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ABSTRACT

Enzymatic browning is a major post-harvest disorder that adversely affects the quality, shelf life, nutritional value, and
marketability of fruits. The process is primarily driven by the oxidation of phenolic compounds catalyzed by oxidative
enzymes, but recent studies indicate that browning is regulated by complex genetic, molecular, and physiological
mechanisms. This review aims to synthesize current knowledge on the molecular genetics of enzymatic browning in post-
harvest fruits, with particular emphasis on gene expression dynamics, regulatory networks, and functional genomics
approaches involved in browning development and control. Relevant literature on post-harvest browning, transcriptomics,
proteomics, metabolomics, epigenetics, gene regulation, and genome-editing technologies was critically analyzed to
evaluate advances in understanding browning-associated molecular mechanisms across diverse fruit crops. Recent
research has revealed that enzymatic browning is governed by intricate interactions among oxidative enzymes, phenolic
metabolism, reactive oxygen species (ROS), hormonal signaling pathways, transcription factors, non-coding RNAs, and
epigenetic modifications. Multi-omics technologies have enabled the identification of candidate genes, molecular markers,
and regulatory pathways associated with browning susceptibility and post-harvest quality. Comparative studies across
fruit species have demonstrated both conserved and species-specific molecular responses, while functional genomics
tools, including RNA interference and CRISPR-based genome editing, have provided opportunities for validating key
genes and improving browning resistance. Advances in molecular genetics and functional genomics have substantially
improved understanding of enzymatic browning mechanisms. Integrating multi-omics, systems biology, and precision
breeding approaches offers promising strategies for developing browning-resistant fruit cultivars, enhancing post-harvest
quality, and reducing global post-harvest losses.

KEYWORDS: Enzymatic browning; Post-harvest fruits; Gene expression; Functional genomics; Multi-omics
integration.

1. INTRODUCTION

Post harvest losses are a significant problem in global fruit and vegetable value chains as it impacts food security,
marketability and consumer acceptance. Enzymatic browning is among the several post-harvest physiological disorder
that is one of the most important economically since it quickly reduces visual acceptability, nutritional value and shelf life
of the product. It is a problem in fresh-cut and minimally processed commodities where cellular components are exposed
to oxidative reactions due to tissue disruption in the processing. The phenomenon has been reported on a variety of fruit
crops and it is influenced by physiological and biochemical characteristics of the species (Martinez-Gonzalez et al., 2017).
More recently, there has been a growing focus on elucidating the molecular mechanisms involved in the development of
browning, particularly in economically valuable fruit crops like apples, where enzymatic browning is a major concern for
both consumer preference and industrial processing (Sultan et al., 2025).

The socio-economic impact of post harvest browning has implications throughout the agricultural supply chain, leading
to lower market value, greater waste production and significant monetary losses to the producers, distributors and retailers.
Browning is often accompanied by undesirable changes in texture, flavor, aroma and nutritional composition. The same
has been observed in vegetable crops where post harvest physiological activities keep on going after harvest and can lead
to loss of quality if poorly managed. Therefore, it is necessary to understand these physiological changes in order to
develop effective preservation methods and enhance the post-harvest management systems (Yang et al., 2025).
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Enzymatic browning is a complex biological phenomenon which is the oxidation of phenolic compounds mainly by
polyphenol oxidase (PPO) and other oxidative enzymes. The result is a series of quinones, which in turn polymerise to
form brown pigments which are deposited in the tissues of the plant. The browning process, however, is not just a
biochemical response, but a complex process comprising metabolic rewiring, membrane disruption, oxidative stress and
coordinated gene regulation, as recently shown. The complexity of the molecular processes involved in post-harvest
browning of pomegranate fruit has been revealed by investigations involving various metabolic pathways (Qi et al., 2022).
In addition, there is growing evidence that changes in membrane integrity can play an important role as a trigger that
allows the interaction between the oxidative enzymes and their phenolic substrates to occur as the browning process
progresses (Yuan et al., 2025).

Thanks to recent development of high throughput "omics" technologies, the study of post-harvest physiology and
enzymatic browning has changed. The use of integrated methods with transcriptomic, proteomic, metabolomic and
systems biology has provided insights into the identification of important genes, pathways and regulatory networks that
underlie browning susceptibility and resistance. Multi-omics analyses have given unprecedented insights into the
molecular basis of enzymatic browning in various crop species, and have helped to identify candidate biomarkers and
regulatory genes of post-harvest quality maintenance (Wang et al., 2024). In a similar manner, omics studies have
improved the understanding of the physiology and metabolism of fruit and vegetables in post-harvest and allowed the
development of targeted strategies of intervention (Habibi et al., 2024).

In fruit crops, the use of omics technologies has been particularly valuable, and integrated genomic, transcriptomic and
metabolomic studies have helped to clarify key molecular events involved in ripening and in the biosynthesis of VOCs
and in the development of quality during post harvest storage in peach (Sirangelo et al., 2022a). Further multi-omic studies
have further illustrated the power of systems-level analyses to discover underlying regulatory mechanisms that control
fruit physiology and post-harvest responses and help lay the groundwork for functional genomics-based crop improvement
(Sirangelo et al., 2022b).

