studies integrating transcriptomics, metabolomics, and methylomics across crops like apple (Malus domestica), peach (Prunus persica), banana (Musa spp.), tomato (Solanum lycopersicum), and grape (Vitis vinifera) reveal a consistent decline in key organic acids especially malate and quinate during ripening (Ma et al., 2021; Wang et al., 2021; Sirangelo et al., 2022).
Functional proteomics is increasingly being integrated with other omics layers such as transcriptomics, metabolomics, and epigenomics to construct holistic models of fruit ripening (Mohanty et al., 2017; Habibi et al., 2024). These integrated datasets are proving invaluable in breeding programs aimed at enhancing fruit quality, nutritional content, and shelf stability under varying environmental conditions. 
4.1 Integration of Transcriptomics with Metabolomics
In climacteric fruits transcriptomic analyses have shown that reduced expression of malate dehydrogenase and increased activity of shikimate dehydrogenase align with enhanced anthocyanin accumulation, contributing to improved coloration and antioxidant properties (Song et al., 2024; Zhu et al., 2021). 
In the study of Suzuki et al. (2015) it has been demonstrated that ultraviolet-C (UV-C) irradiation effectively induces the stilbene biosynthetic pathway in grape berry skin, leading to a marked upregulation of stilbene synthase genes and enhanced resveratrol accumulation a key polyphenol with protective properties. Transcriptomic analysis revealed over 230 genes upregulated more than five-fold upon UV-C exposure, while metabolomic profiling identified 2,012 peaks, with resveratrol being the sole metabolite significantly elevated. These findings were integrated to update grape metabolic pathways in the KEGG database, highlighting UV-C's role as a targeted stressor (Suzuki et al., 2015).
The study on Chinese bayberry (Myrica rubra) revealed key molecular insights into fruit ripening through integrated transcriptomic and metabolomic analyses across three developmental stages. Differential gene expression was categorized into four activity-based groups, identifying stage-specific regulatory genes. Functional analyses highlighted the central roles of protein and sucrose metabolism, while metabolite profiling showed dynamic changes closely aligned with ripening progression. Notably, flavonoid biosynthesis and carbohydrate metabolism particularly starch and sucrose pathways were identified as critical to fruit quality traits like flavour and nutrition. These findings provide a molecular framework that can guide targeted breeding strategies to enhance desirable traits in bayberry (Fang et al., 2024).
Similarly, in Citrus reticulata ‘Chachi’, multi-omics approaches combining metabolomics and transcriptomics unveiled how different rootstocks influence flavonoid accumulation, identifying key regulators such as CHS and F3H genes responsible for metabolite variation (Huang et al., 2025). In banana, omics approaches have also illustrated a metabolic shift from organic acid retention toward amino acid and phenolic compound biosynthesis during late ripening stages, especially under postharvest conditions (Sirangelo et al., 2022).
Transcriptomic and metabolomic studies of climacteric and non-climacteric fruits consistently point to conserved functional categories where gene expression and metabolite accumulation align. For instance, in climacteric fruits such as tomato and apple, transcriptomic downregulation of malate dehydrogenase coincides with a decrease in malic acid content, while upregulation of shikimate pathway genes (e.g., shikimate dehydrogenase) corresponds with enhanced anthocyanin accumulation, leading to improved coloration and antioxidant potential (Song et al., 2024; Zhu et al., 2021). Similarly, flavonoid biosynthesis genes such as CHS (chalcone synthase) and F3H (flavanone 3-hydroxylase) identified in Citrus reticulata ‘Chachi’ by transcriptomics are mirrored by the accumulation of flavanones and flavonols revealed through metabolomics, underscoring rootstock-dependent metabolite variation (Huang et al., 2025).
The UV-C irradiation study in grape (Suzuki et al., 2015) further exemplifies this alignment: transcriptomic induction of stilbene synthase genes was directly validated by metabolomic profiling, where resveratrol emerged as the predominant elevated metabolite. Likewise, in bayberry, dynamic transcriptomic changes in sucrose metabolism genes paralleled the metabolomic detection of stage-specific sugar accumulation, establishing sucrose and protein metabolism as central regulators of ripening (Fang et al., 2024). In bananas, postharvest transcriptomic shifts promoting phenylpropanoid pathway activation matched metabolomic evidence of increased phenolic compounds and amino acids, validating the functional overlap (Sirangelo et al., 2022).
