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Abstract:
Horticultural crops, characterized by high moisture content and intense metabolic activity, are highly susceptible to post-harvest degradation, with global losses reaching up to 50%. This review provides a comprehensive analysis of the biochemical and physiological mechanisms that drive produce senescence, including elevated respiration rates, ethylene-mediated ripening, and enzymatic activityspecifically the roles of pectinases and cellulases in tissue softening and browning. We evaluate the impact of physical stressors, such as mechanical injury and temperature fluctuations, on cellular integrity and microbial vulnerability. To address these challenges, the paper synthesizes traditional and advanced interventions, focusing on the biochemical efficacy of Controlled and Modified Atmosphere (CA/MA) storage, which regulates gas exchange to suppress metabolic decay. Furthermore, we highlight the potential of nanotechnology-based active packaging and CRISPR-mediated genome editing to target specific metabolic pathways for extended shelf life. By integrating sustainable agronomical practices with modern biotechnological innovations, this review outlines a strategic framework for minimizing nutrient loss and enhancing food security in diverse climatic conditions.
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Introduction 
	Post-harvest losses are the quantitative and qualitative deterioration of produce that occurs between harvest and consumption. The losses are brought on by mechanical damage that happens during handling, in addition to poor produce marketing, storage, and transportation (Singh et al., 2021). Compared to other products, post-harvest losses in the horticultural industry are rather significant since fruits and vegetables are inherently perishable. After harvest, fruits and vegetables undergo ripening, respiration, and senescence, remain physiologically active, and are delicate and high in moisture (Banjaw, 2017).
	Fruits and vegetables are especially susceptible to temperature stress, microbiological contamination, and mechanical damage because of these physiological processes and the fragile nature of the produce (Atanda et al., 2011). Poor harvesting, handling, packaging, storage, and transportation practices cause food's quality to rapidly decline, render it unsellable, and cause large financial losses. Accordingly, poor post-harvest handling practices significantly reduce the shelf life of agricultural products and increase losses (Singh et al., 2021).
	Between 30% and 40% of agricultural products are thought to be lost globally after harvest, with developing countries bearing the brunt of these losses (Dris et al., 2003). Post-harvest losses are higher in South Asia and sub-Saharan Africa because of a lack of proper cold chain infrastructure, storage facilities, transportation networks, and knowledge of better post-harvest handling practices. In addition to the quantity of food wasted, these losses also have an impact on the farmer's income, marketing expenses, and the nation's overall economy. Post-harvest losses have a significant impact on horticultural crops, which are crucial for human nutrition (Elik et al., 2019).
	Reducing post-harvest losses is essential for preserving food and nutritional security, increasing farmer incomes, and improving market competitiveness, according to Kiaya (2014). Post-harvest management strategies that can be applied to reduce losses and increase shelf life include efficient harvesting methods, pre-cooling, grading, packaging, cold storage, processing, and value addition. Furthermore, improved post-harvest systems enable climate-resilient and lucrative horticulture, improve supply chain management, and reduce resource waste all of which contribute to sustainable agricultural development (Bisht and Singh, 2024).
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Figure. 1 Post harvest losses in horticultural crops

1. Post-Harvest Losses Magnitude 
	Depending on the type of product, how it is produced and harvested, climate, location, and supply chain efficiency, post-harvest losses for fruits and vegetables can vary significantly. Food losses during harvesting, handling, storing, shipping, processing, and selling reduce the quantity and quality of the final product (Gajanana et al., 2011). Post-harvest losses decrease shelf life, nutritional quality, and consumer acceptance in addition to the amount of marketable food. Fruit and vegetable losses can range from 10% to over 50% on average, with particularly perishable commodities seeing the highest losses (Elik et al., 2019).
