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Abstract
The postharvest period is critical for preserving the quality and shelf life of vegetables. Horticultural produce, especially fruits and vegetables, is frequently subjected to various abiotic and biotic stresses throughout production, harvesting, handling, storage, and distribution. These stressors provoke a chain of morphological, physiological, biochemical, and molecular alterations that can negatively influence crop quality and longevity. Interestingly, mild or controlled exposure to stress can sometimes enhance the plant’s resistance mechanisms and improve tolerance to subsequent stresses. This review summarizes the physiological and molecular responses of vegetables to these stresses, highlights recent advancements in postharvest handling technologies, and discusses strategies for mitigating quality loss.
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Vegetables are an essential component of the human diet, rich in vitamins, minerals, fiber, and antioxidants. However, they are also among the most perishable agricultural commodities due to their high moisture content and metabolic activity. Postharvest losses of vegetables can range from 20% to 40% in developing countries, including India, largely due to inadequate handling, transport, and storage systems. These losses not only reduce economic returns for farmers and vendors but also contribute significantly to food insecurity and environmental degradation.

Abiotic and biotic stresses during postharvest handling—such as temperature extremes, relative humidity fluctuations, mechanical injuries, microbial contamination, and pest attacks—affect vegetable quality, shelf life, and nutritional value. These stressors disrupt physiological, biochemical, and molecular processes in vegetable tissues, resulting in symptoms like shrivelling, decay, tissue browning, and loss of firmness.

Importantly, research has revealed that vegetables possess innate defense mechanisms to counter these stresses. These include structural modifications, enzyme activation, secondary metabolite production, and stress-related gene expression. With advancements in postharvest biology, stress-induced pathways are now being harnessed not only to extend shelf life but also to enhance nutraceutical value in some cases.

This review aims to provide a comprehensive understanding of the physiological, biochemical, and molecular responses of vegetables to postharvest abiotic and biotic stresses. It also highlights recent innovations in postharvest technology and stress mitigation strategies to ensure quality maintenance and value retention from farm to fork. Vegetables are highly perishable commodities that undergo significant changes after harvest due to various abiotic and biotic stresses. These stresses affect the physiological, biochemical, and molecular integrity of vegetables, leading to quality deterioration, nutrient loss, and reduced shelf life. Abiotic stresses such as temperature fluctuations, relative humidity, mechanical injuries, and oxidative stress, along with biotic stresses including microbial infections and pest infestations, influence postharvest quality. Understanding these responses at different levels helps in developing strategies to mitigate postharvest losses and maintain vegetable quality. 
[bookmark: _Hlk192885573]For immobile plants, abiotic environmental factors are often the main detrimental factors affecting their growth and development (Zhang and Gong, 2023). Abiotic stress refers to the adverse effect of any abiotic factor on a plant in each environment, resulting in a range of responses, from changes affecting biological processes such as gene expression and cell metabolism to growth and development (Zhang and Xia, 2023). Specifically, abiotic stress includes extreme temperature stress, drought stress, flooding stress, salinity stress, metal stress, and nutrient stress, and different stresses can cause different responses [Zhang et. al, 2020]. Extreme temperatures, drought, and saline soils are the main environmental factors that limit the survival and interrelated distribution of plants in nature [Zhang and Gong, 2023]. For example, high temperatures and drought often occur together. The perception and transduction of and response of plants to stress signals are of great scientific interest as an important biological issue [Swain et .al, 2023]. In particular, the study of transduction signals at all levels has provided strong evidence for various stress responses in plants [Markha et al., 2021]. Both salt and drought stress cause osmotic stress, which involves the regulation of a wide range of inorganic and organic metabolites and results in damage to plants, including ion toxicity, reactive oxygen species (ROS) accumulation, plasma membrane disruption, and cell wall damage [Beena et al., 2023]. Non-adaptive changes are caused by protein misfolding and the disruption of the cell wall structure in response to stress in plants, whereas adaptive changes lead to increased plant resistance. Thus, the molecular mechanism of plant response to abiotic stress is multi-level and multi-process, involving sensing, signal transduction, transcription, processing, and protein translation and modification, and is a complex response mechanism with multiple genes, signalling pathways, and metabolic processes.

