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ABSTRACT 
	Banana is a climacteric fruit with high economic and nutritional importance, yet its postharvest life is constrained by rapid ripening, poor storage, moisture loss, and susceptibility to physiological and microbial spoilage.  Synthetic preservatives are widely used for extending the shelf life of banana, however, increasing restrictions and rising consumer demand for safer and eco-friendly alternatives have recently gained momentum. Among the various eco-friendly alternatives, plant extracts have emerged as promising options for postharvest preservation.  Plant extracts have been shown to delay peel color change, reduce weight loss, maintain firmness, preserve key quality attributes such as total soluble solids, titratable acidity, and antioxidant activity, reduce antimicrobial activity, and extend the shelf life of banana. Therefore, this review summarizes the role of plant extracts in maintaining quality, improving shelf life, controlling diseases, and regulating ripening physiology, including ethylene production, respiration rate, and enzymatic activity in banana. 
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1. Introduction 
Banana (Musa sp.), a popular fruit belonging to the family Musaceae, is one of the most important fruit crops of the tropical region of the world (Erdogdu et al., 2014). Banana is harvested throughout the year, and it is the cheapest, most nourishing, and a rich source of energy. It contains higher levels of antioxidants, vitamin A, C, and E, β-carotene, and polyphenols. Banana originated in the South-Western Pacific regions of the world, and it is distributed and cultivated across the globe (Al-Dairi et al., 2023). India is the leading producer of bananas in the world, and it’s produced by small- and large-scale farmers in more than 130 countries. Banana is considered a significant fruit crop in some low-income, least developed, food-deficient countries, where it can contribute to food security and income generation as a cash crop (Evans et al., 2020). In spite of significant importance, the postharvest management practices of bananas are very poor, resulting in qualitative and quantitative loss. Banana is climacteric in nature, and it undergoes rapid ripening after harvest. Being perishable, the shelf life of a banana is very short and susceptible to several diseases. The fruits at ambient temperature are subjected to climacteric ripening associated with rapid softening, senescence, off-odor development, and disease incidence (Murmu and Mishra, 2018). Among different postharvest diseases, crown rot and anthracnose caused by the fungus Colletotrichum musae are the most severe post-harvest diseases of banana, causing postharvest spoilage loss (30-40%), thus affecting the quality and shelf life of banana (Krauss and Johanson, 2000; Ranasinghe et al., 2003; Mirshekari et al., 2012). The fungus infects immature bananas in the field, but the symptoms appear only after ripening as a latent infection (Chillet et al., 2007; Gonzalez-Aguilar et al., 2003; Devi and Upadhyay, 2021). 

Commercially, banana fruits are generally treated with synthetic fungicides like imazalil, thiabendazole, prochloraz, and benomyl to control postharvest pathogens (Aked et al., 2001; Duan et al., 2007). With the persistent use of these chemicals, pathogens develop their resistant strains and reduce the effectiveness of these synthetic fungicides (Mari et al., 2003; Jinasena et al., 2011). Besides this, with the increasing concern of consumers over residual toxicity resulting from the widespread use of synthetic fungicides, the banana industry has been forced to explore safer alternatives to increase the shelf life and quality of banana (Gatto et al., 2011). Recently, attention has been given to exploiting the antimicrobial properties of natural plant products, which are easily degradable, less phytotoxic, and safe for human health and the environment (Pinto et al., 2023). However, no remarkable efforts have been made to date to screen the phytochemicals of locally available plants with potential antimicrobial properties against postharvest pathogens of banana. Several experiments have evaluated the antimicrobial properties of plant extracts (PEs), though their practical use for disease management and quality improvement of banana fruit has been limited. The treatment of banana fruits with different PEs (aloe vera, neem, and many spices) and hot water has been widely practiced in some countries as an alternative to synthetic fungicides and chemicals (Siddiqua et al., 2018; Khaliq et al., 2019; Alhassan and Ndomakaah, 2024). The combined use of PEs with nonchemical postharvest treatments, such as heat treatment, modified atmospheric packaging, and edible coating, might control postharvest pathogens of banana and minimize decay and increase shelf life (Hailu et al., 2013).  In this context, this review addresses three key questions: (i) Which PEs are most commonly used, and what optimum dose ranges have been reported to be effective for extending the postharvest life of banana? ii) What are the physiological, biochemical, and antimicrobial mechanisms underlying the efficacy of these PEs, particularly in relation to ethylene production and action, respiration rate, oxidative stress regulation, cell wall degradation, and suppression of postharvest pathogens? iii) What challenges and knowledge gaps remain in the standardization of PEs-based technologies for practical and commercial applications?