	Leafy vegetables, berries, tomatoes, mushrooms, and soft fruits are particularly susceptible to post-harvest losses due to their high respiration rates, sensitive tissues, susceptibility to injury, and vulnerability to microbial proliferation. Inadequate handling and storage practices can result in losses of over 40–50% for leafy vegetables, especially when cold storage is not available (Atanda et al., 2011). There are notable differences between the loss patterns in industrialized and emerging regions. In wealthy nations, manufacturing and storage losses are minimal because to improved infrastructure, mechanization, and effective cold chains. However, losses still happen at the retail and consumption levels, mostly due to a culture of food waste and stringent cosmetic restrictions.
	Output losses are much higher in developing nations because of inadequate infrastructure, inadequate refrigeration, inappropriate packaging, and a lack of awareness about effective post-harvest practices (Hailu and Derbew, 2015). The value chain's effectiveness is crucial. Long supply chains, more middlemen, bad road connections, and slower marketing all increase the risk of rotting and quality deterioration (Enyiukwu et al., 2020). Higher temperatures and moisture, which are typical of tropical and subtropical settings, promote aging and microbial development, making post-harvest losses worse (Rajapaksha et al., 2021). In conclusion, the significant post-harvest losses of horticultural crops present a significant obstacle to food availability, farmer incomes, and agricultural progress.
	To successfully address the issue and implement post-harvest technologies that minimize losses and unlock value, it is crucial to understand the extent of post-harvest losses and the points at which they occur in various crops and value chain stages.
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Figure 2. Stage-wise post-harvest losses in the horticultural value chain 

2. Post-Harvest Losses Causes 
	Post-harvest losses are caused by a complex interplay of biological, physical, technological, and social elements that affect different stages of the post-harvest supply chain. Horticultural crops survive harvest (Kiaya, 2014). When combined with poor handling and infrastructure, this speeds up degradation. The main reasons for post-harvest losses can be divided into the following categories:
3. Physiological and Biological Causes 
After being harvested, fruits and vegetables continue to breathe and are physiologically active. As they break down stored carbohydrates and organic acids, they release carbon dioxide, heat, and water. By encouraging rapid senescence, better internal heating, and a faster breakdown of energy stores, elevated respiration rates shorten storage life and reduce marketability (Workineh et al., 2021). 
Ethylene Production:
Ethylene is a plant hormone that controls ripening processes and is released by tropical fruits including bananas, mangoes, apples, and tomatoes after they are harvested. By encouraging quicker ripening, softening, color changes, and senescence, excessive ethylene production reduces storage life and raises the danger of physiological issues and degeneration (Singh et al., 2021).
Enzymatic Activity: Post-harvest enzymatic processes, especially those involving pectinases, cellulases, and polyphenol oxidases, result in tissue softening, enzymatic browning, and flavor loss. These metabolic interactions adversely affect the nutritional value, texture, and appearance of horticultural produce (Elik et al., 2019). 
Microbial Attack: When stored in warm, humid environments, fruits and vegetables are especially vulnerable to bacterial, fungal, and yeast infestations. In addition to causing rotting, mold growth, unpleasant flavors, and occasionally mycotoxin contamination, pathogenic microorganisms cause significant losses in terms of quantity and quality (Martinez Romero et al., 2004).
3.1 Physical and Mechanical Causes 
	Mechanical and physical factors are the main causes of post-harvest losses in horticultural crops. Mechanical damage, including bruising, cutting, abrasion, puncturing, and cracking, is a common consequence of harvesting, grading, packing, and shipping processes. Cell integrity is lost as a result of these injuries, which increases respiration rates, accelerates physiological deterioration, and makes it easier for pathogenic microorganisms to enter the body. Therefore, mechanically damaged produce is more likely to deteriorate and spoil more quickly. Workineh and Enyew (2021) state that mechanical damage is a major contributor to post-harvest losses of fruits and vegetables, especially in production systems that employ manual handling and subpar packaging methods.
	Temperature stress accelerates post-harvest deterioration even further. Temperature exposure accelerates microbial respiration, growth, and transpiration, which accelerates senescence and quality deterioration. On the other hand, extremely low temperatures cause chilling or freezing damage to temperature-sensitive produce, which shows up as symptoms like tissue browning, surface pitting, strange flavors, and unmarketability. The storage life of horticultural produce is greatly reduced by inadequate temperature management, which is often made worse by weather unpredictability (Siddiqui et al., 2015).