While single-omics approaches can reveal either potential regulatory genes (transcriptomics) or downstream biochemical outcomes (metabolomics), they often fail to capture the causal links between regulation and phenotype. By integrating transcriptomic and metabolomic data, researchers can not only identify candidate genes but also validate their functional impact through metabolite accumulation profiles. For example, CHS and F3H expression changes in citrus gain functional weight when metabolomic data confirms corresponding flavonoid shifts. Similarly, UV-C induced transcriptional activation of stilbene synthase genes is biologically meaningful only when metabolomic evidence confirms resveratrol accumulation (Huang et al., 2025).
The integrative approach also improves network resolution revealing gene metabolite associations within key functional categories such as flavonoid biosynthesis, carbohydrate metabolism, amino acid metabolism, and stress response pathways. This enables the construction of holistic regulatory models that link genotype to phenotype with higher accuracy. Furthermore, cross-omics consistency strengthens biomarker discovery for breeding programs: metabolites can serve as quality indicators, while their upstream regulatory genes provide targets for genetic improvement. Such synergy between transcriptomics and metabolomics not only enhances predictive power but also ensures that identified candidates have direct biochemical relevance, thereby offering superior utility compared to single-layer studies.
4.2 Integration of Transcriptomics with Proteomics
Complexity of fruit ripening regulation is influenced by phytohormones and environmental cues, which has been demonstrated in the multi-omics study of Yu et al. (2022) on watermelon. By integrating RNA sequencing and TMT-based quantitative proteomics, researchers have analysed both transcript and protein-level changes during fruit development and ripening. They quantified 6,226 proteins comparable to model plants like Oryza sativa revealing a poor correlation between mRNA and protein expression, especially in later ripening stages. This highlights the critical roles of post-transcriptional and post-translational regulation.  Integrative proteome-transcriptome study demonstrated that sugar transporter proteins and cell wall-associated kinases are crucial for sugar accumulation and flesh softening in watermelon (Citrullus lanatus) (Yu et al., 2022).
In Durian (Durio zibethinus), Pinsorn and Sirikantaramas (2025) applied a multi-omics framework to decode pathways influencing its signature aroma and stress responses. They identified the overexpression of methionine gamma-lyase and sulfur-related S-adenosylmethionine synthase, linking them to volatile sulfur compound biosynthesis. Stress response was tied to upregulated HSP70 proteins, suggesting molecular adaptation mechanisms to tropical orchard stressors.
Recent study by Yuan et al. (2024) have integrated transcriptomic and proteomic data in pomegranate (Punica granatum), highlighting that the PG1 gene and related cell wall-modifying enzymes were crucial for firmness and texture retention. They also reported upregulation of aquaporins and SWEET sugar transporters, linking them to better water regulation and postharvest shelf-life.
In Peach (Prunus persica), Wei et al. (2025) demonstrated that UV-B exposure triggers ubiquitination of the transcription factor PpMADS2, regulating the biosynthesis of linalool—a major aroma compound. Transcript-protein integration showed that linalool synthase (monoterpenoid alcohol) genes were directly modulated by this transcriptional regulation, influencing the fruit’s aromatic profile. 
In Loquat (Eriobotrya japonica), Lv and Han (2024) identified differentially expressed genes in the SWEET gene family and MADS-box TFs, both associated with sugar transport and developmental regulation. These genes were implicated in sugar accumulation, fruit firmness, and pigment synthesis, key for improving commercial quality.
In Berry fruit (Lycium barbarum), Ma et al. (2024) used a multi-omics approach to reveal that carotenoid biosynthesis genes (such as ZEP and PSY) and starch/sugar conversion enzymes (like SUSY and INV) were differentially regulated across developmental stages. Protein-level validation supported these findings, clarifying mechanisms behind metabolite accumulation. 
Furthermore, the integration of proteomics with transcriptomic and metabolomic has enabled systems-level insights into the physiological and biochemical processes governing fruit growth, quality, and stress responses, setting the stage for more predictive and functional interpretations in fruit biology (Sarkar et al., 2013; Gapper et al., 2014).
5. ROLE OF SMALL RNAS IN FRUIT RIPENING
Small RNAs (sRNAs) refer to a class of short, non-coding RNA molecules that play a significant role in plant growth and development, as well as in plant’s response to biotic and abiotic stress. Two major classes of sRNAs are microRNA (miRNA) and small interfering RNA (siRNA) respectively. These molecules are synthesised from either double stranded RNA (dsRNA) or a hairpin like RNA structure. sRNAs are involved in gene silencing through different mechanisms, such as DNA methylation and translational inhibition that significantly contribute to the post-transcriptional regulation of gene expression in plants (Ting et al., 2020). The widespread applications of high-throughput sequencing technologies have enabled the comprehensive identification and characterization of non-coding RNAs in fruit crops (Wang et al., 2023). 
