


Post-Harvest Processing and Value Addition in Mango

ABSTRACT
In tropical and subtropical countries, the mango (Mangifera indica L.), commonly referred to as the "king of fruits," is of great economic, nutritional, and cultural significance.  Mangos are extremely perishable and susceptible to post-harvest losses that frequently surpass 20–40% during handling, storage, and distribution, even though they are one of the most consumed fruits globally.  These losses restrict the supply of premium fruit for customers and processors in addition to lowering farmer income.  To overcome this obstacle and guarantee optimal use of the fruit and its byproducts, a comprehensive approach to post-harvest management, processing, and value addition is needed. Mango shelf life, sensory quality, and year-round availability in a variety of forms are all greatly enhanced by post-harvest processing.  While cutting-edge techniques like high-pressure processing, pulsed electric fields, and freeze-drying are being used to preserve nutritional and functional qualities, traditional methods like refrigeration, controlled environment storage, and chemical treatments aid in reducing spoiling.  Mangos can be processed into a variety of value-added products, including powders, concentrates, frozen pulp, juices, nectars, squashes, jams, pickles, and dried slices, provided that they are handled and processed properly.  In addition to meeting domestic demand, these goods stimulate global trade, with processed mango commodities making a substantial contribution to foreign exchange profits. By creating jobs, assisting small companies, and encouraging women-led ventures, the mango processing industry also significantly contributes to rural development.  All things considered, mango post-harvest processing and value addition offer a viable option to lower losses, improve nutritional and financial value, and fortify food security.  The mango industry has the potential to develop into a vibrant, internationally competitive sector that benefits growers, processors, consumers, and the environment by fusing traditional methods with contemporary technology and sustainable use tactics.
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1. INTRODUCTION
One of the most significant tropical and subtropical fruits, the mango (Mangifera indica L.) is referred to as the "king of fruits" because of its remarkable flavor, scent, and nutritional value.  More than 100 nations grow it, with India being the biggest producer, accounting for around 40% of world production (FAO, 2022).  Mangos are commercially important in both home markets and the international fruit trade since they are consumed fresh and processed into a variety of products.  Mangos have nutritional value beyond their economic significance, offering vitamins A, C, and E as well as minerals, dietary fiber, and a variety of bioactive chemicals that support health and wellbeing (Singh et al., 2013). The mango is still a very perishable fruit, even with its widespread appeal and demand.  Because of its climacteric character, quick ripening, and vulnerability to microbial deterioration, it has a brief post-harvest life of around two to three weeks under ambient tropical circumstances (Yahia, 2011).  Losses of 20–40% are frequently recorded in underdeveloped nations, when post-harvest infrastructure is frequently insufficient (Siddiqui and Dhua, 2010).  These losses limit the supply of high-quality fruit for customers and businesses, in addition to lowering farmer revenue.  Therefore, post-harvest management is essential to minimizing waste, preserving quality, and facilitating efficient mango use. One important tactic to combat perishability and boost the mango's economic potential is value addition through processing.  Mangos have historically been processed into foods with strong cultural and culinary importance, including pickles, chutneys, jams, squashes, dried slices, and aam papad (Bose and Mitra, 2016).  Juices, nectars, concentrates, frozen pulp, powders, and nutraceutical goods are now part of the product line due to technical advancements (Litz, 2009).  These give mangos year-round consumer access in addition to increasing their marketability.  With pulp and concentrates controlling global trade, the export of processed mango products also makes a substantial contribution to foreign exchange profits (Reddy et al., 2018). New developments in mango processing are being driven by consumer desires for convenient, functional, and healthful meals.  To provide minimally processed, safe, and nutrient-rich goods, new methods including microwave-assisted drying, pulsed electric field (PEF), high-pressure processing (HPP), and freeze-drying are being investigated (Jha et al., 2010).  In parallel, because of their high concentration of polyphenols, carotenoids, lipids, carbohydrates, and dietary fiber, the use of mango by-products, such as peel, seed kernel, and stone, has drawn interest (Schieber et al., 2003).  These substances might be used in the culinary, pharmaceutical, cosmetic, nutraceutical, and industrial sectors, giving mango value chains additional dimensions.