	Water transpiration is another important physical factor influencing post-harvest quality. Wilting, shriveling, softening, and weight loss due to excessive water loss all have a direct effect on market value. Because of their high surface area to volume ratio, fresh fruits and leafy vegetables are particularly susceptible to dehydration. Brecht and Yahia (2009) state that having the proper relative humidity is essential for preserving freshness, reducing physiological weight loss, and extending shelf life during post-harvest handling and storage.
Transportation and Handling Factors 
	Post-harvest losses in the horticultural supply chain are also significantly influenced by handling and transportation factors. When produce is handled improperly, such as when it is dropped, piled improperly, overstacked, or packed in materials improperly, it is susceptible to compression, tension, and vibration stresses. These factors lower marketable quality by speeding up physiological deterioration, increasing respiration rates, and causing tissue damage. Post-harvest losses in the horticultural supply chain are largely caused by mechanical damage during transportation, particularly during manual loading and unloading, and poorly designed packaging (Ali et al., 2019). Compound losses associated with transportation have a special impact on perishable fruits and vegetables.
	Long distances, poor road infrastructure, heavy handling, and a lack of refrigerated or temperature-controlled transportation all contribute to produce warming, drying out, vibration damage, and microbiological deterioration. Ineffective transportation methods significantly increase losses in tomato supply chains, claim Kefas et al. (2024). This demonstrates how important it is to improve handling practices, integrate cold chain transportation, and manage logistics in order to maintain the quality of food during transportation.
3.2 Inappropriate Storage Conditions 
	Inadequate storage conditions are a major contributor to post-harvest losses in horticulture crops. Produce deteriorates physically more quickly when stored at high temperatures and low humidity levels because these conditions speed up respiration, activate enzymes, and encourage the growth of bacteria. Unsuitable storage conditions rapidly reduce the shelf life of food and affect its nutritional and sensory qualities. Researchers Caixeta-Filho and P. (2018) claim that poor storage conditions are a major contributor to losses in the agricultural value chain.

	Inadequate ventilation in storage facilities exacerbates the problem by accumulating heat, carbon dioxide, and ethylene gasses, which accelerates the ripening, aging, and disintegration of produce. Variations in temperature and humidity brought on by uneven air circulation increase the risk of physiological issues and spoiling. According to Kasso and Bekele (2018), adequate ventilation is essential for maintaining stable storage conditions and reducing post-harvest losses, particularly in traditional storage facilities.
3.3 Socio-Economic and Market Constraints
	Horticultural crops experience large post-harvest losses as a result of market and socioeconomic limitations, especially in developing countries. It is challenging for small and marginal farmers to reach markets. Due to insufficient road networks, logistics, fluctuating market prices, and the absence of guaranteed buyers, farmers often hold their food in less-than-ideal conditions in order to bring it to market. These delays accelerate natural degradation and microbial activity, leading to significant losses in both quantity and quality.
	Munhuweyi et al. (2016) found that poor market integration and supply chain coordination increase post-harvest losses from retail to consumer levels, which affects farmer earnings and consumer prices. Inadequate post-harvest infrastructure, such as the absence of pack houses, facilities for grading and sorting, cold storage, and processing companies, exacerbates the problem.
	Without such infrastructure, especially in rural or isolated areas, farmers are more likely to use better post-harvest practices and adhere to traditional methods. Inadequate infrastructure not only accelerates spoiling but also reduces market diversity and value addition options, which reduces the efficacy of producer price stability. The ignorance and incapacity of farmers, traders, and post-harvest workers is another significant contributing factor. Suboptimal supply chain practices arise from ignorance of the ideal harvest maturity, scientific handling, storage conditions, and post-harvest technologies.