Recent studies have reported that sRNAs play functional roles in fruit ripening and the development of fruit quality traits by regulating ethylene targets, auxin and other signalling pathways (Wang et al., 2023; Jiahui et al., 2021). In general, plant miRNAs interact with target mRNAs to induce degradation and translational inhibition.  In Kiwi, tomato and sweet orange, miR164, a conserved miRNA plays a crucial role in fruit ripening by targeting NAC TFs (Liu et al., 2014; Zhu et al., 2014; Wang et al., 2020; Pradhan et al., 2025). NAC are one of the largest plant specific proteins and two of its members are involved in fruit ripening specially in fruit softening, ethylene biosynthesis and colour changing etc. (Gao et al., 2018).  In tomato, fruit ripening is regulated by miR156/157 and miR172, which negatively regulate the CNR and AP2a, respectively (Jia et al., 2015). LeSPL-CNR, LeMADS-RIN, LeHB1, SlAP2a are the major gene responsible for fruit ripening in tomato, positively regulated by miR157 (Chen et al., 2015). Overexpression of miR172 represses the function of SlAP2 and reduces ethylene biosynthesis during ripening in tomato (Chung et al., 2010). In orange miR156 targets SQUAMOSA promoter binding protein-like genes (SPL) and miR3954 targets NAC during fruit development and ripening (Lanfang et al., 2022). Similarly, in strawberry, miR159 silences the FaGAMYB gene to control ripening, while miR73 negatively regulates the ABI5 gene expression, influencing the ABA signalling pathway involved in ripening (Csukasi et al., 2012; Li et al., 2016). 
The degradome data of blueberry shows that miRNA families (miR160, miR393, miR396) target the auxin regulators (ARFs and ELP6). Through miRNA sequencing, it was observed that during blueberry fruit development and ripening, the accumulation of miR160, miR393, and miR396 prevents the expression of ARFs and ELP6, leading to suppression of the auxin signalling pathway (Yanming et al., 2017). In the ripening process of papaya, the expression of miR160d decrease while miR396 was found to be upregulated and miR172a has no significant changes (Jiahui et al., 2021).
Studies have shown that many novels as well as conserved miRNAs targets the expression of genes involved in different process of banana ripening. Members of NAC genes are targeted by novel (mac-novmiR28.1 and mac-novmiR28.2) and conserved (mac-miR164a.1) miRNAs (Lakhwani et al., 2020). The novel miR35, miR19, miR4, miR33 as well as the conserved miRNAs such as miR529b, miR156, miR166 and miR482 etc. are regulated the genes involved in cell wall hydrolysis during banana fruit ripening (Lakhwani et al., 2020). Basically, in banana cell wall hydrolysis softens the fruit and produces aroma volatiles (Lohani et al., 2004). Differential expression analysis of miRNAs in banana revealed that EIN3, endo-1, 3-β-glucosidase, and SCARECROW transcription factors are targeted by miR395, miR166, and miR171, respectively (Bi et al., 2015). Since EIN3 is an ethylene-responsive gene, overexpression of miR395 may delay fruit ripening and extend shelf life by silencing the EIN3 gene (Bi et al., 2015).
In peach miRNAs predominantly regulate early fruit development by modulating auxin signaling and controlling cell growth and differentiation processes. The high-throughput RNA sequencing identified 124 conserved and 86 novel miRNAs across three developmental stages (DPA50, DPA20, and DPA75) while degradome sequencing revealed 216 target genes. Among them, the targets of ppe-miR160a and ppe-miR393b were experimentally validated through RNA ligase-mediated 5′ rapid amplification of cDNA ends (RLM-5′ RACE). The key regulatory miRNA–gene pairs, including ppe-miR160a–ARFs, ppe-miR172a/c/d–AP2s, ppe-miR166a–ATHBs, and ppe-miR319c/e–TCPs, were associated with cell proliferation and differentiation, while the novel interaction ppe-miR171b/f/h–SCL6s was linked to cell division (Zhang et al., 2025)
This study explores how sRNAs are regulated during the fruit ripening process in various species, such as tomato, cherry, berries, orange, kiwi, and banana. Although miRNAs and siRNAs are known to play important roles in plant gene regulation, their specific functions in many commercially valuable fruits are still not fully understood. Investigating their mechanisms of action is crucial to expanding our knowledge in this area. With rising consumer expectations for superior fruit quality, utilizing sRNA-based genetic strategies to develop value added fruit cultivars presents a significant challenge for modern plant biotechnology.
6. FUNCTIONAL VALIDATION OF THE GENES, PROTEINS AND SMALL RNAS 