However, issues including seasonal production, poor cold storage, shoddy supply chains, and strict international quality requirements pose problems for the mango sector.  In order to solve these problems, farmers, processors, legislators, and researchers must work together to improve technology adoption, fortify infrastructure, and create sustainable processing systems (Kader, 2005). This review article offers a thorough examination of mango value addition and post-harvest processing.  The physiological underpinnings of post-harvest degradation, handling and storage technologies, processing method advancements, value-added product diversification, by-product use, and new developments in the mango sector are all covered.  In order to offer insights into enhancing productivity, sustainability, and profitability in mango value chains, the study also identifies obstacles and potential opportunities.
2.  POST-HARVEST MANGO PHYSIOLOGY
As a climacteric fruit, the mango (Mangifera indica L.) continues to ripen after harvest due to a sharp rise in respiration and ethylene production (Lizada, 1993). A comprehensive understanding of its post-harvest physiology is necessary to design effective handling, processing, and storage methods that minimize quality loss and extend shelf life. The physiological and biochemical changes that occur after harvest not only affect fruit texture, color, taste, smell, and nutritional content, but they also accelerate senescence and increase the fruit's susceptibility to microbial degradation (Singh et al., 2018).
2.1. Climatic Behavior and Ripening
The mango has a unique climacteric period that is marked by an increase in respiration rate and an autocatalytic rise in the production of ethylene (Kader, 2002).  As the ripening hormone, ethylene controls a series of gene expression and enzymatic processes that influence the development of flavor, color changes, and weakening of cell walls (Burg and Burg, 1965).  Cultivars differ in the climacteric's length and severity.  For instance, "Alphonso" ripens more slowly, making it more suited for export, but "Tommy Atkins" ripens more slowly (Medlicott and Jeger, 1987).
2.2.  Biochemical Changes 
A number of metabolic activities take place during ripening: Conversion of starch to sugar: As fruit grows, starch is hydrolyzed into soluble sugars including sucrose, fructose, and glucose, which increase sweetness.  Amylases and invertases are the primary catalysts for this (Medlicott and Thompson, 1985). Acid breakdown: As ripening occurs, organic acids—especially citric and malic acids—decrease, lowering sourness and enhancing palatability (Mitchell and McDonald, 1997). Pigment changes: Depending on the cultivar, peel color changes from green to yellow, orange, or red due to enhanced carotenoid production and chlorophyll breakdown (Lizada, 1993). Aroma volatiles: The distinctive fruity scent is produced by the accumulation of terpenes, esters, aldehydes, and lactones.  Mangos contain more than 300 volatile chemicals, each with a characteristic unique to a particular cultivar (MacLeod and de Troconis, 1982).
2.3. Cell Wall Modification and Texture Softening
Fruit softening, which is a major aspect of mango ripening, is caused by the enzymatic breakdown of cell wall polysaccharides.  Three key enzymes that solubilize pectin and cause it to lose its firmness are pectin methylesterase (PME), polygalacturonase (PG), and β-galactosidase (Prasanna et al., 2007).  Oversoftening shortens the fruit's shelf life under ambient circumstances by making it more susceptible to microbiological infection and mechanical damage.
2.4. Physiological Disorders
The marketability of mangoes is diminished by a number of post-harvest physiological problems.  Unripe, yellowish-white spots inside ripe fruit are indicative of spongy tissue, which is common in "Alphonso" and is frequently connected to abnormalities in fruit metabolism and inappropriate storage temperatures (Kumar et al., 2011).  Mangos that are kept below 10–13°C suffer from chilling damage, which results in uneven ripening, surface pitting, and off flavors (Nair and Singh, 2009).  Cell wall collapse and electrolyte leakage cause internal disintegration, which is seen after overripening or prolonged storage (Broughton and Leong, 1991).  The significance of cultivar-specific post-harvest management is underscored by these illnesses.
2.5. Nutritional and Functional Quality Changes
The mango's nutritional composition is also influenced by the ripening process.  Ascorbic acid, or vitamin C, typically oxidizes during storage, but its functional value is increased by an increase in carotenoid content, especially β-carotene, a precursor to vitamin A (Lakshminarayana, 1980).  Enzymatic oxidation can reduce the antioxidant capacity of polyphenols such mangiferin, quercetin, and gallotannins (Masibo and He, 2008).  Therefore, for consumers to be satisfied, a balance between ideal ripening and nutrient retention is essential.