2. Methodology
This review was conducted using peer-reviewed literature from different databases, including Scopus, Web of Science, ScienceDirect, PubMed, and Google Scholar. Relevant studies were selected, and useful information was extracted and synthesized narratively to identify key trends, effectiveness, and research gaps.

3. Existing postharvest problems of banana in developing countries 
Poor storage, microbial decay, uneven ripening, and presence of chemical residue are the major postharvest problems of banana (Hailu et al., 2013). The harvested fruits from the farmers orchards are directly transported to the market without any postharvest treatments. In most cases, the farmers sell harvested bananas directly to traders irrespective of market price due lack of appropriate postharvest technologies and storage facilities. This resulted not only lower market price but also in poor keeping quality and faster deterioration of the banana. The use of synthetic fungicides not only increases the post-production cost but also creates a serious problem for the banana industry, such as health and environmental issues associated with high and acute residual toxicity (Unnikrishnan and Nath, 2002; Tripathi and Dubey, 2004). Despite their efforts, most of the developing countries have imported a huge quantity of bananas annually. This situation occurs primarily due to low production and high postharvest loss. The postharvest losses during handling, transport, storage, and distribution are significant in agriculture for perishable goods like banana fruits. Postharvest losses range 20% to 40%, and sometimes even higher (up to 50% or more) in developing regions due to poor handling, transport damage, temperature issues, and microbial decay, impacting farmers and consumers (Amiruzzaman, 1990; Wasala et al., 2014).  Postharvest losses result in low per capita availability and huge monetary losses, and subsequently increase transport and marketing costs.

4. Significance of using plant extracts 
The application of PEs has a significant scope in the world market in the future. The quality of fresh products can be easily maintained and improved with the application of plant-based extracts (Shahbaz et al., 2022). The demand of chemical free food products is increasing in the global market. However, postharvest diseases of banana fruit are still controlled using chemical fungicides. The extensive application of chemical fungicides has led to environmental pollution, and fungicide residue on the fruit surface poses a great health risk to consumers (Khaliq et al., 2019). The adverse effects of chemical fungicides have led to the development of alternative strategies for reducing postharvest diseases that pose minimal risk to the environment and human health (Chen et al., 2025). In recent years, natural preservatives have gained considerable attention due to their ability to prevent pathogenic infections and extend the shelf life of fruits (Troncoso-Rojas et al., 2019). They are safer and can be a substitute for synthetic chemicals and preservatives for resisting postharvest diseases and maintaining postharvest quality. Moreover, they do not harm the environment and pose little risk to human health compared to chemical fungicides. With the increase in consumer awareness, there is an increasing interest in healthy and safer food items, including bananas. Plant-based extracts are proven to be safer natural preservatives and serve as a reliable alternative to synthetic chemicals and preservatives, especially for the prevention of postharvest illnesses and preservation of postharvest quality of fruits (Naz et al., 2024). In this context, natural plant-based extracts as preservatives could be a promising and sustainable option for extending the shelf life and quality of bananas.  