6.1 Sense/Anti-sense and RNAi Mediated Gene Silencing 
Antisense technology has emerged as a powerful genetic engineering tool for enhancing crop productivity and resilience. Among the different antisense approaches, RNA interference (RNAi) has gained significant prominence, accounting for approximately 93% of the reported studies, in contrast to the less commonly employed antisense RNA (as RNA) strategy, which comprises 7% of the literature (Tilahun et al., 2021). Recent surveys of antisense applications highlight that vegetables represent the primary target group (41%), with a major focus on enhancing resistance to biotic stresses (29.6%), followed by improving fruit quality and nutritional composition (18.5%).
RNAi technology has shown considerable promise in fine-tuning ethylene biosynthesis pathways to control fruit ripening. In particular, the silencing of 1-aminocyclopropane-1-carboxylic acid synthase (ACS) homologsACS1a, ACS2, and ACS6 has been implemented to suppress the autocatalytic surge of ethylene during fruit development (Li et al., 2025).  The downregulation of these genes using RNAi constructs, such as RNAi-ACS60 and RNAi-ACS81, resulted in a significant reduction in respiratory activity up to 50%, while other ACS-targeted constructs achieved around 30% reduction. This targeted manipulation effectively delayed the ripening process in grape fruits, demonstrating a robust application of gene suppression in post-harvest biology (Gupta et al., 2013; Zhang et al., 2022).
In tomatoes, suppression of key enzymes involved in N-glycan processing, specifically α-mannosidase (α-Man) and β-D-N-acetylhexosaminidase (β-Hex), has been shown to extend shelf life by nearly one month. These enzymes are actively involved in degrading cell wall components during ripening, and their inhibition through antisense-mediated silencing effectively delays softening and enhances fruit firmness (Meli et al., 2010; Zhang et al., 2021).
Antisense-based strategies have also proven effective in combating plant pathogens. Fusarium wilt, a devastating disease caused by Fusarium oxysporum f.sp. lycopersici, has been mitigated using RNAi by targeting the ornithine decarboxylase (ODC) gene, which plays a vital role in polyamine biosynthesis a crucial process for fungal growth and virulence. Transgenic tomato lines expressing hairpin RNA constructs targeting the ODC gene produced siRNAs that conferred moderate to high resistance against the pathogen, indicating a novel disease management strategy that does not rely on chemical treatments (Singh et al., 2020; Liang et al., 2023).
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Figure 1. Schematic representation of RNA processing and gene silencing through RNAi technology.
Overall, the expanding utility of antisense technologies particularly RNAi in crop improvement reflects its precision, stability, and versatility in manipulating gene expression (Figure 1). As genomic resources and delivery systems improve, antisense-mediated gene silencing is expected to become an increasingly vital component of next-generation agricultural biotechnology.
6.2 Genome Editing
In the modern era of precision agriculture, crop improvement strategies have undergone a standard shift with the adoption of molecular technologies, particularly genome editing (Surabhi et al., 2019). While older tools such as zinc-finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs) set the groundwork, the CRISPR/Cas systems have rapidly become the dominant genome editing tools in fruit crop research. Their simplicity, cost-efficiency, and precision have enabled researchers to tailor specific traits like ripening, disease resistance, and shelf life across various fruit species. In particular, CRISPR/Cas9-mediated mutagenesis has shown strong potential in tomato, banana, and citrus for traits ranging from enhanced pathogen resistance to abiotic stress tolerance and prolonged postharvest stability (Mohanty et al., 2019; Sharma et al., 2023; Kumari et al., 2022; Nie et al., 2024).
Recent studies continue to explore the application of CRISPR-based technologies to target specific genes in fruit crops. For example, the SlMlo1 and SlAGL6 genes in tomato have been successfully edited to delay ripening and increase firmness (Nie et al., 2024; Yu et al., 2022), while editing of MaACO1 in banana significantly extended shelf life (Tripathi et al., 2021). Similarly, TALEN-based approaches have been used in tomato to modify RIN gene function, thereby delaying ripening and reducing spoilage (Xu et al., 2020). Despite being overshadowed by CRISPR, ZFNs and TALENs still find functional applications due to their unique target specificity. Notably, in grapes, CRISPR/Cas9-edited VvWRKY52 mutants exhibited enhanced resistance to Botrytis cinerea (Ren et al., 2016), reinforcing the platform’s utility in managing crop diseases.
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Figure 2. Schematic representation of CRISPER/Cas9 mediated genome editing technology.