This review focuses on the latest developments regarding the molecular genetics of enzymatic browning after harvest in
fruit, especially in regard to gene expression changes, regulatory networks, and functional genomics. The review
consolidates the available information obtained from transcriptomic, proteomic, metabolomic, epigenetic and genome-
editing studies to give a complete overview of the mechanisms underlying browning development. It also provides an
insight into new molecular approaches for browning avoidance and outlines future research areas that could help create
cultivars with browning resistance and enhance post-harvest processing.

2. Biochemical and Physiological Foundations of Enzymatic Browning

2.1 Mechanisms of Enzymatic Browning in Fruits

Enzymatic browning is one of the processes which have been subject to much scientific study in relation to their effects
on the quality of fruits and their marketability. Enzymatic browning starts with disruption of cellular compartmentation
due to factors such as harvest, mechanical damage, processing, aging, and environmental stress. Oxidative enzymes and
the phenolic substrate exist in two separate cells under normal physiological conditions. Disruption of cells causes them
to react in the presence of oxygen to produce oxidative reaction and the formation of brown pigments from phenols. The
quinones produced by polyphenol oxidase (PPO) undergo polymerization reaction forming melanins which are the cause
of the dark color observed in tissues. Factors influencing this process include enzyme activity, substrate concentration,
presence of oxygen, tissue structure, and storage conditions. The direct impact of this process on visual quality and
nutrition makes it important in post-harvest physiology research (Sultan et al., 2025).

2.2 Oxidative Enzymes and Phenolic Metabolism

The biochemical basis for enzymatic browning involves the activity of oxidative enzymes in combination with phenolic
metabolites. The two major enzymes involved in this process are polyphenol oxidase and peroxidase, which help catalyze
oxidation reactions that transform phenolic substrates into quinone products. Quinones then undergo a number of non-
enzymatic condensation and polymerization reactions that result in the formation of pigments. Thus, sensitivity to
enzymatic browning among fruits is correlated with the quantity and quality of oxidative enzymes, as well as the presence
of various phenolic substrates in tissue. Recent studies on metabolic pathways related to browning development have
shown that several interacting pathways, such as phenylpropanoid biosynthesis, flavonoid metabolism, and oxidation
resistance-related pathways, can cause browning. Consequently, it appears that browning development does not depend
solely on one pathway, but rather results from the regulation of several metabolic pathways (Qi et al., 2022).

2.3 Reactive Oxygen Species and Membrane Integrity

Reactive oxygen species (ROS) are fundamental components during post-harvest browning. Accumulation of superoxide
radicals, hydrogen peroxide, and hydroxyl radicals leads to an imbalance within cells, promoting lipid peroxidation and
loss of membrane integrity. Deterioration of membranes results in the interaction of oxidative enzymes and phenolic
compounds, thus hastening the process of browning. Recent research has shown that controlling the levels of ROS
contributes significantly to preventing enzymatic browning and ensuring high-quality post-harvest products. For instance,
exposure to nitric oxide has been shown to help control oxidation stress, ROS scavenging mechanisms, and reduce
browning in post-harvest mushrooms by preserving cellular redox state (Gao et al., 2023). Also, the signaling role of nitric
oxide via S-nitrosylation of proteins in plants has been established as an important strategy in improving stress tolerance
and extending shelf-life by modulating ethylene biosynthesis and oxidative processes at low temperatures (Sougrakpam
etal., 2023).

2.4 Environmental and Post-Harvest Factors Influencing Browning
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The incidence and extent of enzymatic browning depend greatly on the surrounding and post-harvest environments.
Environmental factors including temperature variations, chilling injuries, mechanical injuries, infection with fungi,
availability of oxygen, and duration of storage are known to influence cell metabolism and oxidation reactions. The
infection of harvested fruits and vegetables with post-harvest fungal pathogens has gained much importance since they
damage tissues, induce oxidative stress responses, and expedite senescence-induced deteriorations. Amongst these fungal
pathogens, B. cinerea has emerged to be the most deleterious contributor to post-harvest decay in produce using its
pathogenic strategies for causing tissue deterioration (Hua et al., 2018). On the contrary, the use of exogenous application
of biologically active compounds such as melatonin has become an area of major interest in preserving fruit quality.
Various studies have shown that melatonin administration improves antioxidant activities, reduces oxidative damages, and
decreases the rate of post-harvest decay, hence reducing the development of browning symptoms in fruits (Chen et al.,
2020).