5. Effectiveness of plant extracts in postharvest disease control 
Natural PEs contain secondary metabolites, such as phenols, flavonoids, alkaloids, or terpenoids, and have been used for centuries as a way to control postharvest fungi (Shukla, 2013). Several studies have been carried out in vivo and in vitro to identify the efficacy of using PEs in maintaining quality and protecting banana fruits from postharvest diseases. Extracts of Acacia albida and Prosopis juliflora gave maximum marketable ripe banana fruits, and anthracnose incidence and severity were also lower (Bazie et al., 2014).  España et al. (2017) reported that Ethanolic extract of Eucalyptus camaldulensis at the concentrations of 0.5 mg/mL and 5 mg/mL inhibited the growth of C. gloeosporioides by 50% and 98%, respectively in vitro study. Methanolic extract of ginger containing alpha-curcumene and zingerone as active compounds inhibited more than 80% of C. musae growth at a concentration of 0.5% (w/v), and also recorded a low score of anthracnose severity of 2.2 after five days of storage in ambient conditions (Bhutia et al., 2016). A methanol extract of Allium sativum extract (conc. 25% w/v) improved the overall quality of harvested banana fruits, and demonstrated similar fungicidal activity to chemical fungicides such as carbendazim and kanamycin B against crown rot (Jahan et al., 2019). Aloe vera gel incorporated with garlic oil inhibited 87.7% mycelial growth and 91.2% spore germination of C. musae in in vitro conditions. Antimicrobial coating of the mixture was also found to reduce the incidence and severity of anthracnose by 92.5% and 81%, respectively (Khaliq et al., 2019). Sangeetha et al. (2013) reported that 25% of Zimmu leaf extract completely inhibited the crown rot disease in banana and also had better fungicidal activity than benomyl in reducing disease severity. Cruz et al. (2013) reported that citric extract at 4% was the most efficient, in which disease incidence was 19.44%, the disease severity was 9.34%, and the disease control was 90.16%.

6. Effectiveness of plant extracts in maintaining quality and shelf life
PEs are effective in maintaining the quality and extending the shelf life of banana (Table 1) by modulating ripening processes, reducing postharvest losses, and preserving key physicochemical and sensory attributes. Application of PEs significantly delays peel color change by slowing chlorophyll degradation and carotenoid synthesis, thereby retarding visible ripening (Tchinda et al., 2023). Reduced weight loss observed in treated fruits is primarily associated with lower respiration rates and transpiration losses, which help maintain fruit freshness during storage (Siddiqua et al., 2019). Besides regulating ripening physiology, PEs contribute to the maintenance of internal fruit quality. Banana fruits treated with PEs generally exhibit a slower increase in total soluble solids and a more gradual decline in titratable acidity, reflecting delayed starch-to-sugar conversion and moderated metabolic activity (Alhassan and Ndomakaah, 2024).   

Table 1.  Efficacy of different PEs in extending the shelf life of banana
	S.N.
	Plant extracts 
	Optimum dosages 
	Shelf life
	References 

	
	
	
	Treated fruits (days)
	Control (days)
	

	1.
	Solanum torvum leaf extract
	50% 
	20 
	8 
	Thangavelu et al. (2004)

	2.
	Emblica officinalis leaf extract
	50% 
	14
	8  
	Thangavelu et al. (2004)

	3.
	Zimmu leaf extract
	25%
	17 
	8.7 
	Sangeetha et al. (2013)

	4.
	Guava leaf extract + lemon extract 
	20% +15%
	8.75 
	4.67
	
 Tabassum et al. (2018)

	5.
	Neem leaf extract 
	40%
	8.33 
	4.33 
	
 Siddiqua et al. (2019)