	Lack of training and extension services is one of the primary causes of vegetable losses, according to Kumar et al. (2006). In order to spread best practices and reduce losses, they emphasized the importance of improving extension services and boosting capacity.
4. Post-Harvest Loss Stages 
	Post-harvest losses occur at several stages of the supply chain, from harvest to final marketing and consumption. The kind and extent of losses vary at each stage according to crop characteristics, handling methods, and the availability of infrastructure. Determining which stages are vulnerable to loss is essential for effective post-harvest management (Kiaya, 2014).
Harvesting Stage 
	Harvesting losses are frequently caused by improper procedures, hard handling, and poor harvest maturity selection (Yahia et al., 2019). Harvesting vegetables too soon or too late affects their quality, shelf life, and market value. Mechanical injuries brought on by improper tool use, excessive force, or harvesting in bad weather enhance the risk of disease and infection (Ali et al., 2019).
Field Handling and Packing Stage
	Fresh food is more susceptible to moisture loss, bruising, and contamination throughout the field handling and packing process. Inadequate or damaged packaging, heavy containers, and unsanitary harvesting equipment and containers all increase the risk of bruises, compression injuries, and microbial contamination. By accelerating respiration and transpiration rates and inducing rapid physiological degradation, intervals between harvesting and packaging, particularly in hot weather, reduce marketability and storage life (Pokhrel, 2021).
4.1 Transportation Stage 
	Most post-harvest losses in storage are caused by disease development, microbial degradation, and physiological weight loss from transpiration. Inadequate control of temperature, humidity, and gas composition will hasten senescence and shorten storage life. Lack of cold storage facilities causes significant losses in developing countries, especially for perishable foods like fruits and vegetables. According to Elik et al. (2019), post-harvest losses in horticultural value chains are primarily caused by inadequate storage conditions.
4.2 Storage Stage 
	Most post-harvest losses in storage are caused by disease development, microbial degradation, and physiological weight loss from transpiration. Inadequate control of temperature, humidity, and gas composition will hasten senescence and shorten storage life. Lack of cold storage facilities causes significant losses in developing countries, especially for perishable foods like fruits and vegetables. According to Elik et al. (2019), post-harvest losses in horticultural value chains are primarily caused by inadequate storage conditions.
Processing and Marketing Stage 
	Strict quality classification, cosmetic standards, and changes in market prices are responsible for most of the losses that occur throughout the production and marketing phase. Because of their size, color, shape, or small aesthetic defects, vegetables may receive a lower rating or be discarded even when they are still high in nutrients. Inadequate market infrastructure, processing and value-adding facilities, and marketing delays are other factors contributing to post-harvest losses. Yahia (2019) proposes two strategies to lower post-harvest losses at the market stage: increased processing capacity and relaxed quality criteria.
5. Management and Reduction Strategies 
	Post-harvest losses in horticulture crops must be managed using a thorough and well-coordinated approach. This includes capacity building, value-adding processes, science-based handling and storage techniques, improved harvesting techniques, and policy support. Produce quality can be enhanced, shelf life can be extended, and financial gains can be maximized by implementing strategies at different stages of the post-harvest handling chain. Enhancing infrastructure, promoting the adoption of modern technology, and increasing stakeholder awareness through extension and training programs are all necessary for a long-term reduction in post-harvest losses (Banjaw, 2017).
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Figure 3. Sustainable post-harvest management model 


5.1 Harvesting Interventions 
	Harvesting techniques are crucial to maintaining the quality of horticultural crops and reducing post-harvest losses. Harvesting at the optimal stage of physiological maturity results in improved flavor, texture, nutritional value, and storage qualities. Overripe food would spoil faster and be more susceptible to mechanical and microbiological harm, but immature fruits might not have the appropriate organoleptic properties. According to Yogita et al. (2024), using crop-specific maturity indicators, such as size, color, firmness, and days after blooming, can increase marketability and shelf life.
	Reducing mechanical injuries such as cuts, abrasions, and bruises also requires the use of sharp, well-maintained devices and well-trained people. These cuts not only detract from the appearance of the product but also allow bacteria to enter, speeding up the deterioration of quality.