2.5 Species-Specific Browning Responses

The degree to which fruits become susceptible to enzymatic browning depends on different factors for various fruit species
and varieties. These factors include genetic makeup, phenolic content, antioxidative status, and the body’s response to
stress. Species-specific control of ROS generation and antioxidative defenses is important when considering the
susceptibility of fruits to enzymatic browning. Specifically, the relationship between melatonin and ROS is relevant in
establishing antioxidant defense and resistance to post-harvest stresses (Li et al., 2023). The biochemical events that lead
to enzymatic browning are illustrated in Figure 1.
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Figure 1. Molecular mechanism of enzymatic browning in post-harvest fruits

As shown in Figure 1 below, enzymatic browning results from the occurrence of a series of biochemically-coordinated
reactions following exposure to post-harvest stress. Other than these physiological mechanisms, genes and gene regulation
are major contributors that influence the extent to which fruits become susceptible to browning.

3. Genetic Architecture and Gene Expression Dynamics of Enzymatic Browning

3.1 Genetic Determinants of Browning Susceptibility

Susceptibility to enzyme-brownings varies significantly depending on the genetic makeup of the fruit. This genetic
makeup will determine the presence and functioning of oxidative enzymes, phenolic compounds, and antioxidant defense
systems. Browning is not a monogenic trait but is controlled by many genes. The variation in susceptibility to enzyme-
browning seen in different varieties of fruits and fruits species is often due to variations in gene expressions responsible
for maintaining cellular structure and membranes, phenolic metabolism, and physiological and biochemical response to
stresses post-harvesting. Research work done on peaches suggests that susceptibility to cold storage disorder is dependent
on coordinated expressions of many genes involved in the maintenance of cellular structure and metabolic activities (Pons
et al., 2016).

3.2 Expression Profiles of Browning-Related Genes
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Recent advancements in transcriptomics technologies have greatly enhanced knowledge concerning the role of genes in
enzymatic browning. The differential expression of genes involved in the process of browning has shown that the process
is characterized by considerable transcriptional modifications related to oxidative metabolism, phenylpropanoid
metabolism, antioxidant mechanisms, membrane transport, and cellular stress response systems. Transcriptome analysis
in peach fruits subjected to cold storage showed large-scale variations in the expression levels of the genes involved in
the process of browning, indicating that chilling-induced browning is controlled via transcriptional modulation in relation
to multiple metabolic processes (Badrunnesa et al., 2025). Similarly, transcriptome studies on fresh-cut eggplants have
identified a number of genes responsible for the process of browning through their involvement in oxidative reactions and
phenol metabolism, thus enhancing understanding of the mechanism of susceptibility to browning (Liu et al., 2021).
Likewise, investigations on the transcriptional responses to various stresses in pineapples have provided useful
information on the use of gene expression profiles as molecular markers for post-harvest physiological changes (Sinaga
& Marpaung, 2024).

3.3 Stress-Responsive and Hormone-Regulated Genes

Hormones in plants are crucially important for the regulation of physiology after harvest and the regulation of processes
associated with browning. Hormonal signaling cascades regulate ripening, senescence, stress response, antioxidant
capacity, and metabolism, which altogether affect the maintenance of the quality during post-harvesting. The latest
research conducted on a transcriptome level revealed different ripening mechanisms regulated by the interaction between
phytohormones, physiological conditions, and gene expressions in kiwi fruits (Lin et al., 2024), which underlines the
importance of the regulation of physiology by hormones during post-harvesting. The role of ethylene response genes is
especially significant since they control multiple processes associated with ripening and susceptibility to chilling injuries
and oxidative stress. It was also shown that the regulation of the ripening process of kiwifruit occurs through ethylene
signaling pathway at the level of the transcriptional network (Salazar et al., 2021). The genome analysis of bananas also
revealed an extensive abscisic acid (ABA) regulatory network affecting development, ripening, and stress adaptation (Hu
etal., 2017).

3.4 Comparative Transcriptomic Insights Across Fruit Species

Comparative transcriptomic analysis provides many chances for understanding both common and unique aspects of
molecular mechanisms involved in post-harvest browning and quality control processes. The combination of
transcriptomic and metabolomic data provided insights into complex interactions between the regulation of gene
expression, metabolite biosynthesis, and environmental changes occurring during storage. It was found that the application
of methyl jasmonate in prune fruits contributes to the mitigation of chilling injury due to the regulation of gene expression
and metabolic processes linked to cellular protection (Zhao et al., 2025). In grapes, the use of a combined analysis of
transcriptional and metabolic changes allowed finding how UV-C exposure causes transcriptional and metabolic
adaptations related to maintaining quality characteristics of fruit during storage (Zhang et al., 2021). In addition,
transcriptome analysis of lotus seeds after low-temperature storage revealed the involvement of many genes in response
to storage-related stress factors (Chen et al., 2024).

3.5 Candidate Genes, QTLs, GWAS Findings, and Molecular Markers

Identification of genes and molecular markers related to post-harvest traits has been among the primary goals of fruit
genetics and breeding programs. Genome-wide association studies, QTL mapping, and marker-assisted methodologies
allow researchers to identify the genomic regions involved in complex traits such as browning vulnerability, shelf-life
duration, firmness, and stress tolerance. Recent studies of genome-wide association have revealed the complex genetic
makeup behind pre- and post-harvest traits in grapevines, discovering many loci connected to fruit quality and storage
properties (Garcia-Abadillo et al., 2024). In tomato, gene-based studies have identified potential candidates for
maintaining firmness, increasing shelf-life duration, and resistance to pre- and post-harvest stress conditions, making such
genes promising molecular markers in future improvement programs (Nie et al., 2024). Altogether, it can be stated that
contemporary transcriptomics, genomics, and association-mapping studies have demonstrated that browning is controlled
by a combination of oxidative enzyme activity, stress response genes, hormone-based signal transduction pathways, and
molecular markers. The main genetic factors and molecular techniques used in browning-related research on post-harvest
fruits are summarized in Table 1.

