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Mango (Mangifera indica L.) is a widely consumed fruit in tropical/subtropical regions around the world due to its excellent flavor and taste, and valuable source of nutrients and phytochemical compounds. As a climacteric fruit, mango is easily perishable after harvesting due to the ripening process, environmental conditions, and improper postharvest handling, leading to significant quality losses as well as economic loss throughout a supply chain. Postharvest losses are attributed to harvesting at an improper maturity stage, poor postharvest pretreatment, improper packing and packaging, inappropriate storage temperature and distribution conditions. These caused mechanical damage, sap burn, spongy tissue, weight loss, fruit softening, decay, chilling injury, and postharvest diseases. Currently, each step in the supply chain has been applied many postharvest technologies to reduce the quality losses of mango fruits as well as improving their marketability with the highest retention of quality. This review documented available possible causes for the quality losses and observed the physicochemical changes of mango fruit when applying postharvest technologies at each critical step in the mango supply chain from harvesting, pre-treatment, packaging, storage, to distribution. The summarized information is expected to provide comprehensive quality changes of mango fruits and point out the proper technology at each step of the supply chain.
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INTRODUCTION

Mango (Mangifera indica L.), belonging to the Anacardiaceae family, is one of the most vital fruit worldwide in both producing and consuming countries due to its characteristic flavor, taste, and nutritional aspects (Tharanathan et al., 2006; Ntsoane et al., 2019). However, mango is a climacteric fruit that ripens rapidly at ambient temperature (Singh et al., 2013). During ripening, mangoes experience various physicochemical changes which are susceptible to perishability under environmental conditions such as microorganism infection, climacteric respiration, postharvest handling, and storage (Wei et al., 2021). This inherent nature of mango leads to a noticeable amount of postharvest losses during the supply chain (Ntsoane et al., 2019). Mango quality losses are mainly attributed to improper harvesting, handling, packaging, and storage, leading to some typical deterioration such as mechanical damage, sap burn, discoloration, spongy tissue, chilling injury, softening, decay, or fungal and pest damage (Sivakumar et al., 2011). The postharvest losses primarily occur as mango production is in tropical and subtropical regions, mostly in developing countries where postharvest technology is limited along with poor and weak infrastructures (Ntsoane et al., 2020). The postharvest losses could reach a value of 50% depending on mango varieties, postharvest handling, and technologies (Janisiewicz and Korsten, 2002; Perumal et al., 2021). Postharvest technologies, packhouse management were noted to show significant impacts on the retention of mango quality throughout the supply chain (Sivakumar et al., 2011).

A supply chain is defined as the movement of materials-related activities, information, and resources from the producer to the consumer. It requires cohesive coordination and alignment of activities and processes of material, financial, and information flows. Supply chain management aims to reduce waste and cut down costs while maximizing overall values. In general, the supply chain in developing countries has undergone basic postharvest processing steps before entering the stage of transportation to consumers. Figure 1 generally describes the value chain flowchart of the mango supply in developing countries. The common steps in the mango supply chain including harvesting, pretreatment, packaging, storage, and distribution are noted with their applied postharvest technologies. Postharvest technologies in each processing step have been observed to influence the quality of mango fruits. A supply chain study in Sierra Leone (West Africa) has shown that the mango deterioration is due to limited production conditions followed by the influence of external variables throughout the stages (Arinloye et al., 2017). At the same time, the inconsistency in the packaging process from harvest to transportation is also considered a cause that significantly affects the fruit quality (Orjuela-Castro et al., 2017). Each critical step in the supply chain such as harvesting, pre-treatment, packaging, storage, and distribution may serve a key role in contributing to the quality changes of mango. Currently, a vast number of postharvest studies on mango fruit were conducted to observe the physicochemical changes of mango fruits but usually focus only on one specific stage in the supply chain. Meanwhile, mango quality changes in a whole supply chain, from harvesting to the distribution stage, are rarely discussed. Hence, this review aimed to describe an overview of postharvest qualities of mango fruit affected by different environmental conditions and current postharvest technologies at each critical step of the mango supply chain. Moreover, further research prospective, after a comprehensive observation, can be suggested in this review.
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FIGURE 1. Value chain flowchart of mango supply in developing country.