Handling and Packing 
	After harvest, produce needs to be handled and packed immediately to avoid physical damage and microbiological infection. Standardized, smooth, and clean containers can lower the danger of contamination and compression damage. Plastic crates are rapidly taking the place of conventional sacks and baskets due to their durability, stackability, and ventilation characteristics. To avoid cross-linkages and the development of post-harvest diseases, reusable containers need to be washed and sterilized regularly (Banjaw, 2017). Sorting and grading further optimizes post-harvest handling by eliminating damaged, contaminated, or overripe fruit that could accelerate the deterioration of sound goods. Standardized grading simplifies market value addition, storage management, and packing due to its consistency. Rathnayake et al. (2023) claim that proper sorting and grading significantly lower post-harvest losses by preventing the spread of
Additionally, cushioning materials like paper liners, foam nets, straws, or molded trays provide excellent protection against physical stress and vibration during handling and transit, especially for delicate fruits, to maintain quality and reduce losses.
5.2 Management of Temperature (Cold Chain) 
	One of the most crucial strategies to reduce post-harvest losses of perishable fruits and vegetables is to maintain a stable cold chain. Rapid pre-cooling, which entails quickly lowering field temperatures, is one tactic to reduce losses immediately following harvest. Some of the techniques used include vacuum cooling, forced air cooling, and hydrocooling, depending on the produce and the facilities available. According to a 2025 study by Mounika et al., pre-cooling immediately after harvest significantly increases storage life and maintains the physiological and biochemical properties of fruits and vegetables.
	Microbial growth, enzyme activity, and metabolic rates can be controlled by storing produce in a refrigerator that is set to the proper humidity and temperature for each variety of produce after pre-cooling. According to a 2023 study by Mohan et al., preserving optimal storage temperatures is essential to reducing post-harvest losses of tomatoes in the supply chain. Additionally, storing items in refrigerated transport vans helps to keep them at the proper temperature throughout transit, preventing temperature fluctuations that could lead to deterioration. Cold storage and temperature-controlled transportation are essential for preserving produce quality from farm to market.
5.3 Controlled Atmosphere (CA) and Modified Atmosphere (MA) Storage 
	Controlled atmosphere (CA) and modified atmosphere (MA) storage methods are well known for being effective techniques to extend the post-harvest life of agricultural commodities by regulating the gaseous environment surrounding the produce. These storage systems function by increasing carbon dioxide (CO₂) levels and decreasing oxygen (O₂) concentration, which lowers respiration rate, delays ripening, slows senescence, and lessens ethylene action. These physiological alterations aid in maintaining firmness, color, flavor, and nutritional value over time. CA and MA storage techniques are particularly effective for climacteric fruits, such as apples, pears, bananas, and mangoes, where respiration and ethylene-mediated ripening are important elements in post-harvest deterioration.When combined with proper temperature and humidity regulation, ideal climatic conditions significantly increased.
5.4 Moisture and Humidity Control 
	Proper moisture and relative humidity levels must be maintained during storage to minimize post-harvest losses from transpiration-induced moisture loss, which results in wilting, shriveling, weight loss, and a reduction in visual quality. Humidification techniques that maintain crop-specific optimal relative humidity levels sustain turgidity, freshness, and market value, particularly in fresh fruits and green vegetables. According to Erkan and Wang (2006), when combined with modified or controlled environment storage, effective humidity control greatly reduces physiological degradation and increases the storage life of subtropical crops.
	Evaporative cooling systems offer a cost-effective and energy-efficient substitute for conventional humidification in terms of maintaining lower temperatures and higher humidity levels, particularly in hot and arid regions. Technologies like zero-energy cool chambers, which are perfect for small and marginal farms, are based on evaporative cooling. Majidi et al. (2014) demonstrated that these systems effectively preserve qualitative attributes and extend the shelf life of horticulture products by reducing temperature stress and moisture loss, making them a feasible choice for resource-constrained situations.