2.6. Implications for Post-Harvest Management
Mangos undergo rapid physiological and biochemical changes following harvest, necessitating cautious handling to maintain safety and quality.  To reduce respiration and postpone ripening, methods including pre-cooling, controlled environment storage, edible coatings, and ethylene inhibitors (such 1-MCP) are employed (Sivakumar and Bautista-Baños, 2014).  Whether aiming for local consumption or long-distance exports, processors can create customized strategies for various markets by using cultivar-specific knowledge of ripening physiology.
3. POST-HARVEST HANDLING AND STORAGE TECHNOLOGIES
The great perishability of mangos causes them to alter physiologically and biochemically quickly after harvest, resulting in large losses in both quantity and quality.  An estimated 20–40% of mangos are lost after harvest in underdeveloped nations, mostly as a result of poor handling practices, inadequate storage facilities, and a lack of cutting-edge technologies (FAO, 2011).  Maintaining fruit quality, increasing shelf life, and guaranteeing customer satisfaction in both local and international markets all depend on efficient handling and storage techniques.
3.1. Harvesting and Field Handling
Proper harvesting is the first step in guaranteeing post-harvest quality.  Harvesting mangoes at the physiological maturity stage is recommended since overripe fruits are more prone to mechanical damage and immature fruits lose their flavor (Yahia, 2011).  Although picking poles, clippers, or ladders are frequently used for manual harvesting, incorrect detachment can result in latex staining, which deforms the peel and raises the risk of microbial infection (Lalel et al., 2003).  Harvesting with 1–2 cm stalks intact and inverting fruits for a few hours before to packaging might reduce latex flow.  According to Kader (2002), removing field heat by pre-cooling just after harvest lowers respiration and postpones ripening.
3.2. Grading, Packaging, and Sorting
 While grading guarantees consistency in size, color, and ripeness, sorting removes spoiled or infected crops.  In order to minimize mechanical damage during transit, proper packing is essential.  Historically, wooden boxes or bamboo baskets were utilized, although these provide little protection.  Corrugated fiberboard (CFB) boxes with cushioning liners are used in modern packing to lessen compression damage and bruising (Nair and Singh, 2009).  By preserving ideal O₂ and CO₂ concentrations, Modified Atmosphere Packaging (MAP) with perforated polyethylene sheets slows down respiration and postpones ripening (Pantastico, 1975).
3.3. Temperature Management and Cold Storage
The most important element affecting how long mangos may be stored is temperature.  Mangos should be stored between 12 and 15°C with 85 and 95% relative humidity (RH).  Skin browning, irregular ripening, and diminished flavor might result from chilling harm caused by storage below 10–12°C (Medlicott and Jeger, 1987). Depending on the cultivar and stage of maturity, cold storage can prolong the shelf life of mangos by up to two or three weeks (Mitchell and McDonald, 1997).  For export consignments, pre-cooling in conjunction with cold storage is often advised as it has been demonstrated to dramatically lower post-harvest losses (Sivakumar et al., 2011).
3.4. Controlled Atmosphere and Modified Atmosphere Storage
By controlling the concentrations of O₂ and CO₂, controlled atmosphere (CA) storage slows down respiration and the generation of ethylene.  Reducing O₂ to 3–5% and increasing CO₂ to 3–10% for mangos prolongs their shelf life without compromising their sensory appeal (Jacobi et al., 1995).  MAP, which uses semi-permeable films, also slows senescence and minimizes water loss.  Long-distance shipping benefits greatly from these technologies, which enable mangos to reach foreign markets in a suitable state (Yahia, 2010).
3.5. Treatments After Harvest
 To postpone ripening and lower the likelihood of degradation, many procedures are used:
Fruits are submerged in hot water (HWT) at 50–55°C for 5–10 minutes, which effectively prevents anthracnose and stem-end rot (Johnson et al., 1991).
Chemical treatments: D'Souza et al. (2012) state that calcium chloride dips fortify cell walls and postpone softening. 
According to Hofman et al. (2001), 1-methylcyclopropene (1-MCP) is a synthetic ethylene action inhibitor that prolongs shelf life by delaying ripening.
Edible coatings: According to Bautista-Baños et al. (2006), chitosan, aloe vera gel, and wax-based coatings decrease microbial infection, moisture loss, and respiration.