Table 1. Major Genetic Factors and Molecular Approaches Associated with Enzymatic Browning in Post-Harvest Fruits

Representative . . .
Category Genes/Factors Role in Browning Regulation | Key Reference
Oxidative Enzymes PPO gene family Cata'lyzes phenol} ¢ oxidation Sultan et al., 2025
leading to browning
Phenolic Metabolism Phenylpropanoid pathway Regulate synthesis of browning Qi et al., 2022
genes substrates
Stress-Responsive Cold- and oxidative stress- Inﬂuer}ce ch111mg-1.nduced
browning and quality Badrunnesa et al., 2025
Genes related genes Loe
deterioration
Hormone-Regulated Ethylene- and ABA- Control. FIpentng, stres§ Lin et al., 2024; Hu et
. adaptation, and browning
Genes responsive genes oy o1k al., 2017
susceptibility
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4. Molecular Regulatory Networks Controlling Post-Harvest Browning

4.1 Transcription Factors and Gene Regulatory Circuits

Transcription Factors (TFs) act as the main gene expression regulators and play a vital role in orchestrating the
physiological activities of post-harvest response associated with browning processes. These regulatory molecules
influence the transcription of genes participating in oxidative activity, phenylpropanoid metabolism, stress tolerance,
antioxidants, and hormonal regulation. Regulation in the expression of certain transcription factors decides whether a fruit
tissue responds to environmental stimuli or storage-related stresses. Recent research on post-harvest pepper has shown
that metabolic remodeling due to bioactive molecules is followed by coordinated transcription regulation of genes linked
with carbon metabolism, antioxidants, and quality preservation. These findings indicate the significance of the gene
regulatory network in post-harvest adaptation (Zhang et al., 2025).

4.2 Hormonal Signaling Pathways

Plant hormones play a pivotal role in regulating physiological phenomena which have direct or indirect consequences on
post-harvest browning. These hormones mediate plant growth and development by coordinating ripening, senescence,
stress tolerance, defence response, and antioxidant metabolism via highly coordinated signal transduction pathways. One
hormone, in particular, which is gaining increasing recognition because of its unique qualities is salicylic acid due to its
role in strengthening oxidative stress tolerance, maintaining membrane stability, and improving post-harvest quality.
Laboratory studies have shown that treatment with salicylic acid could successfully affect antioxidant enzyme activity and
delay quality loss in horticultural produce by delaying the onset of browning disorders (Wang et al., 2022).

4.3 Reactive Oxygen and Stress Signaling Networks

ROS not only serve as toxic byproducts of biological metabolism but are essential components of the cell signaling cascade
responsible for the regulation of various biological processes including stress response and adaptation. Post-harvest
stresses result in the generation of ROS and the activation of various signal transduction cascades that regulate defence
response, antioxidant activities, and repair processes. Some of the most prominent stresses causing adverse effects on the
fruit quality after harvest include chilling injury, infections from pathogens, and other changes to environmental
conditions. In loquat fruit, the study of regulatory mechanisms has shown that the combined effect of oxidative stress
responses, chilling response, and diseases affects the development of various disorders (Zhang et al., 2022). Similarly,
studying the processes associated with fungal pathogens, it was found that cellular communication in this process results
in various metabolic, defensive, and deterioration responses, leading to browning (Zhang et al., 2021).

4.4 Epigenetic Regulation and Non-Coding RNAs

The importance of epigenetic phenomena in the regulation of post-harvest traits, which involve control of the expression
of genes without changing the composition of the DNA, is gaining increasing importance. These have come to the fore as
important regulators of fruit development, ripening, senescence and stress adaptation — DNA methylation, histone
modifications, chromatin remodeling and non-coding RNAs. The dynamic nature of epigenetic regulation in post-harvest
tomato fruit has been highlighted by extensive epigenetic changes induced by post-harvest handling that are linked to
modifications in gene expression and metabolic activity, as revealed by integrative methylome and transcriptome analyses
of tomato fruit (Zhou et al., 2024). Likewise, a wide range of studies on fruit and vegetable quality attributes have
emphasised the significance of epigenetic regulation in post-harvest performance and stress tolerance (Kumar et al., 2024).
As post-transcriptional regulation mechanisms, microRNAs (miRNAs) and long non-coding RNAs (IncRNAs) have been
gaining more and more attention due to their fine-tuning power in the regulation of gene expression networks. Several
target genes that are regulated by browning-related miRNAs are associated with oxidative metabolism, stress response
and cellular homeostasis, which makes the pathways involved in browning processes complex (Xu et al., 2018). Besides,
IncRNAs are involved in a variety of biological processes, such as, signal transduction, chromatin modification, and
transcriptional regulation and are known to play a vital role in modulating fruit quality and post-harvest physiology (Zhao
et al., 2024). Histone modifications also have important regulatory functions: Studies indicate that H3K27me3-mediated
chromatin repression is linked to the suppression of colour and aroma development in strawberry fruit during storage
(Baldwin et al., 2025).