5.5 Hygiene and Sanitation  
	Effective post-harvest management requires sanitation components and hygiene since microbial contamination is one of the primary causes of post-harvest degradation in horticulture crops. Clean storage and transportation facilities are crucial for lowering the microbial load and preventing cross-contamination during handling, storage, and distribution. Regular cleaning and sanitation of storage rooms, pack houses, crates, equipment, and transport vehicles maintains the quality of produce and reduces the presence of hazardous microorganisms. Brecht (2006) states that when combined with appropriate climatic control, hygienic handling conditions significantly limit the physiological degeneration and microbial development of vegetables.
	 In addition to hygienic facilities, post-harvest treatments and disinfectants are widely employed to extend storage life and lower germs that cause rot. The use of approved post-harvest fungicides, hot water treatments, and food-grade sanitizers like chlorine, organic acids, and ozone has reduced microbial degradation without compromising the safety of produce. When paired with storage in a controlled or modified environment, these therapies enhance disease control and maintain the quality of tropical fruits over extended storage and transit (Yahia, 2006).
 Processing and Value Addition
	Practical strategies to reduce post-harvest losses include value addition and processing, which convert highly perishable fresh products into more stable, marketable forms. Using fresh fruits and vegetables to produce canned, dried, frozen, or minimally processed products reduces their perishability, eases market gluts during high-output seasons, and ensures year-round availability. According to Sethi & Sethi (2006), the horticultural business relies heavily on the utilization of processing technology to increase financial returns and decrease waste. Making value-added products including juices, jams, jellies, pickles, sauces, purees, and dried items not only prolongs shelf life but also boosts market value, product diversity, and employment development in rural areas.
	Value-added processing increases profitability, supports agribusiness, and encourages the sustainable use of horticultural products, claim Sharma et al. (2021). All things considered, value addition and processing are essential to integrated post-harvest loss management because they link production with marketing, processing, and consumer demand.
5.6 Packaging Innovations
	Innovative packaging methods drastically lower post-harvest losses by protecting horticulture food from microbial spoilage, moisture loss, mechanical damage, and unfavorable weather conditions. Active and intelligent packaging solutions, which both contain and actively interact with the product to maintain quality, constitute a major advancement in post-harvest technology. Modern packaging technologies, such as ethylene absorbers, antibacterial agents, and freshness or time-temperature indicators, are used to regulate the internal package environment, prevent microbial growth, delay ripening, and provide real-time information on product quality. These techniques are particularly effective for climacteric fruits and highly perishable vegetables, where ethylene management and microbial control are critical for increasing shelf life.
	These innovative packaging methods significantly improve the marketability, safety, and storage life of fresh and processed horticulture commodities while reducing post-harvest losses (Sharma et al., 2021). Reducing physiological stress and dehydration not only preserves quality but also reduces environmental pollution caused by plastic waste. Hoq et al. (2012) claim that use breathable and biodegradable packaging enhances the vegetables' export quality and shelf life while also encouraging environmentally responsible post-harvest methods. All things considered, implementing state-of-the-art, eco-friendly packaging technology holds significant potential for reducing post-harvest losses and meeting consumer demand for sustainable and safe horticulture goods (Bisht and Singh, 2024).

5.7 Farmer Education and Capacity Building 
	To reduce post-harvest losses, farmer education and capacity building are crucial because they increase knowledge, competency, and adoption of scientific post-harvest procedures. It has been shown that training and awareness programs that focus on key subjects such the optimal harvesting time, safe handling procedures, grading, storage methods, and market-oriented strategies significantly improve post-harvest management and reduce losses. According to Kitinoja and Tokala (2018), targeted post-harvest training interventions assist farmers and supply chain participants in reducing mechanical damage and spoiling, using appropriate handling and storage practices, and better understanding the physiological behavior of harvested food. The quality, shelf life, and market value of products are also improved by these capacity-building initiatives, which empower stakeholders to use affordable, locally relevant technologies.