	6.
	Aloe vera gel  + Lemon peel extract 
	50%+15%
	9
	3
	Jodhani and Nataraj (2021)

	7.
	Aloe vera gel 
	25%
	10
	6 
	Alhassan and Ndomakaah (2024)



7. Commonly tested plant extracts 
The postharvest treatments of banana with PEs were found to be effective in increasing quality and shelf life, as shown by different studies (Cruz et al., 2013; Bazie et al., 2014; Siddiqua et al., 2018; Khaliq et al., 2019). PEs are diverse in nature, and their performance greatly varies with the presence of bioactive phytochemical compounds, methods of extraction, concentration, and other various factors. Aloe vera gel is a biodegradable natural preservative which can be effectively used for inhibiting microbial growth and maintaining the quality of fresh produce during storage. The texture of aloe vera is jelly-like, and it contains a variety of bioactive substances in addition to polysaccharides, proteins, fibers, soluble sugars, vitamins, minerals, amino acids, enzymes, organic acids, phenolic compounds, anthraquinones, and saponins (Boudreau and Beland, 2006; Parven et al., 2020). Aloe vera is used to create edible coating films for the development of functional foods (Maan et al., 2018). Due to its antimicrobial and antioxidant qualities, aloe vera gel makes a great example of active packaging. Aloe vera gel combined with garlic oil significantly inhibited the mycelial growth and spore germination, and reduced anthracnose disease incidence in bananas (Khaliq et al., 2019).   In terms of extending shelf life, it has been examined as a potent preservative. Aloe vera gel coating material slowed down the generation of ethylene, which ultimately slowed down fruit ripening, chlorophyll degradation, anthocyanin accumulation, and carotenoid synthesis (Carrillo-Lopez et al., 2000). Using aloe vera gel to treat fruits after harvest is thought to be a chemical-free, environmentally beneficial alternative to maintaining the quality of fruits (Ali et al., 2019). Aloe vera gel treatment preserves higher levels of pH, soluble solids concentration, ascorbic acid, tritatable acidity, total carotenoid content, total flavonoid content, and total phenolic content in the treated fruits (Mendy et al., 2019). Alhassan and Ndomakaah (2024) discovered that aloe vera treatment reduced weight loss, inhibited peel colour changes, delayed total soluble solids and titratable acidity changes, minimised decay, and improved the shelf life banana. Aloe vera gel and garlic oil delayed the changes in weight loss, firmness, soluble solids concentration, and titratable acidity and enhanced total phenolic contents and total antioxidant activities of banana fruit (Khaliq et al., 2019). Furthermore, Aloe vera gel in combination with lemon peel extract coating proved to be an effective alternative to extend the shelf life and reduce the quality losses in banana, which significantly reduced the rate of weight loss and decay of the fruits during storage (Jodhani and Nataraj, 2021).  A combination of aloe vera, starch, and Arabic gum slowed down the chlorophyll degradation, loss of ﬁrmness, weight loss, and synthesis of total soluble solids and extended the shelf life of banana (Tchinda et al., 2023). Neem is another potent natural preservative having antimicrobial and antioxidative properties.  Its extract contains several bioactive compounds such as azadirachtin, salannin, nimbidin, margolonone, gedunin, and others, which can be applied for reducing postharvest pathogens in fruit crops. Neem leaf extract significantly improved the quality and storability of banana fruits (Siddiqua et al., 2018). Ali et al. (2025) reported that neem seed ethanol extracts showed maximum mycelium growth reduction against C. musae. The cinnamon extract inhibited crown rot disease in bananas without affecting postharvest quality (Win et al., 2007).