For synergistic results, these therapies can be used in conjunction with cold storage.
3.6. New Developments in Storage Technologies
Recent developments include nano-based packaging materials that improve gas exchange and antibacterial action, and ozone fumigation, which lowers the microbial burden without leaving chemical residues (Ali et al., 2014).  Real-time fruit quality monitoring is made possible by the advancement of research on smart packaging that incorporates biosensors and freshness indicators (Sharma et al., 2019).  Mango supply networks might benefit from these technologies in the future..

4. DISEASES AFTER HARVEST AND HOW TO TREAT THEM
One of the biggest obstacles in mango supply chains is post-harvest infections, which cause 15–30% of all losses during marketing, transportation, and storage (Droby, 2006).  These illnesses restrict the possibility for exports by lowering marketable production and compromising fruit quality.  Therefore, it is crucial to comprehend the main infections and how to prevent them in order to guarantee value addition and sustainable mango production.
4.1. Major Post-Harvest Diseases of Mango and Factors Influencing Disease Development
Anthracnose (Colletotrichum gloeosporioides): The most damaging post-harvest disease affecting mangoes is anthracnose, which affects the fruits, leaves, and flowers.  It manifests as tiny, dark, sunken lesions on fruits that become larger as they develop, resulting in rotting and black patches (Arauz, 2000.  Its growth is aided by high humidity and warm temperatures, which makes it a major barrier in tropical producing areas. Stem-End Rot (Lasiodiplodia theobromae, Dothiorella dominicana): Lasiodiplodia theobromae and Dothiorella dominicana are the main causes of stem-end rot, a serious postharvest mango disease.  The infections enter fruit through the pedicel and stay dormant until the fruit ripens, at which point they manifest as black spots that spread out from the stem end.  Rapid interior browning, degradation, and tissue weakening are symptoms of infected fruits that cause significant postharvest losses.  Disease development is favored by warm, humid weather.  Pre-harvest fungicide applications, hot water treatments, and appropriate storage are all components of effective management. Aspergillus Rot (Aspergillus niger): Mango Aspergillus rot, which is a damaging postharvest disease that results in black mold decay, is caused by Aspergillus niger.  The fungus typically spreads through wounds or other natural holes and grows quickly in warm, humid storage environments.  Fruits become unmarketable due to symptoms such as interior rot, tissue weakening, and black spore mounds on the fruit's surface.  Contamination frequently happens when something is handled, transported, or stored.  Strict cleanliness, hot water treatment, fungicide sprays, and the adoption of resistant cultivars are all part of the control strategies. Bacterial Black Spot (Xanthomonas campestris pv. mangiferaeindicae). In Mango, Aspergillus niger is the causative agent of Aspergillus rot, a destructive postharvest disease that causes black mold decay. The fungus develops rapidly in warm, humid storage conditions and usually spreads through wounds or other natural pores. Symptoms include internal rot, tissue deterioration, and black spore mounds on the fruit's surface render the fruit unsellable.   When anything is handled, moved, or stored, contamination usually occurs. The control methods include fungal sprays, hot water treatment, strict cleaning, and the use of resistant cultivars.
Mangoes are particularly vulnerable to latent infections that are contracted during fruit development or blooming.  Until fruit ripening causes biochemical changes such increased ethylene production, softening, and sugar buildup that encourage fungal colonization, pathogens frequently remain dormant (Prusky, 1996).  The frequency of post-harvest diseases is further increased by mechanical injuries, latex burns, inappropriate storage temperatures, and inadequate cleanliness (Sivakumar et al., 2011).
4.2. Management Strategies
Pre-Harvest Methods: Field sanitation: Pathogen inoculum is decreased by removing sick twigs and contaminated plant detritus (Ploetz, 2003). Fungicidal sprays: By applying carbendazim, strobilurins, or copper-based fungicides throughout the blooming and fruit development stages, infection rates can be considerably reduced (Arauz, 2000). Cultivars that are resistant: Although there has been some progress, breeding and choosing cultivars with modest resistance provides long-term solutions (Litz, 2009).