4.5 Integrated Regulatory Network Models

Finally, post-harvest browning is regulated by a complex network of regulatory mechanisms that are closely
interconnected and include signals from transcription factors, hormones, ROS metabolism, epigenetic modification and
environment. The use of systems biology methods is becoming more and more important to understand these complex
interactions, as they allow to integrate multi-layered biological data into comprehensive network models. In papaya fruit,
studies have shown the coordinated interaction between ethylene signalling, metabolic pathways and gene regulatory
networks involved in fruit ripening and quality maintenance through systems-level analyses (Soares et al., 2021). This
type of integrated regulation enables to build a broader picture of processes involved in browning and could be useful for
the identification of potential regulatory points which can be addressed by breeding, biotechnology or post-harvest
management strategies. Complex interactions between transcription factors, hormonal pathways, ROS signaling,
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epigenetic modifications and non-coding RNAs regulate the post-harvest browning. Major regulatory interactions during
browning development are shown in Figure 2.
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Figure 2. Molecular regulatory network of post-harvest browning

Figure 2 illustrates the interrelated regulatory networks involved in the regulation of genes associated with browning and
oxidative metabolism. The molecular pathways offer possibilities for targeting improvement through breeding programs
and genetic engineering, as well as after harvesting.

5. Functional Genomics Approaches in Browning Research

5.1 Transcriptomics, Proteomics, and Metabolomics

Functional genomics has greatly advanced the study of post-harvest browning due to its capability of allowing researchers
to undertake a comprehensive analysis of gene expression, proteins, and metabolites at a systems-level scale. Out of the
various strategies used in this study, transcriptomics, proteomics, and metabolomics have emerged as the major tools that
help in understanding the molecular processes associated with browning development and degradation in horticultural
produce. The transcriptome analysis can help in identifying the genes that are up- or down-regulated in association with
oxidative processes, stress responses, biosynthesis of phenolics, and other defence mechanisms. Similarly, proteomics is
a powerful approach to studying proteins.

Recent research involving integration of transcriptomics and proteomics in post-harvest litchi fruits has shown that the
combination of transcriptional and translational regulation is important for the mitigation of browning as well as delaying
senescence through the use of citric acid and L-cysteine treatments (Xiao et al., 2025). Likewise, the analysis of the
transcriptomic profile of strawberries and application of the network analysis approach has indicated the potential role of
ultrasonic treatments in the suppression of post-harvest browning, which is achieved through alterations in pyruvate
metabolism and amino acids balance (Chen et al., 2025). Additionally, proteomics has shown that temperature-related
changes in the expression pattern play an important role in the physiology of fruits, as seen from studies on strawberries
under thermal stress conditions similar to those encountered after harvesting (Lv et al., 2022).

5.2 Epigenomics and RNA-Based Regulatory Mechanisms

Apart from transcriptional control, post-harvest browning also involves a series of post-transcriptional and post-
translational regulations that affect the activity of genes and the physiological response of cells. The application of
epigenomics enables us to better understand the role of chromatin configuration, changes in DNA structure, and different
regulatory factors in the control of fruit development and maintenance of quality. Furthermore, post-translational
modifications (PTMs) of proteins are considered an important regulatory process, which affects the functioning of
enzymes, signal transduction, protein stability, and stress tolerance. As recent research reveals, PTMs are critical in
controlling the processes related to fruit ripening and their interaction with different post-harvest environmental factors,
hence impacting the characteristics of fruits' quality and longevity (Li et al., 2024).

5.3 Multi-Omics Integration and Systems Biology
While informative data can be gained from individual omics platforms, the complexity of post-harvest browning requires
integrated approaches that can capture interactions among genes, proteins, metabolites and physiological processes.
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Combining multi-omics has become a useful approach to build a regulatory network that accounts for the interplay of the
various molecular components involved in browning development. Integrated omics analyses have significantly advanced
the knowledge regarding chilling injury and related quality disorders in pome and stone fruits, uncovering complex
regulatory networks linked to stress response, metabolic processes, and cellular homeostasis (Rodrigues et al., 2024).
These systems-level approaches help identify important regulatory nodes, allow prediction of physiological responses and
serve as a basis for precision interventions for better post-harvest quality.