HARVESTING STAGE

Determination of maturity of fruit at harvest is a crucial step that decides how mango quality is and its postharvest shelf-life (Sivakumar et al., 2011). Mango maturity is evaluated upon the visual appearance, fruit size, shape, total soluble solids (TSS) content, total acid, etc. (Subedi et al., 2007). A recent study showed that tree-ripen mangoes resulted in the best quality characteristics. Generally, tree-ripe mangoes attain better quality than less ripe mangoes, but they showed the shelf-life limitation due to the susceptibility to bruising, decay, and over-ripening during a supply chain (Ullah et al., 2010; Siddiq et al., 2017). Therefore, it is highly recommended that mangoes should be harvested at a mature green state (commercial maturity). This ensures that mango quality will be fully developed at the stage of consumption in the supply chain (Tian et al., 2010; Ullah et al., 2010; Gianguzzi et al., 2021). However, the standard green maturity indices are difficultly characterized due to the diversity of mango varieties and cultivation conditions, thus it should be determined in practice for each specific cultivar (Sivakumar et al., 2011). Generally, unripe fruits are characterized by their green color, high firmness, high starch and organic acids, and low pH and carotenoids (Narayana et al., 2012). It was previously noted that mangoes should be harvested at a soluble solid content of 9–10% for most markets (Sivakumar et al., 2011). Quality of mangoes including TSS, pH, carotenoids content, and sugar/acid ratio is highly dependent on cultivars, maturity state, and the environmental conditions that mangoes experience during the supply chain (Doreyappa Gowda and Huddar, 2001; Ueda et al., 2005; Gentile et al., 2021). The quality of mangoes with different cultivars, maturity at harvest, and locations are noted in Table 1. Green mature mangoes showed very high firmness (>100 N) and total acid (16–20%) with low TSS (5–8%) (Lawson et al., 2019). On the contrary, ripe-mature mango, which was only suitable for a short supply chain, exhibits a low firmness (1–16 N) and total acid with high TSS content (14–20%) (Gentile et al., 2019; Haseeb et al., 2020). The high variations in the firmness, TSS, total acid, vitamin C, carotenoid, and total polyphenols content (TPC) are highly dependent on the cultivar, maturity stage, and country of origin, shown in Table 1.


Table 1. Quality characteristics of different mango cultivars from different countries of origin.
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At the harvesting step, postharvest losses are attributed to improper harvesting approaches, disease pathogens, sap burn, bruising, etc. (Tian et al., 2010; Sivakumar et al., 2011). The harvest time should be carried out at a cool temperature in order to hinder field heat in harvested mangoes, alleviating metabolism in mangoes (Sivakumar et al., 2011). Picking poles are usually in mango harvesting with the bags on and the bags are immediately removed at the packing house to avoid the contact of mango injury-inducing sap to the mango peel (Crane et al., 2009). Besides, the stem end of mango fruits should be positioned down to allow the sap to drain (Siddiq et al., 2017). In developing countries, allowing detached fruits to drop to the ground causes mechanical injury which is a major postharvest loss of mango fruits (Siddiq et al., 2017). Harvesting that causes bruising and cuts on the mango surface should be avoided as these damaged fruits are easily susceptible to disease pathogens such as Aspergillus sp. and Botryodiplodia, Diplodia natalensis, causing a rapid decay for mango fruit (Yahia, 1998). Postharvest diseases also contribute to the main quality losses of mangoes due to microbial contamination (Prabakar et al., 2005). The predominant diseases found in mango fruits include anthracnose (Colletotrichum gloeosporioides), stem-end rot (Lasiodiplodia theobromae), and soft rots (Alternaria sp. and Aspergillus sp.) which cause rapid deterioration of mango during the supply chain (Sivakumar et al., 2011; Siddiq et al., 2017). Anthracnose symptoms are described as dark, sunken lesions on ripe fruit while stem-end rot is characterized by a dark rot from the stem-end of the fruit (Arauz, 2000). The contamination of disease pathogens was previously reported via injured or weakened mango, brown circular spot on the mango surface (Al-Najada and Al-Suabeyl, 2014). Alam et al. (2020) showed that stem-end rot disease fungal already infected at bloom stage, being endophytic within twigs and branches, or its airborne spores priorly invaded the pedicels and xylem then grew in the ripening mango. The pathogenic spores can disperse in the air, then come to attach and develop on the mango surface as soon as environmental conditions facilitate its germination and growth (Arauz, 2000). After harvesting, green mature mangoes experience biochemical changes including changes in carbohydrates, organic acids, development of yellow color, phenolics, and aroma volatile compounds (Singh et al., 2013). A good practice at the harvesting step could promote the harvested mango with high quality. However, the fast-ripening process and the presence of disease pathogens may cause the serve losses of mango quality. Postharvest technologies at later steps in the supply chain, which are discussed in later sections, are necessary to maintain the quality of mango fruits. In summary, the harvesting stage is considered a critical stage as it determines the quality of mango. It is essential to strictly comply with good practices in harvesting to avoid mechanical damage which negatively affects the quality of mango fruits. The stage of maturity for each specific variety in practice should be further studied to avoid noticeable postharvest losses in later steps.



POSTHARVEST PRETREATMENT STAGE

After harvesting, mangoes are easily perishable due to postharvest disease pathogens (Perumal et al., 2021) and rapid ripening of mango leads to high susceptibility to post harvest losses (Sivakumar et al., 2011). Therefore, postharvest pretreatment of mango fruits before the packaging step is one of the critical points in the supply chain to prevent postharvest diseases and delay the ripening process. Postharvest pretreatment can be mainly divided into two groups: non-chemical pretreatment and chemical pretreatment.