Physiological Responses to Abiotic and Biotic Stresses
Vegetables, once harvested, undergo a series of physiological changes that are often accelerated by abiotic and biotic stresses. These changes not only affect their physical appearance but also reduce their marketability and consumer acceptance. The following subsections outline the key physiological responses of vegetables to postharvest stressors:
1. Water Loss and Desiccation
One of the most immediate and visible postharvest physiological issues is moisture loss. Vegetables with large surface area-to-volume ratios, such as leafy greens (lettuce, spinach), are particularly prone to rapid desiccation. Loss of turgor pressure due to excessive transpiration leads to wilting, shrivelling, and reduced visual appeal.
The rate of water loss is influenced by:
· Stomatal conductance: Vegetables with stomata that remain open postharvest (e.g., spinach) lose water more rapidly.
· Cuticular characteristics: A thinner or damaged cuticle increases transpiration.
· Ambient conditions: High temperatures and low relative humidity accelerate water loss.
Modified atmosphere packaging (MAP) and humidity-retentive packaging materials are commonly used to reduce water loss.
2. Respiration and Ethylene Production
Respiration is a continuous metabolic process that leads to energy release and substrate depletion. In many vegetables, especially climacteric ones like tomatoes, peppers, and okra, postharvest respiration rates increase under stress.	Comment by WPS_1701612324: Cite references
· High respiration rates result in accelerated aging, carbohydrate depletion, and rapid senescence.
· Ethylene production further amplifies ripening, chlorophyll breakdown, and tissue softening.
Stress conditions such as bruising, temperature fluctuations, and microbial infection can trigger excessive ethylene synthesis. Ethylene-sensitive vegetables like broccoli, cucumbers, and lettuce are especially vulnerable and may exhibit yellowing and loss of crispness.
Ethylene inhibitors like 1-Methylcyclopropene (1-MCP) have shown promise in slowing senescence in various vegetables by blocking ethylene perception.
3. Chilling Injury and Heat Stress
Temperature plays a pivotal role in postharvest physiology. While refrigeration slows down respiration and microbial growth, many tropical and subtropical vegetables (e.g., eggplant, cucumber, green beans) are susceptible to chilling injury when stored below their critical temperature thresholds (typically <10°C).
Symptoms of chilling injury include:
· Surface pitting
· Internal browning
· Increased susceptibility to pathogens
· Off-flavour development
In contrast, excessive heat during storage or transport—particularly in open-air or non-refrigerated environments—can induce:
· Increased respiration and enzymatic degradation
· Cell wall loosening
· Water loss and microbial growth
Proper temperature management based on the commodity-specific chilling sensitivity is crucial for minimizing these stresses.
4. Mechanical Damage and Oxidative Stress
Mechanical injuries such as bruises, abrasions, and cuts can occur during harvesting, sorting, packaging, and transportation. These injuries:
· Trigger localized ethylene production
· Expose internal tissues to oxidative damage
· Promote enzymatic browning and microbial colonization
Mechanical damage disrupts membrane integrity, facilitating the entry of pathogens and accelerating spoilage. Coupled with the generation of reactive oxygen species (ROS), these stresses disturb cellular homeostasis, leading to:
· Lipid peroxidation
· Increased membrane permeability
· Loss of firmness and nutritional quality
Use of cushioning materials, gentle handling practices, and mechanized sorting lines can significantly reduce mechanical injuries.
5. Pathogen-Induced Physiological Changes
Fungal (e.g., Botrytis cinerea, Alternaria spp.) and bacterial (e.g., Pseudomonas spp., Erwinia spp.) pathogens cause diverse physiological responses in infected vegetables:
· Tissue maceration
· Foul odors
· Discoloration and decay
· Exudation of fluids
Pathogen invasion often initiates defense responses such as:
· Lignin deposition
· Accumulation of phenolic compounds
· Localized cell death (hypersensitive response)
Biochemical Responses to Abiotic and Biotic Stresses
Antioxidant Defense Mechanisms
Vegetables activate antioxidant systems, including enzymatic (superoxide dismutase, catalase, peroxidase) and non-enzymatic (ascorbic acid, phenolics, flavonoids) components to counteract oxidative stress.
Lipid peroxidation due to ROS accumulation affects membrane stability, leading to increased electrolyte leakage and textural damage.
Phenolic and Flavonoid Accumulation
In response to stress, vegetables accumulate phenolic compounds and flavonoids that act as antioxidants and antimicrobial agents.
Elevated phenolic content in stressed vegetables contributes to increased browning but also enhances disease resistance.
Changes in Carbohydrate and Protein Metabolism
Stress conditions alter carbohydrate metabolism, leading to increased sugar breakdown via glycolysis and the tricarboxylic acid (TCA) cycle.
Stress-induced protein degradation results in amino acid accumulation, affecting texture and taste.
Enzymatic Alterations
Polyphenol oxidase (PPO) and peroxidase (POD) are activated during stress conditions, leading to enzymatic browning.
Pectin methylesterase (PME) and cellulase contribute to cell wall breakdown, reducing firmness and increasing susceptibility to microbial attack.
Molecular Responses to Abiotic and Biotic Stresses
Stress-Responsive Gene Expression
Postharvest stress induces the expression of genes involved in stress tolerance, such as heat shock proteins (HSPs), dehydration-responsive element-binding proteins (DREB), and pathogenesis-related (PR) proteins.
Transcription factors like WRKY, NAC, and MYB regulate defense pathways, influencing stress adaptation.
Hormonal Regulation
Abscisic acid (ABA) modulates stress responses by controlling stomatal closure, water loss, and defense gene expression.
Salicylic acid (SA) and jasmonic acid (JA) play roles in defense signaling against pathogen attacks and oxidative stress.
Epigenetic Modifications
DNA methylation and histone modifications regulate stress-responsive genes, influencing adaptive responses.
Small RNAs (miRNAs) modulate gene expression, affecting stress tolerance and quality maintenance.
Protein and Metabolite Profiling
Proteomic analyses reveal stress-induced changes in structural proteins, enzymes, and regulatory proteins.
Metabolomic studies highlight alterations in secondary metabolites, including glucosinolates, carotenoids, and alkaloids, which contribute to stress adaptation and defence.
Conclusion
Vegetables experience a range of physiological, biochemical, and molecular responses to abiotic and biotic stresses during postharvest storage. Water loss, respiration changes, and oxidative stress are key physiological factors affecting postharvest quality. Antioxidant defence mechanisms, enzyme activation, and secondary metabolite accumulation play crucial roles in biochemical adaptation. At the molecular level, gene expression, hormonal signalling, and epigenetic modifications regulate stress responses. Understanding these mechanisms provides a foundation for developing postharvest management strategies, including controlled atmosphere storage, cold chain optimization, and the use of biocontrol agents to enhance vegetable shelf life and quality.
Table 1 : Physiological, biochemical, and molecular responses to abiotic and biotic stresses during postharvest storage.
	Stress Type
	Physiological Responses
	Biochemical Responses
	Molecular Responses