5.4 Functional Validation Through RNAI, VIGS, and Genome Editing

Candidate genes identified for browning and quality traits should be followed by functional validation to make the
genotype-phenotype correlation. The silencing methods such as RNA interference (RNA1), virus-induced gene silencing
(VIGS), and genome-editing technologies are now essential for studying gene function in horticultural crops. These
methods allow for specific manipulation of particular genes related to oxidative metabolism, hormone signaling, stress
adaptation and phenolic biosynthesis. Genome editing, especially CRISPR-based technologies, has shown great promise
in minimising post-harvest losses in fruits and vegetables through enhanced shelf life, stress tolerance and quality
attributes (Kumari et al., 2022). Moreover, the improvement of horticultural cultivars is becoming faster with the
development of novel improved techniques of genome editing, which has opened the door to more precise modification
of genes that are related to nutritional quality, storage performance and post-harvest deterioration resistance (Sharma et
al., 2023).

5.5 Emerging Technologies in Functional Genomics

Functional genomics continues to grow in its scope and applications in post-harvest biology and is rapidly expanding due
to technological advancements. There are new opportunities for understanding complex biological systems using high
throughput sequencing platforms, powerful bioinformatics pipelines, machine-learning-assisted analyses, and integrated
approaches to molecular phenotyping. Functional genomics has become a more common approach for translating a gene's
discovery into real crop improvement, such as the recent efforts to incorporate genomic information into breeding and
biotechnology programs for the economically important crop potato (Qu et al., 2024). Concurrently, the increasing use of
genomic, transcriptomic and proteomic approaches in edible fungi research underscores the importance of functional
genomics in the study of various biological systems and offers essential methodological insights that can be leveraged in
post-harvest quality research (Xie et al., 2025). The future of browning resistance cultivars and precision post-harvest
management is likely to involve these emerging technologies as a central piece. Table 2 provides a summary of the main
functional genomics approaches and their impact on the study of browning.

Table 2. Functional Genomics Tools and Their Applications in Enzymatic Browning Research

Functional Genomics . s Contribution to Browning
Approach Major Application Research Key Reference
Transcrintomics Gene expression profilin Identification of browning- | Badrunnesa et al.,
P P P & | associated genes and pathways 2025
Proteomics Prot@n abundance a.nd Understanding enzyme activity and Lv et al., 2022
modification analysis stress responses
. . . Characterization of phenolic .
Metabolomics Metabolite profiling compounds and metabolic changes Qietal., 2022
Epigenomics DNA me.thylatl.on and Regulatlon of post-haryest quality Zhou et al., 2024
chromatin studies traits and gene expression
. . . . Identification of interconnected Rodrigues et al.,
Multi-Omics Integration Systems-level analysis regulatory networks 2024
RNAI/VIGS Functional gene validation Verification of candidate browning- | Kumari et al.,
related genes 2022
CRISPR/Cas Genome Targeted gene Development of browning-resistant | Sharma et al.,
Editing modification cultivars 2023
Al-Assisted Functional Predictive modeling and Accelerated discovery of molecular
. . . Quetal., 2024
Genomics data integration targets

6. Comparative Molecular Insights into Browning Across Fruit Crops

6.1 Apple and Pear

Apple and pear are two important model systems that have been extensively researched regarding post-harvest browning
due to their economic significance and vulnerability to degradation. In both cases, browning is linked to enzymatic
reactions like polyphenol oxidase, availability of phenolic substrates, oxidative stress, and damage to cellular membranes.
Pears vary in texture, aroma compounds, sugar metabolism, and their antioxidant capabilities. Research has revealed that
stress-responsive genes, hormones, and metabolic controls are the most important factors that determine the quality of
harvested fruits (Zhang et al., 2024). The same holds for apples, except that the phenolic profile may vary between
cultivars.

6.2 Peach, Nectarine, and Plum

Peach, nectarine, and plum (Prunus spp.) exhibit some similar physiological and biochemical processes related to their
quality after harvest. These fruits are particularly vulnerable to chilling damage, oxidative stress, tissue softening, and
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browning upon storage. Studies involving genomics, transcriptomics, and metabolomics have shown how the development
process, hormone interactions, stresses, and secondary metabolism contribute to determining the fruit’s quality (Garcia-
Gomez et al., 2020). Networks of genes involved in ripening, antioxidant defense, and stress response have also been
established (Ortuno-Hernandez et al., 2025). In addition, preservation techniques may further impact on such processes
(Cao et al., 2025).

6.3 Litchi, Pomegranate, and Kiwifruit

Litchi, pomegranate, and kiwi often suffer from rapid post-harvest decay due to their high metabolic activity and
susceptibility to environmental stresses. Browning is often associated with membrane damage, oxidative stress, phenolic
oxidation, and imbalance in redox status within cells. For example, studies using metabolomics in pomegranate have
revealed that phenylpropanoid biosynthesis, antioxidant defense systems, and oxidative stress responses play critical roles
in pericarp browning (Qi et al., 2022). In kiwi fruit, significant changes in gene expression, including responses to hormone
signaling, stress, and fruit ripening processes, affect post-harvest quality (Lin et al., 2024).