Non-chemical Pretreatment
 
Hot Air and Hot Water Treatment

Non-chemical pretreatment is the use of thermal treatment or irradiation treatment. Thermal treatments in postharvest pathogens disinfection to prolong the shelf-life of mangoes have been widely used around the world. Hot air treatment (HAT) and hot water treatment (HWT), which are commercially used in mango pretreatment, are considered low-cost approaches, high efficiency with acceptable quality (Sivakumar et al., 2011; Ntsoane et al., 2019). The obvious efficiency of thermal treatment has been demonstrated by the potential in the inactivation of intracellular enzymes which cause the quality deterioration. Typically, thermal treatment was found to inactivate aminocyclopropane-1-carboxylic acid oxidase (ACO) for the ethylene biosynthesis from 1-aminocyclopropane-1-carboxylic acid (ACC) (an ethylene precursor), leading to a delay in the ripening process by the attenuated ethylene production (Bender et al., 2003). The effects of HAT on the quality aspects of mango are listed in Table 2. HAT at 47°C for 180 min was found to inactivate 99% of fruit fly eggs and larvae on the skin, and accelerate the ripening process of Cat Hoa Loc mango regarding color changes, firmness loss but these changes were insignificantly different compared to the control sample after 7 days of storage (Hoa et al., 2010). It was noted that the HAT did not noticeably affect the vitamin C and β-carotene content after the treatment (Hoa et al., 2010; Ornelas-Paz and Yahia, 2014).


Table 2. Physicochemical changes in mangoes subjected to different pretreatment methods.

[image: Table 2]

HWT has been widely used to control postharvest diseases. The general principle is the immersion of mango fruits in hot water at 48–55°C for 4–180 min depending on cultivars, types of disease pathogens. Besides, HWT also shows the improvement in such mango qualities as color, pH, total acid, TSS content (Luria et al., 2014; Dautt-Castro et al., 2018). Chok Anan mango treated by HWT at 55°C for 5 min showed a high reduction in disease pathogens while mango qualities including color, firmness, TSS, total acid did not differ from non-treated mangoes (Ding and Mijin, 2013). Hernández et al. (2018) also reported that HWT at 46.1°C for 75 min could completely inactivate A. ludens and A. seekqua with the retention of visual appearance and nutritional properties. HWT at 52°C for 5 min reduced the weight loss after 15 days of storage (Shahin et al., 2020). Besides, the chilling injury tolerance of mango fruits after HWT, which was evidenced by the low chilling incidence of symptoms, was also enhanced along with the elevated TPC, total flavonoids content (TFC), and carotenoids content (López-López et al., 2018; Vega-Alvarez et al., 2020). HWT for 24 h was also reported to affect gene expression which upregulated cell wall metabolism, transcription, defense response, and heat shock in mango mesocarp (Dautt-Castro et al., 2018). Moreover, HWT combined with HAT could promote better efficiency in delaying the ripening process evidenced by the retention of the green color of mango peel as well as its physicochemical properties compared to the single method (Shiesh and Lin, 2010; Oladele and Fatukasi, 2020). In comparison with other methods, HWT (55°C, 5 min) showed better inhibitory effect against disease pathogens, whereas treatment with 6-benzyladenine (100 ppm) was found to better alleviate the weight and firmness loss of mangoes (Thokchom and Mandal, 2019). Treatment with CaCl2 (2%) combined with polyethylene packaging was found to reduce the weight loss and decay level, and to keep the acceptable mango quality compared to HWT (Shahin et al., 2020). Besides, mangoes packed in shrink film were observed with lower decay and weight loss, and higher retention of vitamin C content compared to HWT (Ezz and Awad, 2011). It can be seen that HWT is a simple and cost-effective method for pre-treatment of mango fruits after harvesting which is highly dependent on the treatment parameters (temperature and treatment time). An extended time or elevated processing temperature of HWT could induce heat-damage, firmness loss, or weight loss. Therefore, suitable process parameters of HWT for each mango variety should be considered for preventing postharvest losses of mango fruits. Besides, other pre-treatment methods associated with HWT could be an option to better maintain the quality of mango fruits.