Post-Harvest Intervention: Mangoes can be effectively treated with hot water treatment (HWT) to prevent anthracnose and stem-end rot without leaving any chemical residues by dipping them in water that is between 50 and 55°C for 5 to 10 minutes (Johnson et al., 1991). Fungicidal dips: Though consumer worries about residues restrict utilization, post-harvest spraying of prochloraz or thiabendazole helps minimize disease incidence (Snowdon, 2010). Biologic control: It has been demonstrated that antagonistic bacteria like Pseudomonas fluorescens and Trichoderma harzianum are effective at inhibiting fungal infections (Bautista-Baños et al., 2006). Natural extracts and edible coatings: Plant-derived essential oils, chitosan, and aloe vera gel all enhance fruit quality while preventing microbial development (Ali et al., 2010).
Management of Integrated Disease (IDM): The best sustainable disease control technique combines field cleanliness, post-harvest HWT, pre-harvest fungicide treatment, and edible coatings (Sivakumar et al., 2011).  In addition to guaranteeing food safety and satisfying global market requirements, IDM adoption lessens dependency on synthetic fungicides.
5. MANGO PROCESSING TECHNOLOGIES
Mangoes have a limited shelf life under ambient circumstances and are very seasonal and perishable.  Extending availability, lowering post-harvest losses, and creating a wide variety of goods for both home and foreign markets are all made possible by processing.  Only around 5–7% of the mangoes produced in India, the world's largest grower, are processed, mostly into pulp and pickles (APEDA, 2022).  Value addition, marketability, and farmer income may all be greatly increased by implementing contemporary processing methods.
5.1. Traditional Processing Methods
In rural regions, pickles, chutneys, dried slices, and drinks are all made using traditional mango processing techniques.  Ripe or unripe mango slices are sun-dried to create items like aam papad (mango leather) and amchur (dried mango powder), which is one of the oldest preservation methods.  Even though these techniques are economical, microbial contamination, uneven drying, and nutrient degradation frequently lead to quality losses (Lakshminarayana, 1980).
5.2. Industrial Processing Technologies
Mangoes are processed on an industrial scale to provide a wide range of products, such as pulp, nectar, juices, concentrates, pickles, canned slices, and frozen items.  With significant markets in the Middle East, Europe, and the US, mango pulp and concentrate serve as the foundation of India's mango export sector (Shah et al., 2020).  To guarantee microbiological safety and extended shelf life, the pulp industry often uses mechanical pulpers, pasteurisers, and aseptic filling systems (Tharanathan et al., 2006). In order to attain commercial sterility, fruits are peeled, sliced, and packed in sugar syrup or brine before being thermally processed in a process known as canning and bottling (Rathore et al., 2020).  High-temperature treatments, however, may cause color changes and the loss of volatile chemicals, underscoring the need for better techniques..
5.3. Advanced Processing Technologies
Non-thermal processing solutions are becoming more popular as a way to get around the drawbacks of traditional heat treatments. High-Pressure Processing (HPP): Preserves nutrition, color, and flavor while inactivating pathogens and spoilage organisms (Barba et al., 2012). According to Bermúdez-Aguirre and Barbosa-Cánovas (2012), pulsed electric fields (PEF) improve juice extraction yield and microbiological safety while causing the least amount of quality damage. Compared to sun or hot air drying, microwave and infrared assisted drying offers quicker and more consistent drying, improving texture and retaining nutrients (Jangam, 2011). Although it is costly, freeze drying yields premium dried mango powder with exceptional rehydration and nutritional qualities (Kudra and Mujumdar, 2009). These technologies facilitate the creation of highly appealing, minimally processed goods for consumers.
5.4.  By-Product Utilization
The peel and seed of mangos, which are frequently thrown away during processing, can be used for purposes that add value.  Nutraceuticals, natural colorants, and functional meals can all benefit from the phenolics, carotenoids, and dietary fiber found in mango peel (Ajila et al., 2007).  Rich in starch, fat, and antioxidants, mango seed kernels are being investigated for use in animal feed, biodegradable films, and edible oil extraction (Nzikou et al., 2010).  Making effective use of byproducts is consistent with the circular economy and sustainability tenets.
5.5. Challenges and Prospects
Processing mangoes is hampered by a number of issues, despite technical developments.  According to (Siddiq et al. 2012), they include erratic raw material supply, a dearth of contemporary processing facilities in remote areas, expensive initial investment costs, and insufficient cold chain infrastructure.  Mango processing, however, has a lot of promise given the growing demand for exotic fruit products worldwide and the growing inclination of consumers for natural, healthful meals.  Mango's position in international markets will be strengthened by increased adoption of cutting-edge technology in conjunction with robust quality assurance and certification procedures.