6.4 Grape, Banana, and Other Tropical Fruits

Grape, banana, and certain tropical fruit varieties exhibit differential physiological behavior during the post-harvest period,
affecting their browning process and storage ability. Transcriptome and metabolome analysis conducted in grape has
shown that stress-related genes, antioxidants, and secondary metabolites play a vital role in regulating the browning
process and retaining quality attributes (Zhang et al., 2021). For banana, oxidative stress and hormonal signals play critical
roles in the ripening process and shelf-life determination. Research into less-studied tropical fruits has identified that
bioactive compounds and adaptive physiological characteristics play important roles (Cordeiro et al., 2024).

6.5 Comparative Synthesis of Conserved and Species-Specific Browning Pathways

Comparative studies have shown that enzymes responsible for enzymatic browning involve similar yet distinct molecular
mechanisms. Some common molecular pathways in enzymatic browning are the polyphenol oxidase pathway,
phenylpropanoid pathway, production of reactive oxygen species, antioxidant pathway, preservation of cellular
membranes, and stress-responsive signaling pathways. Differences in gene expression profiles, hormone sensitivity,
metabolite content, and antioxidant activity between different fruit species have been observed. Comparative omics studies
help understand the different browning mechanisms between species, and thereby aid in developing fruit crop-specific
and universal techniques for browning prevention. A summary of the major drivers of browning and molecular attributes
in fruit crops is given in Table 3.

Table 3. Comparative Molecular Mechanisms of Enzymatic Browning in Major Fruit Crops

Fruit Group %?éngrowmng Key Molecular Factors Representative Reference
PPO activity, oxidative | PPO, phenolic compounds, Zhang et al., 2024; Sultan et
Apple & Pear stress antioxidant pathways al., 2025
Peach, Nectarine Chilline iniu Stress-responsive genes, antioxidant | Garcia-Gomez et al., 2020;
& Plum g mjury defense, secondary metabolism Ortuno-Hernandez et al., 2025
Litchi & Membrane damage, Phenylpropanoid metabolism, ROS .
. L . . Qietal., 2022
Pomegranate phenolic oxidation signaling
o Ripening-associated Ethylene signaling, hormone- Lin et al., 2024; Salazar et al.,
Kiwifruit
stress regulated genes 2021
Storage and Transcriptomic and metabolomic
Grape environmental stress adjustments, antioxidant pathways Zhang et al., 2021
Banana Ripening and oxidative A'BA-'regulated networks, stress- Hu et al., 2017
stress signaling pathways
Tropical Fruits Envqonm_ental and Bioactive compounds, antioxidant Cordeiro et al., 2024
physiological stress systems

7. Molecular Strategies for Browning Mitigation and Quality Improvement

7.1 Conventional Breeding and Marker-Assisted Selection

Conventional breeding is still one of the best and effective ways to achieve improvement in post harvest quality and
susceptibility to browning in fruit crop. Traditionally, breeding programs have focussed on traits that indirectly affect
browning development during storage and distribution, such as shelf life, firmness, texture, nutritional quality, disease
resistance and stress tolerance. The availability of genomic resources has made conventional breeding much more
efficient, as genes and quantitative trait loci (QTLs) and molecular markers of desirable post-harvest traits could be
identified. In tropical fruit crops, genomic tools have also helped identify the genetic factors that influence fruit quality,
nutrient content and storage attributes and are thus useful for marker-assisted selection and cultivar improvement
(Mathiazhagan et al., 2021). Molecular markers can be used to introduce them in breeding programmes to select superior
cultivars with more precision and to shorten the time for cultivar development.

7.2 Genome Editing and Genetic Engineering Approaches

The post-harvest quality attributes can now be modified thanks to the recent development of genome editing technologies.
pathways in ripening, oxidative stress responses, cell wall degradation and enzymatic browning are now open for
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unprecedented manipulation with tools like CRISPR/Cas systems. The major benefit of genome editing over traditional
breeding is that it can be used to modify specific genes without large changes in the genome. For durian, genome editing
has been suggested to manipulate genes that are involved in pericarp softening so as to prolong post-harvest longevity by
targeted gene editing (Wang, 2025). These methods show great promise in the development of fruit cultivars with
improved storage quality, low tendency to browning, and consumer acceptance.

7.3 Targeting Regulatory Networks and Signaling Pathways

The understanding of molecular regulatory networks has facilitated the formulation of specific strategies to tackle post-
harvest browning by targeting specific signalling pathways. These methods aim at regulating oxidative stress, hormone
signaling, antioxidant metabolism, and cellular defence mechanisms which affect fruit quality during storage. Melatonin
has been studied as a multifunctional signaling molecule that can play a role in regulating cellular redox homeostasis,
antioxidant defence, and slowing down senescence. Among the various signaling molecules studied, it is particularly
promising. Experimental evidence indicates that melatonin regulation of physiological and biochemical processes could
be an effective strategy to improve post-harvest preservation and alleviate the quality decay of fruits and vegetables (Xu
et al., 2019). The targeting of these regulatory pathways represents a promising approach to develop innovative browning-
control strategies that are based on endogenous molecular mechanisms.