Irradiation Method

The irradiation method has been currently employed as an effective alternative to control postharvest losses. The irradiation method is a non-thermal treatment in which UV-C light (190–280 nm) irradiation produces a cytotoxic effect against disease pathogens on the surface of the fruit. Rotting disease fungi such as Botryosphaeria dothidea, Lasiodiplodia theobromae, Alternaria alternata, and Colletotrichum gloeosporioides were eradicated during 15 days of storage by applying an UV-C irradiation (253 nm) of < 3 kJ/m2 (González-Aguilar et al., 2007). This was attributed to the accelerated formation of phenylalanine ammonia-lyase—a catalyst for the biosynthesis of cytotoxic compounds (mostly phenols) against disease pathogens. Besides, mangoes treated with UV-C (310 nm, 5 min) light irradiation were found to increase the antioxidants content such as α-tocopherol, β-carotene, and ascorbic acid (González-Aguilar et al., 2007). UV-C irradiation (254 nm, 60 min) showed better efficiency than HWT in terms of vitamin retention, microbial decontamination, and visual appearance after 15 days of storage (George et al., 2015). Tommy Atkins mangoes exposed to UV-C irradiation (250–280 nm) for 10 min were observed with attenuated decay as well as maintaining the firmness, sugar, and organic acid levels compared to the non-irradiated mangoes (González-Aguilar et al., 2001). However, it should be noted that the approved dosage for the irradiation treatment should be <1 kGy due to safety concerns (Sivakumar et al., 2011). The efficacy of irradiation treatment is highly dependent on the cultivars, dosage, and fruit maturity stage. A low dosage cannot show the effective cytotoxic effect against disease pathogens or a high dosage may induce fruit damage (Mitcham and Yahia, 2008). Besides, the implementation and maintenance costs for irradiation facilities are quite expensive, thus it may be infeasible to be adopted in developing countries (Sivakumar et al., 2011).




Chemical Pre-treatment

In this chemical pre-treatment, synthetic reagents or naturally derived reagents as edible coatings can be used to preserve mango quality. Utilization of edible coating has been considered an environmental-friendly approach to prolong the shelf-life, reduce weight loss, delay the ripening process, inhibit microbial growth, and maintain physicochemical properties of mango fruits (Ntsoane et al., 2019). Some commonly used chemical reagents are noted.


Synthetic Reagents

1-Methylcyclopropene (1-MCP) is a cyclic alkene that binds to the ethylene receptor, inhibiting ethylene production and delaying the ripening process (Sisler, 2006; Liu et al., 2013). 1-MCP is a useful reagent in commercial use for controlling the ripening process of tropical fruits while maintaining their properties and prolonging shelf-life (Ntsoane et al., 2019). A previous study showed that 1-MCP could maintain the firmness and color and delay the sugar biosynthesis during ripening for up to 3 weeks of transportation followed by more than 1 week in the commercialization phase (Osuna-García et al., 2017). 1-MCP was reported to suppress anthracnose-induced fruit damage and reduce the rotting rate of mango fruit. 1-MCP could produce reactive oxygen species (ROS) to damage mitochondria and the integrity of the plasma membrane of C. gloeosporioides, preventing the growth of these fungi (Xu et al., 2017). 1-MCP was also evidenced that it served a role in inhibiting the accumulation of genes and enzymatic activities involved in cell wall transformation, resulting in the retention of firmness and delaying the ripening process (Razzaq et al., 2016). Nitric oxide is also a gaseous compound that is highly reactive at extremely low concentrations (Bambalele et al., 2021). Its mechanism of action is also correlated to the inhibition of ethylene biosynthesis, resulting in a delay in the ripening process and prolonging the shelf-life of mangoes (Tran et al., 2013). Postharvest pre-treatment of nitric oxide at varied concentrations (10–40 μL/L) was reported to alleviate chilling injury when exposed to the 5°C storage, delay fruit coloration changes, softening, and ripening as well as maintaining the mango quality during 4 weeks of cold storage (Zaharah and Singh, 2011). Many other impacts from nitric oxide treatment on the mango quality such as reducing weight and firmness loss, or disease pathogens inhibition were also reported in previously reported studies (Zaharah and Singh, 2010; Sakimin Siti and Singh, 2011; Hu et al., 2014; Zerbini et al., 2015). In addition, salicylic acid is also a reagent in regulating the ripening process, tolerance to chilling injury, and postharvest disease pathogens inactivation (He et al., 2017). Salicylic acid was found to mitigate the deposition of free radicals such as hydrogen peroxide (H2O2) and superoxide radicals ([image: image]) which are induced by the low-temperature storage and caused oxidative stress, chilling injury, and firmness loss (Junmatong et al., 2015). Salicylic acid has been also well-recognized to effectively decontaminate disease pathogens, thereby it reduces the disease incidence (Zeng et al., 2006; He et al., 2017). Although synthetic reagents show effectiveness in preventing quality deterioration of mango fruits, their adverse effects in long-term use should be a concerning issue regardless of their high efficiency at very low dosage.



Arabic Gum

Arabic gum is commonly used in coating techniques. It was reported that 10% Arabic gum coating reduced the biosynthesis of ethylene, firmness, respiration, or ripening rate as well as maintaining vitamin C content in mango fruit after 28 days storage (Khaliq et al., 2015). Daisy et al. (2020) reported that Arabic gum coating at 15% could extend the shelf-life and alleviate the weight loss during storage of “Apple” mango. Mango treated by Arabic gum coating showed better antioxidant activity during the storage period by maintaining vitamin C content—a strong antioxidant (Khaliq et al., 2015).