6. VALUE-ADDED MANGO PRODUCTS
One of the most adaptable tropical fruits, mangos may be used to create a variety of value-added products because of its distinct flavor, color, and nutritional content.  According to Rathore et al. (2020), value addition not only lowers post-harvest losses but also increases farmer and processor revenue, opens up new markets, and prolongs availability beyond the harvest season.  Both traditional and modern goods may be made from mangos, depending on market need and consumer preferences. Each of these items adds to the value chain's economic viability.
6.1. Beverages
The majority of processed mango goods are mango drinks.  Both locally and abroad, mango pulp, nectar, juices, and ready-to-serve beverages are eaten in large quantities.  Mango pulp, which is utilized in beverage formulations, is exported in significant quantities by India, especially to the Middle East and Europe (APEDA, 2022).  Targeting customers who are health-conscious, fortified mango beverages enhanced with probiotics or functional additives have been more and more popular recently (Kumar et al., 2021).
6.2. Traditional Processed Products
Traditional mango products are still very important both economically and culturally.  According to (Singh et al. 2018), raw mangoes, oil, salt, and spices are used to make mango pickle, one of the most well-liked condiments in South Asia.  Chutneys, squashes, and murabba are also commonly consumed.  Traditional methods of preservation, such as dried mango slices and mango leather (referred to locally as aam papad), provide longer shelf life.  According to (Jahurul et al. 2015), these goods have the potential to reach specialized export markets in addition to local ones.
6.3. Dehydrated and Powdered Products
According to (Shah et al. 2020), dehydrated mango slices, freeze-dried mango cubes, and spray-dried mango powders are becoming more and more popular because of their portability, convenience, and extended shelf life.  In the culinary business, mango powders are especially useful for adding flavor to baked goods, candies, quick mixes, and infant formulas.  More efficiently than traditional sun-drying, advanced drying techniques including microwave-assisted drying and freeze-drying maintain the nutritional and sensory properties of mangos (Nunes et al., 2021).
6.4. Confectionery and Bakery Applications
There are several uses for mango concentrates and puree in ice creams, yoghurts, confections, and pastry fillings.  Younger customers especially like mango-flavored sweets, chocolates, and jams (Reddy et al., 2019).  Mango-based confectionary has significant export potential, especially in industrialized nations, given the growing demand for unusual fruit flavors worldwide.
6.5. Frozen and Canned Products
Technology for canning and freezing makes mangos available all year round.  Mango puree and slices that are frozen preserve a large portion of the fruit's nutrients and flavor, which makes them perfect for smoothies and desserts (Berardini et al., 2005).  Diced mango and canned mango pulp are valuable export goods, especially in areas with inadequate cold chain infrastructure (Sivakumar and Bautista-Baños, 2014).
6.6.  Emerging Trends
Functional mango goods, such probiotic mango drinks, sugar-free jams, organic pickles, and vitamin and mineral-enriched fortified powders, are recent developments.  The demand for ready-to-eat (RTE) and ready-to-cook (RTC) items is rising among busy urban customers.  Mango goods that adhere to international safety requirements and are minimally processed and packed are being purchased by export-focused businesses (Shah et al., 2020).
7. BY-PRODUCT UTILIZATION OF MANGO
Processing a mango produces a significant number of by-products, such as peel, seed kernel, and stones, which, depending on the variety and maturation stage, make about 35–60% of the fruit weight (Jahurul et al., 2015).  Formerly regarded as waste, these by-products are now more widely acknowledged as significant raw materials for industrial, pharmaceutical, cosmetic, and animal feed uses as well as nutraceuticals.  Utilizing mango by-products effectively not only increases economic value but also lessens environmental issues associated with trash disposal, supporting sustainable processing methods and the circular economy (Ajila & Rao, 2013).
7.1. Mango Peel
Phytochemicals, carotenoids, phenolic compounds, dietary fiber, and pectin are abundant in mango peel, which makes about 15–20% of the fruit weight (Berardini et al., 2005).  According to Dorta et al. (2012), it is regarded as a possible source of natural antioxidants that may be isolated and utilized in nutraceuticals and functional meals.  Because of their antibacterial properties, peel extracts can be used as natural preservatives and active packaging materials (Larrauri et al., 1996).  In order to improve nutritional quality and lower calorie content, peel powder is also being investigated as a dietary fiber addition in baked goods (Ajila et al., 2008).