7.4 Omics-Assisted Precision Breeding

The use of genomics, transcriptomics, proteomics and metabolomics in breeding programs has led to precision breeding
methods that can advance crop improvement at a more rapid pace. Omics-assisted breeding facilitates the identification
of molecular signatures of quality, shelf life, stress tolerance and browning resistance and hence, the comprehensive
characterization of complex traits. The use of both high-throughput molecular and phenotypic data will allow the better
prediction of desirable genotypes, and the development of cultivars with improved post -harvest performance. The
importance of incorporating both genomic information and physiological and biochemical analysis to develop better fruit
and vegetable varieties with extended storage ability and quality parameters has been recently highlighted with molecular
approaches (Kumar & Choudhary, 2024).

7.5 Integration with Post-Harvest Management Technologies

While genetic improvement can offer long-term solutions in reducing the susceptibility to browning, genetic improvement
can be combined with post-harvest management technologies to increase its effectiveness. Modern post-harvest
biotechnology brings the molecular knowledge together with the technologies of storage, preservation treatments and
quality monitoring systems to reduce losses and to preserve the quality of the products during the supply chain. The shelf
life has been extended and less food waste has been produced by using genetic engineering techniques as an additional
tool for increasing resistance to post-harvest deterioration. The technologies allow for the manipulation of genes related
to ripening, senescence, oxidative and stress responses, and hence improve the effectiveness of conventional post-harvest
interventions (Ninama et al., 2024). The future of post-harvest quality management is likely to be in the direction of an
integrated approach using molecular breeding, biotechnology and advanced storage technology for sustainable
improvement of fruit quality and shelf life. The main molecular approaches currently used to prevent browning and
enhance post-harvest quality are shown in Figure 3.
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Figure 3. Molecular Strategies for Browning Mitigation

Figure 3 shows that mitigating browning needs a multifaceted strategy involving genetics, molecular biology, and
technology. With recent breakthroughs in the fields of genome editing, omics-assisted breeding, and regulation of
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biochemical pathways, there is great potential for breeding better-performing fruit varieties. At the same time, the use of
post-harvest techniques can add value to these genetic gains, thus ensuring quality throughout the logistics process.

8. Challenges, Knowledge Gaps, and Future Perspectives

Despite significant advancement made in the discovery of the molecular mechanism underlying browning, many
challenges still exist. The occurrence of browning is a multifactorial trait that is regulated by complex interactions
involving oxidative enzymes, phenolic biosynthesis, ROS, hormones, and environment, thus making the determination of
universal markers quite challenging. Furthermore, most research studies target individual pathways without considering
how browning occurs as a result of the functioning of regulatory pathways.

A key challenge is the inability to translate basic science to applied technology in terms of browning control. This implies
that although many candidate genes, markers, and pathways involved in browning have been discovered, there has not
been significant effort invested in harnessing the discoveries for use in breeding and post-harvest handling of fruits.

New technologies are coming that may be able to overcome these restrictions. Progress in multi-omics platforms, systems
biology, Al and machine learning approaches are helping to explore further gene regulation and their ability to predict
browning susceptibility and storage performance. All of these can help speed up identifying important molecular targets
and facilitate precision breeding strategies.

Future studies should focus on genomic selection, functional genomics and genome-editing technologies to develop
cultivars that are resistant to browning. To enhance fruit quality and minimize post-harvest losses, a much tighter
integration of molecular genetics with post-harvest physiology, storage technology and computational biology will be
required. Collaborative, multidisciplinary approaches will be key factors in the development of sustainable post-harvest
biology and the long-term food quality and security.

9. CONCLUSIONS

Browning caused by enzyme activity is one of the key aspects that affect the post-harvest quality and commercial success
of fruit crops globally. As can be gathered from this review, browning is a complicated process with a genetic basis that
results from the interplay between oxidative enzymes, phenols, ROS, hormone-mediated signaling, and stressors. The
breakthroughs made within molecular genetics prove that there are specific gene networks that control browning
susceptibility through the regulation of phenolic metabolism, antioxidative system, plasma membrane integrity, and stress
responses. Moreover, transcriptomics, proteomics, metabolomics, and epigenomics approaches allowed to learn much
more about the molecular mechanisms of browning onset and identified many candidate genes and pathways associated
with the post-harvest response. One significant outcome derived from current scientific research is that the regulation of
enzymatic browning involves very complex regulatory networks and not simple genes or pathway activities alone. The
combined effect of hormone signaling, redox reactions, transcription factors, noncoding RNAs, and epigenetics
determines whether browning occurs or is avoided in fruits. Functional genomics techniques like multi-omics analysis,
RNAI, and gene editing technologies have further increased the rate at which molecular targets can be discovered and
validated for browning resistance. The comparison of various mechanisms of browning sensitivity in different fruit
varieties provides both commonalities and unique differences that can serve as targets for developing resistant fruits
through precision breeding and biotechnological manipulation. Going forward, the convergence of functional genomics,
artificial intelligence, and breeding technologies should enable researchers to develop browning resistant varieties.
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