Chitosan

Chitosan has been considered an effective coating material to prevent postharvest losses due to its antioxidant and antimicrobial activities. It showed the inhibitory effect against postharvest disease pathogens such as gloeosporioides, Alternaria, and Dothoriella spp. (Jitareerat et al., 2007; Bambalele et al., 2021). According to recent research, using chitosan at 25–75 ml/L was highly effective in delaying ripening and preserving the visual appearance and quality of HindiBesennara mango after 2 weeks of storage (Awad et al., 2017). The microbial growth inhibition and attenuation of weight loss by using 0.8% chitosan coating in Falun cultivar was also reported (Nongtaodum and Jangchud, 2009). A similar finding was also observed in a study done by Jitareerat et al. (2007). The effectiveness of chitosan coating to prevent postharvest losses due to microbial spoilage could stem from its positive charges that interact with negatively charged cell membranes, affecting bacterial cell permeability (Bambalele et al., 2021). Furthermore, chitosan coating can reduce water loss and fruit weight by inhibiting endogenous respiration in mango, thereby maintaining product quality and appearance (Zhu et al., 2008).



Carboxymethyl Cellulose

Carboxymethyl cellulose (CMC) is a linear chain of β (1–4) glycosidic units with carboxyl substituent, hydroxypropyl, and methyl. CMC coating acts as a semi-permeable barrier to limit gas exchange, thereby reducing respiration rate and delaying the ripening process (Salinas-Roca et al., 2018; Bambalele et al., 2021). Treatment with CMC (10 g/kg mango) helped prevent appearance deterioration, retain the firmness in Tommy Atkins and Kent mango varieties as well as hindering the growth of microorganisms during 14 days of storage (Plotto et al., 2010). The use of 1% CMC was found to effectively impair mango respiration rate, reduce mass loss, and enhance the TSS in mango fruit (Phaiphan and Rattanapanone, 2008). When comparing the use of CMC and chitosan, mangoes treated with CMC experienced fewer color changes and higher TSS than chitosan-coated fruits (Phuangto et al., 2019). Recently, there has been increasingly gaining interest in combining coating reagents with antimicrobial, antioxidant compounds such as moringa, curcumin, aloe vera gel from plant extracts to enhance the efficiency in extending the shelf-life of fruits (Tesfay and Magwaza, 2017; Nicolau-Lapena et al., 2020; Ghosh et al., 2021). Therefore, the combination of common edible coating materials with antimicrobial, antioxidant compounds from natural resources will be a promising “green” technology to prevent the postharvest losses in mango fruit. Moreover, the combined effect of naturally-derived coating materials with other chemical reagents could be further studied to give an ideal approach to enhance the effectiveness in maintaining the quality aspects of mango fruits.





PACKAGING STAGE


Quality Losses in Packaging Stage

It has been seen that mango quality could be prolonged via applying such postharvest pretreatments as chemical pretreatments, low-temperature storage, etc. (Hoque et al., 2018). Proper packing and packaging are also strictly required for maintaining acceptable quality to the consumer stage (Anwar and Malik, 2007). Orjuela-Castro et al. (2017) noted that packaging is highly considered a critical point contributing to the physicochemical changes of mango fruit during the ripening stage. The main functionalities of packaging are to ensure protection against mechanical damage, microorganism contamination, weight loss, and mitigating respiration rate, or delaying ripening (Verghese et al., 2015; Giuggioli et al., 2018). However, improper handling in packing and packaging may lead to quality deterioration. For example, tight fruit packing (Sivakumar et al., 2011) or over-packing of mangoes in wooden crates was noted to induce significant quality losses (Malik et al., 2015). This mechanical damage can lead to the spongy tissue phenomenon which is only visualized when the mango is openly cut. The spongy region is an unripe flesh due to biochemical disruption and accumulation of unhydrolyzed starch during storage (Amin, 1967). Besides, this affected section was reported to have low pH, sugar, vitamin C, and β-carotene content (Amin, 1967).

As a climacteric fruit, mango is quickly subjected to the ripening stage after harvesting for 3–9 days (Sapkota et al., 2021). During ripening, some physicochemical changes in mango fruits have been evaluated. Normally, the weight loss of mangoes occurs over the storage time due to the continuous catabolism during the ripening stage (Ff et al., 2011). The TSS shows an increment while the total acid content tends to decrease (Tharanathan et al., 2006). A decrease in firmness of mango is highly associated with an increase in the TSS (Boonruang et al., 2012). In terms of visual appearance, the apparently noticeable change during ripening is the color change from green to yellowish-green, reddish, orangish-yellow, or complete yellow depending on types of cultivars (Sivakumar et al., 2011). These color conversions are ascribed to the disappearance of chlorophyll and the rise of other pigments such as carotenoids, anthocyanins (Tharanathan et al., 2006). Aroma and taste also are developed during ripening due to transformational changes in fatty acid profile (from palmitic acids to palmitoleic acids) (Lalel et al., 2002).