7.2. Mango Seed Kernel
The kernel of a mango makes up 45–75% of the seed weight, while the seeds make up 20–25% of the fruit.  According to Nzikou et al. (2010), the kernel is a rich source of phenolic chemicals, protein, fat, and starch.  With qualities akin to those of cocoa butter, mango seed kernel fat (MSKF) finds application in baked goods and confections (Hemavathy et al., 1988).  Mango seed kernel starch is used as a stabilizer in food compositions and in biodegradable films (Narine et al., 2007).  Additionally, kernel extracts have anticancer, antibacterial, and antioxidant properties that support their usage in functional foods and medications (Soong & Barlow, 2004).
7.3. Mango Stone
Mango stones, which are frequently thrown away after the kernel is removed, have been used to make activated carbon and as a raw material for animal feed and bio-composites (Abdalla et al., 2007).  Because of its high adsorption capability, research also suggests that mango stone powder has promise for treating wastewater (Sud et al., 2008).
7.4. Industrial and Environmental Applications
Mango by-products support industrial advances in addition to food and nutraceuticals.  Pectin produced from peels stabilizes and gels jams and jellies (Sogi et al., 2002).  While seed husks and stones are used as low-cost adsorbents and biomass fuel, mango seed oil is investigated for use in soap and cosmetic formulations (Haque et al., 2021).  By lowering dependency on artificial chemicals and fossil fuels, such methods promote sustainable growth.
8. ECONOMIC IMPORTANCE, CHALLENGES, AND FUTURE PROSPECTS
In order to increase the mango industry's economic viability both domestically and internationally, value addition and processing are essential.  Although the majority of mangos are consumed fresh, processed and value-added goods open up new markets for foreign exchange profits, job creation, and market diversity.  To achieve its full potential, the industry must overcome significant obstacles, which must be addressed if it is to remain competitive and sustainable over the long run.
8.1. Economic Importance
The horticulture economies of the countries that produce them greatly benefit from the mango.  The greatest producer of mangoes in the world, India exports more than $200 million worth of mangoes and mango-based goods each year, with pulp, puree, and concentrates accounting for a significant portion of the total (APEDA, 2022).  In addition to extending the mango's shelf life, value addition boosts profitability because processed goods are more expensive on the market than raw fruit (Shah et al., 2020). By creating jobs along the whole value chain—from harvesting and transportation to processing, packaging, and marketing—the mango processing sector helps sustain rural livelihoods (Reddy et al., 2019).  Women entrepreneurs and rural households especially benefit from small-scale businesses and cottage industries that produce pickles, chutneys, and dried mangoes (Kumar et al., 2021).
Globally, value-added mango products satisfy a wide range of consumer tastes, from frozen mango cubes in Europe to ready-to-serve beverages in the Middle East to confectionary uses in North America. Mango products are in a good position to benefit from the growing demand for tropical fruit flavors throughout the world (FAO, 2022).

8.2. Challenges
The mango processing industry has a number of restrictions despite its promise.  Due to insufficient cold chain infrastructure, ineffective handling techniques, and a dearth of contemporary storage facilities, high post-harvest losses (20–40%) continue to be a major problem (Singh et al., 2018).  The quantity and price of raw materials fluctuate due to seasonal output, which makes ongoing processing operations even more difficult (Rathore et al., 2020). Additional challenges for exporters include quality control and adherence to international food safety standards like HACCP and ISO.  In international markets, microbiological contamination, uneven pulp quality, and residue problems are common obstacles (Sivakumar & Bautista-Baños, 2014).  Furthermore, innovation and scalability are constrained by a lack of knowledge transfer to small-scale processors and weak research-industry ties (Lal et al., 2021).
High processing costs, restricted finance availability for small business owners, and inadequate marketing networks are further economic obstacles.  Advanced technologies are necessary to meet consumer demands for natural and minimally processed foods, but they come with a high cost that small and medium-sized businesses (SMEs) frequently cannot afford (Nunes et al., 2021).