However, recent comparisons show that CRISPR-based knockouts offer more durable and heritable changes than RNAi (Ku & Ha, 2020). As genome editing technologies evolve, combining CRISPR and RNAi systems may unlock synergistic pathways for complex trait regulation (Figure 2). In conclusion, while RNAi remains relevant for targeted gene silencing, CRISPR-based editing is increasingly positioned as the cornerstone of sustainable fruit crop improvement, due to its stability, and adaptability.  
6.3 Functional Validation Genes Through Transient Assays
6.3.1 Yeast two-hybrid (Y2H)
Y2H assay is an advanced screening technique in molecular biology that allows the study of protein-protein interactions, which occur in various cellular processes (Witzel et al., 2010). This in vivo method aids in mapping protein interactions and identifying novel proteins, ultimately contributing to a better understanding of complex cellular functions.
In tomato, ten genes including CNR (Colourless Non-Ripening) that interact with NOR were identified through a Y2H assay, using NOR as the bait (Liu et al., 2024). The molecular interactions between NOR/CNR and DML2 activate ripening associated genes by modulating DNA methylation (Liu et al., 2024). The NOR transcription factor plays a vital role in the ripening process of tomato fruits by promoting the expression of key genes associated with ethylene biosynthesis, modification of cell wall structure and carotenoid synthesis. (Gao et al., 2022).
In peach (Prunus persica), the Y2H assay revealed that the overexpression of PpPAO and PpSGR led to chlorophyll degradation (Liu et al., 2025). Pheophorbide a oxygenase (PAO) and stay-green (SGR) serve a key function in fruit colour changes. They control the de-greening in the fruit peel by reducing the chlorophyll content. The interactions of PAO and SGR have also seen in A. thaliana and L. chinensis (Sakuraba et al., 2012 and Zou et al., 2023). 
In peach, studies have found that PpARF transcription factors interact with PpIAA5, a key component of the auxin signalling pathway. A yeast library screening was conducted using these two factors which revealed that among the ARF family members PpARF6/7/8/19, PpARF8 was strongly interacted with PpIAA5, suggesting its prominent role in auxin mediated ripening process (Qin et al., 2023).
In papaya, fruit ripening is heavily influenced by the ethylene signaling pathway, with CpERF9 and CpEIL5 being significant regulatory genes (Fu et al., 2017). A Y2H analysis revealed that CpMADS4 and CpNAC3, when inserted into pGBKT7 and pGADT7 vectors respectively, interacted and activated the promoters of these ethylene-related genes. This suggests their involvement in the suppression of ripening (Han et al., 2021). Another study showed that the calmodulin-like protein (CpCML15) interacts with CpPP2C46 and CpPP2C65, which are associated with the ABA signaling pathway. CpCML15 dephosphorylates PP2C, thereby modulating the functions of downstream target proteins CpABI5 and CpERF003-like and control ripening and softening of fruits (Zhu et al., 2024).
In eggplant, the Y2H method was employed to examine the interaction between SmMYB75, a transcription factor involved in anthocyanin production, and SmMPK4.1, a protein kinase. The SmMYB75 was ligated into pGADT7 vector as the prey whereas SmMPK4.1. was cloned into pGBKT7 vector as the bait and co-transformed into yeast strain AH109 to evaluate their interaction (Liao et al., 2024).