8. Mechanisms of action of plant extracts 
PEs exert their beneficial effects against banana postharvest deterioration through multiple, often interconnected mechanisms targeting both pathogen suppression and regulation of ripening-related physiological processes. PEs with fungitoxic or fungistatic properties could be a suitable alternative to synthetic fungicides for controlling postharvest pathogens in bananas. PEs interact with pathogens and induce host resistance. PEs are rich in phenolics, terpenoids, alkaloids, tannins, flavonoids, and sulfur-containing compounds, which disrupt fungal cell membrane integrity, increase membrane permeability, and cause leakage of cellular contents, ultimately inhibiting spore germination and mycelial growth (Siddiqui et al., 2000; Abrahim et al., 2025). Cinnamon extract and piper extract inhibited the conidial germination and mycelial growth of banana crown rot fungi (Win et al., 2007). Similarly, aqueous leaf extract of Zimmu significantly inhibited the crown rot disease with the increased activities of phenylalanine ammonia-lyase, chitinase, and β-1,3-glucanase activities enhanced accumulation of phenolic compounds (Sangeetha et al., 2013). Antioxidative properties of PEs reduce pathogen-induced oxidative stress and may enhance host defense responses by inducing the activity of defense-related enzymes. The enhanced activity of defense-related enzymes played a role in resistance of banana fruits against postharvest pathogens. For instance, the methanolic extract of Turbinaria ornata has shown to improve antioxidant and defense enzyme activities and reduce growth and disease incidence in banana fruit (Elshikh and Al Farraj, 2024). This antifungal activity of PEs has also verified through an in vitro test in which arabic gum and chitosan affected various stages of the development of the mycelial growth and conidial germination of C. musae (Maqbool et al., 2010). Additionally, PEs delayed color development, reduced the rate of respiration and ethylene evolution, thereby maintaining the overall quality of banana fruits (Maqbool et al., 2011). PEs also interfere with ergosterol biosynthesis, mitochondrial respiration, and enzyme systems essential for pathogen survival (Abrahim et al., 2025). PEs may have potentiality to modulate ethylene biosynthesis and action by downregulating the activities of key enzymes such as 1-aminocyclopropane-1-carboxylic acid (ACC) synthase and ACC oxidase, leading to reduced ethylene production and delayed climacteric rise (Shah and Hashmi, 2020). However, these phenomena have not fully studied.  This process suppresses the respiration rate, which further conserves metabolic substrates and slows senescence. Furthermore, some PEs, such as aloe vera gel, may act as a barrier for gaseous exchange, which delays the ripening and respiration process and prevents oxygen contact with fruit with enhanced antioxidant activity (Shah and Hashmi, 2020). This limits the activities of cell wall-degrading enzymes, including polygalacturonase, pectin methylesterase, and cellulase, helping to retain fruit firmness (Tesfay and Magwaza, 2017). Collectively, these mechanisms contribute to delayed peel color development, reduced moisture loss, preserved texture, and extended postharvest life of the banana.


10. Conclusion and future directions
PEs offer a safe, eco-friendly, and sustainable alternative to synthetic preservatives for extending the shelf life and maintaining the postharvest quality of banana by suppressing pathogens and regulating ripening-related physiological processes. However, further research is required to standardize extract formulations, optimize doses, and validate their commercial feasibility across cultivars and storage conditions. Encapsulation of PEs is a promising strategy to protect bioactive compounds from degradation and to mask flavors and enable their controlled release, thereby enhancing efficacy and sensory properties. Integration of PEs into other eco-friendly techniques, such as hot water treatment, modified atmospheric packaging, and edible coatings, can maintain quality and extend the shelf life. 
9. Limitations of using plant extracts 
Despite the many beneficial aspects of PEs, their effectiveness is often limited by variability in extract composition, lack of standardized extraction and application protocols, and cultivar-specific responses. Genetic, environmental, and processing factors can alter the chemical composition of PEs, which leads to batch-to-batch inconsistency (Chen et al., 2025). Another important issue that needs to be considered is the stability of PEs, as bioactive compounds such as phenolics, flavonoids, and terpenes are often sensitive to heat, light, and oxygen, and their efficacy can degrade rapidly during storage, which is unacceptable for industrial purposes (Schnarr et al., 2024). Many PEs, such as thyme, oregano, or neem, at their effective antimicrobial concentrations, may impart strong, bitter, pungent, or herbal notes that are undesirable in most fruits, which have a distinctive aroma and are expected to be sweet (Gibriel et al., 2013). Some PEs rich in polyphenols can have intense colors (brown, green, deep yellow) that can stain the fruit’s surface an unnatural and unappealing color, which adversely affects the visual appeal and overall consumer acceptability (Sivakumar and Bautista-Baños, 2014). Regulatory hurdles also limit the commercial use of PEs. The commercialization of PEs requires extensive safety toxicology data and approval as a “Novel Food” additive, which is a costly and time-consuming process (Pinto et al., 2023). 
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