8.3. Future Prospects
Technological advances, product diversity, and sustainable practices are key to the future of mango processing and value addition.  High-pressure processing, pulsed electric fields, and freeze-drying are examples of advanced non-thermal technologies that have the ability to produce high-quality goods with longer shelf lives while maintaining nutritional qualities (Kumar et al., 2021).       Increasing consumer demand for health-conscious foods is met by diversification into functional and fortified goods, such as probiotic mango drinks, sugar-free jams, and nutraceutical extracts from peel and seed (Ajila et al., 2010).  Increasing the use of by-products will help create more revenue streams and less waste, which will support the circular economy (Haque et al., 2021). Technological advances, product diversity, and sustainable practices are key to the future of mango processing and value addition.  High-pressure processing, pulsed electric fields, and freeze-drying are examples of advanced non-thermal technologies that have the ability to produce high-quality goods with longer shelf lives while maintaining nutritional qualities (Kumar et al., 2021). Increasing consumer demand for health-conscious foods is met by diversification into functional and fortified goods, such as probiotic mango drinks, sugar-free jams, and nutraceutical extracts from peel and seed (Ajila et al., 2010).  Increasing the use of by-products will help create more revenue streams and less waste, which will support the circular economy (Haque et al., 2021).
9. CONCLUSION
The mango, also known as the "king of fruits," is extremely significant both locally and globally because of its distinct flavor, scent, and nutritional content.  A staple of both home cuisine and international trade in both fresh and processed goods, mangoes are produced in large quantities in India and numerous other tropical nations.  But because of its high perishability and significant post-harvest losses—which are believed to be between 20 and 40 percent in impoverished countries—the fruit poses enduring problems that call for deliberate action.  In order to increase shelf life, decrease losses, diversify product offers, and optimize financial returns along the mango value chain, post-harvest processing and value addition have therefore become essential strategies.
The paper emphasizes how post-harvest physiology affects mango perishability because microbial decomposition, ethylene generation, and fast respiration drastically reduce storage life.  To preserve fruit quality and increase marketability, better harvesting techniques, handling procedures, and storage technologies—such as refrigeration, controlled environment storage, and non-chemical treatments—are required.  Because it guarantees the availability of high-quality raw materials for processing industries, efficient post-harvest management establishes the groundwork for later value addition. The paper emphasizes how post-harvest physiology affects mango perishability because microbial decomposition, ethylene generation, and fast respiration drastically reduce storage life.  To preserve fruit quality and increase marketability, better harvesting techniques, handling procedures, and storage technologies such as refrigeration, controlled environment storage, and non-chemical treatments are required.  Because it guarantees the availability of high-quality raw materials for processing industries, efficient post-harvest management establishes the groundwork for later value addition. High-pressure processing (HPP), pulsed electric field (PEF), microwave-assisted drying, and freeze-drying are examples of emerging technologies that have encouraging prospects for creating minimally processed, safe, and nutrient-dense goods.  These methods satisfy customer demand for clean-label and health-conscious goods while still maintaining sensory and nutritional attributes.  In a similar vein, combining e-commerce platforms with smart packaging improves product accessibility and exposure in international marketplaces. Utilizing the stone, seed kernel, and peel of mangoes is another frontier in value addition.  Rich in phenolic compounds, carotenoids, starch, oils, and dietary fiber, these by-products have uses in the culinary, medicinal, cosmetic, and industrial sectors.  By-product valorization contributes to sustainability and circular economy principles by generating new revenue streams and lessening the environmental impact. By generating jobs and assisting small businesses, mango processing and value addition have a major positive economic impact on rural development. The mango processing sector has enormous potential, but it also confronts significant obstacles.  One of the biggest bottlenecks is still inadequate infrastructure, particularly cold chain facilities.  Continuous operations are impacted by seasonal output and fluctuations in the supply of raw materials, and exporters have challenges due to strict international quality requirements.  Looking ahead, technical innovation, product diversity, and sustainable practices are key to the future of mango processing.  Sectoral growth may be considerably boosted by government assistance in the form of training initiatives, subsidies for processing facilities, infrastructure development, and the encouragement of Farmer Producer Organizations (FPOs).  Strengthening research-industry collaboration is necessary to guarantee that cutting-edge technologies are affordable for small and medium-sized businesses.  Furthermore, mango processors now have more chances to innovate and seize niche markets because to worldwide consumer trends toward organic, functional, and convenience foods.
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