	In addition to training, strong extension and policy support systems are needed to scale up post-harvest loss reduction initiatives. Improving agricultural extension services facilitates the efficient dissemination of best practices and post-harvest technology at the local level. Promoting Farmer-Producer Organizations (FPOs) reduces risk for individual farmers and boosts their bargaining power by expanding group access to post-harvest infrastructure, market data, storage facilities, and value-added opportunities. Consistent investment in post-harvest infrastructure, such as pack houses, cold storage facilities, and transportation facilities, supported by favorable legislation and public-private partnerships, is also necessary for a significant and long-term decrease in post-harvest losses. According to Kitinoja and Tokala (2018), integrating education, extension, and institutional support remains one of the most effective ways to improve post-harvest systems.
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Figure 4. Integrated management of post-harvest losses 

6. Emerging Technologies in Post Harvest Management 

	Emerging technologies are transforming post-harvest management systems by enabling real-time monitoring, precise environmental control, and data-driven decision-making across the supply chain. These developments have the potential to greatly improve output quality, reduce post-harvest losses, and boost supply chain efficiency, particularly for highly perishable horticultural commodities (Verma et al., 2025). Smart sensor technologies have gained increased recognition due to their ability to continuously monitor critical parameters like temperature, relative humidity, ethylene concentration, and gas composition during storage and transit (Laxmi et al., 2024). Continuous monitoring enables early detection of problematic conditions and timely remedial action to prevent physiological deterioration and microbiological spoilage. Utilizing sensor-based monitoring systems improves quality control and reduces losses due to hidden variations in storage and transit conditions.

	The Internet of Things (IoT) enhances post-harvest management by enabling real-time cold chain operations supervision and control through the integration of sensors with data analytics, cloud platforms, and communication networks. IoT-enabled technologies allow improved traceability, accountability, and transparency throughout the whole supply chain, from farm to customer. These technologies preserve quality and reduce losses during handling, storage, and transit by promoting informed decision-making, optimizing logistics, and reducing delays (Sau et al., 2021).

	Biological control is an eco-friendly alternative to synthetic chemical fungicides for post-harvest disease management. Beneficial microorganisms that can be employed to reduce pathogenic organisms that induce deterioration without leaving behind dangerous residues include antagonistic bacteria and fungi.Biocontrol-based methods provide efficient disease management while lowering threats to the environment and human health, and they are in line with organic production systems and food safety regulations. Nanotechnology-based packaging advancements have opened up new ways to enhance post-harvest quality and shelf life. Nanomaterials improve the mechanical strength, antibacterial activity, and barrier properties of packaging solutions.
	Nano-coatings and nanocomposite films significantly extend shelf life and maintain product quality throughout storage and transit by permitting controlled release of active ingredients, managing gas exchange, and providing enhanced protection against infections (Lal et al., 2023).Together, policy-driven infrastructure development, strong institutional support, and evolving post-harvest technology offer a comprehensive approach to reducing post-harvest losses in horticulture crops in a sustainable way. Along with investments in cold chain infrastructure, market connections, research and innovation, and capacity building, the deployment of intelligent monitoring systems, management, and environmentally friendly advanced disease packaging technologies can greatly improve food security, raise farmer incomes, and reduce environmental impacts. It takes a coordinated, multi-stakeholder effort involving researchers, legislators, and other stakeholders to transform technology advances into scalable, inclusive, and sustainable post-harvest solutions.
7. Challenges in Implementation
	Despite the existence of well-established post-harvest technology and management methods, several institutional, legal, financial, and technological obstacles prevent widespread deployment, especially in developing countries. 
High Initial Investment Costs: 
	The setup of packing facilities, cold storage, refrigerated shipping, and controlled environment systems is quite expensive. These high costs can make adoption difficult for small farmers, particularly when there are no readily available loans or subsidies. 
Limited Access to Skilled Human Resources: 
	Effective post-harvest management requires trained staff with knowledge of cold chain operations, grading, harvesting, storage management, and quality control. In many locations, a shortage of competent staff and technical know-how limits the efficient use of existing infrastructure.