In wild apple (Malus sieversii), Y2H approach is not suitable to study the interactions of MsPYR 1-like protein, as it is a subcellular localised membrane protein. Therefore, split-ubiquitin membrane yeast two hybrid (MYTH) systems were used for the screening of proteins interacts with MsPYR1-like using pBT3-SUc-PYR1 as bait. A total of 28 candidate proteins were reported among which phosphatases type 2C (PP2C) and SNF-1 related protein kinase 2 (SnRk2) family members were included (Fang et al., 2025).
In the non-climacteric fruit strawberry, ripening is predominantly regulated by abscisic acid (ABA). Y2H assays have identified interactions between ABA receptors (FaPYL4, FaPYL9, and FaPYL11) and the signaling proteins FaABI1 and FaPP2C16 during the ripening process (Hou et al., 2021). Upon ABA binding, the PYL receptors inhibit FaABI1, thereby alleviating its suppression of FaPP2C16. This relief enables the activation of SnRK2 kinases, which subsequently phosphorylate downstream effectors to initiate ABA-dependent physiological responses (Park et al., 2009; Soon et al., 2012). Notably, the expression of FaABI1, FaPP2C16, and particularly FaPYL9 is closely associated with the regulation of fruit coloration during ripening. 
In conclusion, the Y2H assay has proven to be a powerful molecular tool for uncovering intricate protein-protein interactions that govern fruit ripening across a diverse range of species. These interactions involve key regulators such as NOR, CNR, PAO, SGR, and various MADS-box, NAC, and ABA-associated proteins, which influence ethylene production, chlorophyll degradation, cell wall remodelling, and anthocyanin accumulation. Collectively, these findings highlight the versatility of the Y2H assay in dissecting fruit ripening mechanisms and provide a molecular foundation for targeted genetic interventions to improve fruit quality, shelf life, and stress resilience in horticultural crops (Figure 3).
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Figure 3. Representation of yeast two-hybrid system; Protein A fuses with DNA binding domain (BD) to construct bait, and protein B fuses with activation domain (AD) to construct prey. AD & BD are transformed into yeast cells. When the BD and AD come in close proximity, transcription occurs which activates the reporter gene.
6.3.2 Protoplast transformation using different reporters 
The protoplast transient gene expression is a convenient and reliable approach for analysing gene regulation, protein dynamics and investigating signalling pathways in plant species (Thomas et al., 2012). To achieve optimal results, a large quantity of high-quality protoplasts is essential (He et al., 2016). It also enables genome editing without the integration of foreign DNA into the genome allowing elite cultivars to be modified while preserving their unique genetic composition (Creeth et al., 2025). This cell-based system is studied for the assay of protein-protein interactions, protein subcellular localization (Lin et al., 2018) and analysis of high throughput gene expression (Priyadarshani et al., 2018).
In pineapple, two GFP-tagged Mg2+ transporter genes, Aco004213 and Aco004963, were identified with mCherry tagged plastid marker which confirms that the genes may be present on the plastids (Priyadarshani et.al 2018). The four subcellular localization genes in strawberry FvTCP5, FvTCP9, FvHsfA1d and FvHsfB4a respectively were detected using green fluorescent protein (GFP) as a reporter (Gou et al., 2020). Similarly, in sugarcane the nuclear localization of ABI5 having NLS peptide was reported using protoplast transformation (Wang et al., 2021).
Using the PEG-mediated protoplast-based transformation approach in banana protoplast, the subcellular localization of Arabidopsis VESICLE SORTING RECEPTOR 1 (VSR1) and the self-interaction of Arabidopsis CNGC20 at the cell membrane was validated (Zhao et al., 2022). 