Currently Applied Packaging Materials

Any mechanical or chemical impacts on the mango fruits will induce ethylene—a ripening agent in fruit and accelerate the ripening process, leading to faster decay, or reducing the shelf-life of mango before reaching the consumer level. Hence, good packaging is considered an essential step for delaying ripening as well as extending the shelf-life of mango fruit (Siddiq et al., 2017). Types of packaging have been previously observed to have noticeable influences on the physicochemical changes in mango quality. Normally, mangoes wrapped with paper are packed in multi-layer in wooden crates, bamboo baskets, gunny bags, plastic polypropylene sacks, high or low density polyethylene, carton liners, etc. (Singh et al., 2001; Defraeye et al., 2015; Orjuela-Castro et al., 2017). Wooden boxes and cardboard boxes are commonly used for packaging and distribution in the domestic market (Bernstad Saraiva et al., 2016; Patel et al., 2019). These materials were found to cause physical damage and bruises to mango fruits during transportation (Anwar et al., 2006). Some other packaging materials influencing the mango quality during storage are also documented (Table 3). Types of packaging materials contributed to the variation in the weight loss and physiochemical properties of mango fruits during ripening. Roy and Pal (1989) indicated that the use of corrugated fiber box with partition showed the attenuation of weight loss (2.38%), ripening (15.33%), and bruising (1.33%) percentage compared to the wooden box with straw and paper with respect to 2.54, 21.33, and 5%. Low-density polyethylene (LDPE) packaging showed better efficiency than plastic boxes in the alleviation of weight loss, remaining firmness (Srinivasa et al., 2004). Vacuum packaging was reported to better delay ripening compared to the use of Cryovac PD-941 bags with plastic trays (Martínez-Ferrer et al., 2002). Mangoes packaged in perforated polythene bags were observed with a decrease in weight loss by 2.3% compared to unpacked mangoes after 6 days of storage at 31°C (Ff et al., 2011). Mangoes packaged in cartons lined with intact polyethylene bags showed the highest efficiency in reducing weight loss followed by that in cartons lined with perforated polyethylene bags and unpacked mangoes (Elkashif et al., 2003). A special box was designed to be sturdy and stackable so that it could not induce mechanical damage to mango fruits, leading to the reduction in the postharvest loss by 10–15% (Subramanian et al., 2018). Currently, in developing countries, the postharvest loss is inevitable, the choice of packaging type for retaining high mango quality to make the successful sale is a crucial step in the supply chain (Giuggioli et al., 2018). Improper packaging types or packing techniques will accelerate the ripening process which causes the fast deterioration of mango quality. A good packaging stage requires an appropriate package and proper technique in packing to minimize the mechanical damage as well as to delay the ripening process.


Table 3. Physicochemical changes of mango fruit introduced to different types of packaging material.
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Modified Atmosphere Packaging

For delaying ripening, an advanced technology used in packaging is the use of modified atmosphere packaging (MAP). MAP, which has been considered an effective approach to preserve the high quality of fruit with extended shelf-life, is the introduction of high CO2 and low O2 surrounding fruit inside the package (Ntsoane et al., 2019; Wei et al., 2021). As a consequence, MAP delays the ripening process of mango fruit due to the elevated CO2 level and attenuated O2 level which mitigate the respiration rate of mango and ethylene production (Singh et al., 2013). A rapid respiration rate leads to a loss of mango quality before reaching the consumer stage (Martínez-Ferrer et al., 2002). MAP has been demonstrated to show a positive effect on retaining the high quality of mango fruit during the supply chain. The quality changes of mango during ripening are dependent on types of packaging and CO2: O2 ratios in the package (Martínez-Ferrer et al., 2002; Wei et al., 2021). Mango, in the study of Boonruang et al. (2012), was observed to have an extended shelf-life up to 40 days with HPNE packaging (4 kPa O2 + 5 kPa CO2), 35 days with HNP packaging (5 kPa O2 + 5 kPa CO2) and 30 days with HMP packaging (9 kPa O2 + 17 kPa CO2) compared to the unpacked mango, shown in Table 4. MAP with 10% O2 and 5% CO2 showed 8.55% weight loss and the firmness of ~1.9 N, whereas the non-packed mango was observed with 11.36% weight loss and ~1.7 N in firmness (Perumal et al., 2021). A lower TSS was obtained in MAP packed mangoes compared to the unpacked one, indicating the lower respiration rate during storage (Martínez-Ferrer et al., 2002). Perumal et al. (2021) also indicated that MAP retained the TPC and TFC in mango fruits due to their alleviated oxidation in MAP (Wang et al., 2015). The reduction of TPC in mango fruit was due to the ripening process (Kim et al., 2007; Boonruang et al., 2012). Modified atmosphere (5% CO2 and 10% CO2) in micro-perforated polyethylene was reported to tackle off-flavors during storage or in Xtend® film-lined cartons was also found to reduce the sap burn effect by reducing the level of sap inside the package (Pesis et al., 2000). A slower color conversion from green to yellow in MAP packed mango also indicated the delay in maturation and ripening (Boonruang et al., 2012). The effectiveness of MAP in fruit preservation was confirmed by many previous studies. The efficacy of using MAP for mango preservation is highly dependent on the gas compositions which determine the shelf-life of mango during storage. In developing countries, however, the added costs for gases, packaging, and MAP system installation as well as maintenance costs should be taken into consideration.