	Water Loss & Desiccation
	Shriveling, firmness loss, reduced market value
	Increased antioxidant activity, electrolyte leakage
	Upregulation of stress-responsive genes (e.g., DREB)

	Respiration & Ethylene Production
	Accelerated senescence, nutrient degradation
	Increased sugar breakdown, enzyme activation
	Ethylene-responsive gene expression

	Chilling Injury
	Pitting, tissue browning, membrane damage
	Lipid peroxidation, enzyme activity increase
	Heat shock proteins (HSPs) expression

	Heat Stress
	Cell wall weakening, microbial growth
	Increased secondary metabolite production
	Activation of defence pathways (e.g., WRKY, MYB)

	Mechanical Damage
	Bruising, cuts, oxidative stress
	Polyphenol oxidase (PPO) activation, enzymatic browning
	Signal transduction activation




Strategies to Mitigate Postharvest Stress
Temperature and Humidity Management
· Cold Chain Maintenance: Ensuring consistent low temperatures from harvest to retail can significantly reduce postharvest losses PubMed
· Humidity Control: Maintaining optimal relative humidity prevents desiccation and wilting .IntechOpen - Open Science Open Minds
Postharvest Treatments
· Chemical Treatments: Application of calcium, salicylic acid, and natural extracts can enhance shelf-life .PubMed
· Edible Coatings: Use of edible films can reduce moisture loss and microbial contamination .IntechOpen - Open Science Open Minds+1PMC+1
Biological and Chemical Control of Pathogens
· Biocontrol Agents: Utilization of beneficial microbes like Trichoderma and Bacillus species can suppress pathogenic organisms.
· Safe Pesticides: Employing environmentally friendly pesticides helps in managing pests without harmful residues.
Genetic Approaches
· Developing vegetable varieties with enhanced resistance to postharvest stresses through traditional breeding .
· Grafting Techniques: Grafting susceptible scions onto resistant rootstocks can confer stress tolerance .Biores Scientia
Emerging Technologies
· Nanotechnology: Incorporation of nanoparticles in packaging materials can offer antimicrobial properties and enhance shelf-life.
· Smart Packaging: Development of packaging systems with sensors to monitor freshness and detect spoilage.
· Artificial Intelligence: Utilizing AI for predicting shelf-life and optimizing storage conditions.
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