Although remarkable advancements have been made in CRISPR/Cas-based genome editing, the development of transgene-free plants continues to be difficult in several vegetatively propagated species (Lakhani et al., 2025). Protoplast-mediated transformation has emerged as an efficient and versatile approach to achieve transgene-free genome modifications and has been successfully established in various plant species including rice (Page et al., 2019), apple (Wang et al., 2021), raspberry (Creeth et al., 2025), banana (Zhao et al., 2022), blueberry (Zhao et al., 2025) and strawberry (Gou et al., 2020) etc. However, sustaining protoplast viability and achieving efficient 



	Validation approach 
	Crop species
	Key gene/protein
	Functional role / phenotype
	References

	RNAi
	Melon (Oriental)
	CmLOX01–05
	Ripening metabolism (glycolysis, linolenic acid, starch pathways)
	Guo et al. (2017)

	
	Strawberry (Wild)
	FveMYB10
	Pigment regulation in fruit (red vs yellow)
	Hawkins et al. (2017)

	
	Grape 
	RNAi-ACS60 and RNAi-ACS81
	Delayed the ripening process
	Zhang et al. (2022)

	
	Tomato 
	SlERF9-1, SlERF9-10
(Ethylene repression factor)
	Ethylene regulation, EAR motif role in development
	Zhang et al. (2022)

	
	Tomato 
	α-Man and β-Hex
	Delay ripening
	Meli et al. (2010)

	Genome editing (CRISPR/Cas9)- 
	Banana 
	MaACO1
	Extended shelf life
	Tripathi et al. (2021)

	
	Melon 
	CmOFP13(Ovate Family Proteins)
	Fruit shape regulation via cryptic allele variation
	Martinez et al. (2022)

	
	Tomato 
	SlGASA1
(Gibberellic
Acid-Stimulated Arabidopsis family genes)
	Fruit ripening delay, reduced ethylene and carotenoids
	Su et al. (2023)

	
	
	VvWRKY52
	To modify RIN gene function, for delaying ripening
	Xu et al. (2020)

	
	
	SlMlo1 and SlAGL6
	Delay ripening and increase firmness
	Nie et al. (2024)

	Yeast two-hybrid
	Banana 
	MaMADS2
	Fruit ripening
	Wang et al. (2023)

	
	Passion fruit 
	PeMYB87
(Myeloblastosis)
	Resistance to high temperature, drought, and salinity
	Zhang et al. (2023)