Table 4. Physicochemical changes of mangoes packed in different types of modified atmosphere packaging material with different gas compositions.
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STORAGE STAGE

Storage is also a vital step in a supply chain that contributes to controlling the quality of mango fruit. It has been suggested that mango quality is noticeably maintained in low-temperature storage and starts decreasing with an increase in storage temperature (Ezz and Awad, 2011). Low temperature has been found to attenuate the mango catabolism and delay ripening (Sudhakar Rao and Gopalakrishna Rao, 2008). Cold storage with a suitable temperature range of 10–13°C depending on mango cultivars could extend the shelf-life for 2–3 weeks (Singh and Zaharah, 2013; Singh et al., 2013; Wei et al., 2021). However, in developing countries, weak infrastructure and low affordability in constructing cold storage rooms may hinder the retention of mango quality during storage. Hence, a low-cost alternative technique, which shows positive outcomes in extending the shelf-life of fresh fruit, is applied by the use of evaporative cooling with simple installation and not requiring external supply (Liberty et al., 2013, 2014). Evaporative cooling technique namely coolbotTM cold storage has been considered an effective approach for preserving Apple and Ngowe mango cultivars with an extended shelf-life of 35 days compared to that stored in ambient room conditions (Karithi, 2016). However, it should be noted that mango fruits are easily susceptible to chilling injury (Nair and Singh, 2003; Zaharah and Singh, 2011; Singh et al., 2012). Chilling injury is a result of dysfunction or disruption of cell wall membrane, causing negative impacts on the flow rate of cellular fluid inside and outside of plant tissues and abnormal metabolites (Sivakumar et al., 2011). The chilling injury level is highly dependent on the maturity stage of mango, duration of storage at chilling temperature, and packaging materials (Sivakumar et al., 2011). Matured green mangoes when exposed to storage temperature below 10°C were observed with an abnormal ripening, discoloration of the peel, skin pitting, reduction in carotenoid content, flavor and aroma, and were easily susceptible to fungal decay (Singh et al., 2012, 2013). These phenomena are even more severe when mangoes are transferred from cold storage to ambient storage (Watanawan et al., 2014).

Controlled atmosphere storage has been also applied to ease the chilling injury. In this technique, similar to modified atmosphere packaging, mango fruits are introduced to the storage room with the modified gas composition of low O2 content which is reported to reduce the ethylene production, respiration rate, and the ripening process (Ntsoane et al., 2019). Controlled atmosphere storage (2% O2 and 6% CO2) at 13°C was considered a potent approach for extending the shelf-life and maintaining the high quality of mango while the gas constituents of 2% O2 and 2% CO2 showed better efficiency in maintaining the aroma compounds of ripe mangoes (Lalel et al., 2002). Controlled atmosphere storage (3% CO2 and 8% CO2) associated with the effect of 1-MCP (500 nl/L) was found to extend the shelf-life of mangoes by reducing the incidence of anthracnose, weight and firmness loss, delaying the development of color, TSS/total acid ratio, retaining the carotenoid, vitamin C, TPC, TFC, and antioxidant activity (Gil et al., 2000). The ideal gas compositions for the storage of Shelly mango varied from 5–8% O2, 5–9% CO2, 86–91% N2 were reported to maintain the quality and prolong the shelf-life of this variety by retarding ripening and weight loss, softening and chlorophyll decomposition (Ntsoane et al., 2020). Similar findings were found in many previously reported studies in the use of controlled atmosphere storage (Nair and Singh, 2003; Lalel and Singh, 2006; Singh and Zaharah, 2013; Wei et al., 2021). However, a very low O2 concentration or very high CO2 concentration in controlled atmosphere storage could lead to adverse effects such as discoloration of the peel, uneven ripening, higher susceptibility to decay, and development of off-flavor (Sudhakar Rao and Gopalakrishna Rao, 2008; Singh and Zaharah, 2015). The gas composition of CO2 >25% and O2 < 2% in controlled atmosphere storage was found to induce unfavorable aroma and discoloration of mango peel due to the formation of ethanol during storage (Sudhakar Rao and Gopalakrishna Rao, 2008). Controlled atmosphere storage of 1.5% O2 and 6% CO2, or 1.5–2% O2 and 8% CO2 was reported to produce ethanol, acetaldehyde, and ester from anaerobic metabolism, leading to off-flavor in R2E2 mangoes (Lalel and Singh, 2006).