Limitations Smallholder Farmers Face: 
	Small farmers often lack access to modern post-harvest services, organized markets, and institutional loans. Their weak negotiating power, limited output numbers, and scattered landholdings further hinder their ability to participate in value-added supply chains. 
Regulatory and Certification Barriers: 
	Complying with grading guidelines, quality standards, food safety laws, and certification requirements can be costly and challenging. Complying is often a challenge for small manufacturers and processors, limiting them access to lucrative domestic and foreign markets.
8. Future Prospects and Research Gaps 
	Reducing post-harvest losses in horticultural crops is increasingly recognized as a strategic way to increase food security, farmer income, and sustainability. In order to make a major long-term impact, a number of opportunities and critical research gaps still need to be addressed, despite the enormous advancements in post-harvest technologies and management practices.

Development of Low-Cost and Scalable Technologies 
	Future research should focus on developing post-harvest solutions for smallholder farmers that are economical, scalable, and energy-efficient. Better zero-energy cool chambers, solar-powered cold storage, and affordable packaging materials are examples of innovations that require field-level optimization and validation in a range of agroclimatic conditions.

8.1 Crop-Specific Post-Harvest Management Protocols 
	Post-harvest handling and storage practices must be customized for each crop and region due to the wide variations in the physiological behavior and storage requirements of fruits and vegetables. Future study should concentrate on standardizing maturity indicators, optimal storage conditions, and strategies for increasing the shelf life of native and underutilized horticulture crops.
8.2 Integration of Digital and Smart Technologies
	Digital technologies like artificial intelligence (AI), Internet of Things (IoT)-based monitoring, and decision-support systems are still not commonly deployed, despite their enormous potential. Further research is needed to assess their cost-benefit ratios, data interoperability, farmer and handler usability, and integration into existing value chains.
8.3 Eco-Friendly and Chemical-Free Post-Harvest 
	Treatments The increasing consumer demand for safe and residue-free produce highlights the need for research on biocontrol agents, plant-based extracts, edible coatings, and physical treatments (such as heat, UV, and irradiation). Long-term studies on the efficacy, safety, and regulatory acceptance of these alternatives are required.

8.4 Advanced Packaging Materials and Sustainability 
	Further research is needed on intelligent, recyclable, and biodegradable packaging techniques that can maintain quality while lessening their negative effects on the environment. The commercialization strategies and life cycle assessments of packaging based on nanotechnology should also be taken into consideration.

8.5 Quantification of Post-Harvest Loss and Data Gaps
	Particularly in developing countries, reliable and consistent statistics on post-harvest losses by crop and stage are few. Improved methods for loss assessment and real-time monitoring are essential for evidence-based policies and targeted responses. 
Further multidisciplinary research is needed to understand the institutional, market-related, and behavioral limitations affecting the use of post-harvest technology. By evaluating the effectiveness of institutional frameworks such as FPOs and PPPs, policy tools, and subsidy programs, future plans will be enhanced.
9. Conclusions 
	Post-harvest losses in horticultural crops pose a serious threat to food and nutrition security, farmer profitability, and sustainable agriculture. Significant losses are caused by the perishable nature of horticulture goods as well as a number of biological, physical, technological, and socioeconomic factors operating across the supply chain. Understanding the extent, causes, and stages of post-harvest losses is necessary for effective solutions. By using integrated post-harvest management strategies, which include improved harvesting and handling practices, scientific storage and temperature control, value addition, innovative packaging, and digital technologies, losses can be greatly reduced and product quality can be improved. Furthermore, in addition to educating and improving farmers' competencies, achieving long-term reductions in post-harvest losses necessitates strengthening institutional support, infrastructure, and regulatory initiatives.
Collaboration between researchers, policymakers, extension organizations, and the business community is crucial to transforming post-harvest systems into reliable, profitable, and efficient links in the horticultural value chain.
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