	
	Tomato 
	NOR186 (non-ripening gene)
	Inhibited ethylene, softening, carotenoid biosynthesis
	Gao et al. (2020)

	
	Blueberry
	VcSnRK2.3
	Anthocyanin biosynthesis, ABA-induced signalling
	Wang et al. (2023)

	
	
	VcMYBL2
	Transcript-dependent anthocyanin accumulation
	Zhang et al. (2023)

	
	Strawberry (Wild)
	FaABI1 and FaPP2C16
	Fruit color development
	Hou et al. (2021)

	
	Eggplant 
	SmMYB75 and SmMPK4.1
	Purple color of fruit peel, Anthocyanin biosynthesis
	Liao et al. (2024)

	
	Papaya 
	CpMADS-CpNAC3
	Fruit Coloration, Carotenoid synthesis
	Fu et al. (2017)

	
	Peach 
	PAO (Pheophorbide a oxygenase) and SGR (stay-green)
	De-greening of the fruit peel. Carotenoid reduction
	Liu et al. (2025)


	Protoplast transformation
	Sugarcane 
	ABA INSENSITIVE 5 (ABI5)
	Sucrose metabolism
	Wang et al. (2021)

	
	Grape
	VviNAC60
	Transition from vegetative to mature phase, anthocyanin synthesis
	Erica et al. (2023)



Table 1.  Functional validation of genes and proteins through sense and anti-sense, RNAi, Genome Editing, Y2H and protoplast transformation approaches.
regeneration into whole plants remain major hurdles, underscoring the need for continued research to optimize plant regeneration protocols (Deo et al., 2025).
7. CONCLUSION AND FUTURE PROSPECTIVES 
This review offers a multidimensional exploration of fruit development and ripening process, integrating physiological, biochemical, molecular, and omics-level insights. It underscores the complex hormonal orchestration involving ethylene, ABA, auxin, and other regulators that collectively modulate the ripening process across climacteric and non-climacteric fruit species. The diverse enzymatic machinery responsible for cell wall disassembly, pigment biosynthesis, and sugar metabolism has been discussed, with particular emphasis on transcriptional regulation and hormonal cross-talk. In addition, combination of high-throughput sequencing and analytical technologies have facilitated ripening pathways at unprecedented resolution, enabling a clear understanding of the molecular crosstalk that defines texture, flavor, color, and nutritional quality of the fruit. Importantly, the integration of transcriptomics, proteomics, metabolomics, and small RNA analyses has revealed intricate networks of gene regulation, offering valuable targets for breeding and genetic engineering. Functional validation through RNAi, CRISPR-based GE, Y2H, and protoplast-based reporter systems has solidified the functional roles of key genes and proteins in fruit development, ripening and shelf life. As the demand for high-quality, shelf-stable fruit varieties intensifies, such systems-level insights will be crucial for guiding future innovations in precision horticulture, postharvest biology, sustainable crop improvement, thereby world food security.
Integration of omics approaches offers comprehensive insights into the physiological, biochemical and molecular regulation of underlying fruit ripening and deterioration. The synergy of multi-omics provides a holistic understanding of fruit biology, promoting predictive breeding strategies and postharvest interventions. Fruit crops such as in tomato, banana, mango, strawberry and pear, integrating multi-omics framework has accelerated the development of resilient, high-quality fruits with extended shelf life and consumer appeal. Further focussing on the functional validation of genes, proteins and regulators from different under explored and wild species broadens our understanding, and in developing fruits with desired agronomic and commercially important traits. Future research programs should focus on wild edible fruits to tap key genes, proteins and metabolites those are having a high economic value (aroma, colour), agronomic importance (fruit size, extended shelf life, disease resistance) and health benefits (vitamins, secondary metabolites) etc. Genome sequencing should be carried in a consortium mode to generate sufficient genomic and genetic resources, and data bases species wise for enrichment of the research information for under explored and wild edible fruits.  
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