Cold temperature storage is an effective approach to preserve the mango quality. However, a suitable temperature should be pointed out to prevent the chilling injury during the cold storage. Besides, further studies on the physicochemical changes of mango fruits when transferring from cold temperature to ambient temperature are needed to provide great insights into the behavior of mango fruits after cold temperature storage. In terms of controlled atmosphere storage, it may be not feasible in developing countries due to high requirements in the system installation and high-cost operation as well maintenance.



DISTRIBUTION STAGE

The quality of mango during distribution should be a crucial point in physicochemical changes of mangoes. Mangoes can be transported by truck, ship, or airplane depending on the distance and their maturity. Major quality losses of mango during distribution are attributed to improper packing in container and distribution temperature, and poor road (Siddiq et al., 2017). Malik et al. (2015) noted that the overloading of mangoes in trucks contributed to significant quality losses (Malik et al., 2015). Vibration conditions during transport also affected mango quality reported in a study of E. Yasunaga et al. (2012). For a short distance such as transportation to the local market, mangoes can be transported by trucks at ambient temperature if the weather is not very warm. In the contrast, if it is warm weather, distribution can be carried out at night due to lower temperature (Siddiq et al., 2017). The quality of mangoes such as carotenoid and vitamin C content was unchangeable during transportation from a local market to the commercial restaurant at 25°C by trucks (Oliveira et al., 2010). For a long-distance, mangoes could be transported by a 2-tons refrigerator van at 12°C (Maekawa, 1990) or by ship at below 12.5°C but the major concern is the occurrence of chilling injury over a long period of shipping at low temperature (Siddiq et al., 2017). The airplane is a fast but expensive approach that is only used when the fruits are extremely perishable (Siddiq et al., 2017). Physicochemical changes of mangoes during distribution to different destinations seem to be rarely reported. For a long period of shipping around 2–3 weeks, mangoes were observed with a decrease in firmness and vitamin C, an increase in TSS content, and changes in the peel color due to the ripening process. These changes were accelerated when the temperature was elevated during the distribution process (Yasunaga et al., 2012, 2018). So far, the distribution stage is also crucial to maintaining the quality of mango fruits. To better maintain the high quality of mango fruits during shipping, it requires a low-temperature distribution to delay the ripening process and stability during distribution to avoid mechanical damage. To date, this stage has been less focused compared to the others; therefore, the study in investigating the changes of mango quality during distribution can be a prospective approach to provide a good basis of physicochemical changes during distribution.



CONCLUSION

Each processing step in the supply chain poses very high risks in postharvest losses of mango fruit when applying improper handling techniques. Therefore, it is highly necessary to employ a suitable approach at each processing step in the supply chain to maintain the quality of mango fruits, resulting in a constructed quality assurance system to maintain the high quality of mango until reaching the consumer level. The harvesting date should be selected at the green maturity stage with a proper technique to avoid mechanical damage to mango fruits. In developing countries, HWT is highly recommended due to its cost-effectiveness and simplicity to run at a grower level. Besides, newly adopted technologies of coating could be a promising approach to prevent disease pathogens, ripening rate, and extend the shelf-life of the product. Besides, combining pre-treatment methods could give effective means of enhancing the efficiency in maintaining mango quality. Modified atmosphere packaging and modified atmosphere storage are advanced technologies that reveal high efficiency in maintaining the mango quality to prevent weight loss, delay ripening, pathogenic disease, and chilling injury but may require modern facilities, high-cost production, and maintenance. Storage temperature should be highly concerned depending on cultivars, currently applied technologies, and facilities. High storage temperature will accelerate the ripening process, causing rapid mango decay before reaching the consumer, whereas low temperature (<13°C) will facilitate chilling injury, leading to mango deterioration. Vehicles and storage temperature should be considered to avoid mechanical damage and chilling injury during long-distance transportation.

So far, recent studies have focused on only one single processing step in the supply chain to optimize postharvest technology at that step. Further studies can turn to the detailed quality assessments of mango fruit at each processing step in the supply chain applied for a specific mango cultivar and its current postharvest technologies. This will provide great insights into the quality changes of mango fruit in the supply chain. From this point of view, it allows to give an actual evaluation to consider which critical step is determined to cause the most postharvest losses in the supply chain and further improvement could be studied to reduce postharvest losses. Besides, to our best knowledge, due to the lack of published data in evaluating variations in the phytochemicals content of mango fruit during the supply chain, further studies in this prospective aspect can draw the attention of researchers as well as health-conscious consumers.
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