



Precision Approaches in Banana Cultivation for Sustainable Productivity 

Abstract Banana cultivation is increasingly challenged by limited land availability, climate variability, and declining resource-use efficiency, necessitating the adoption of precision-based production strategies. This review critically synthesizes recent advances in high-density planting (HDP), precision nutrient and water management, improved planting material, and other hi-tech interventions for enhancing banana productivity and sustainability. Evidence from experimental and multi-location studies indicates that HDP systems with plant densities ranging from 2,500 to 5,000 plants ha⁻¹ can increase yield by 19–79% over conventional planting, depending on cultivar, spacing, and management practices. Precision fertigation under HDP has been reported to reduce fertilizer use by 25–50% while maintaining or improving bunch weight, fruit quality, and economic returns. In addition, optimized planting geometry and resource management improve light interception, water-use efficiency, and overall system resilience. These approaches improve resource-use efficiency by reducing fertilizer and water inputs by approximately 25–50%, while enhancing economic returns through yield gains of 20–70% compared with conventional banana cultivation systems. This review highlights that integrating precision approaches with cultivar-specific recommendations offers a viable pathway for achieving sustainable productivity in banana cultivation, particularly under Indian and South Asian production systems, while also identifying key research gaps for future refinement.
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Introduction
Bananas are a widely cultivated and nutritionally rich fruit, with India being one of the top producers globally. India leads global banana production, contributing 25.56% (34,528 thousand MT) to the total world production of 135,108.96 thousand MT in 2022. China (8.72%) and Indonesia (6.84%) follow, with Nigeria (5.94%) and Brazil (5.07%) also playing significant roles. Ecuador, the Philippines, and Guatemala are key exporters, while African nations like Angola and Tanzania contribute notably. (Food & Agricultural Organisation, 2024). According to the National Horticulture Board (NHB, 2022-23), Andhra Pradesh, Maharashtra, and Gujarat are the leading banana-producing states in India. Andhra Pradesh leads in banana production with 6,116.94 tonnes (16.68%), followed by Maharashtra (15.34%) and Tamil Nadu (12.33%), highlighting their dominance in cultivation. Uttar Pradesh (11.01%) and Gujarat (10.89%) also contribute significantly, while Karnataka (8.11%), Madhya Pradesh (5.62%), and Bihar (5.47%) play key roles. West Bengal (3.86%) and Assam (3.04%) have smaller shares, indicating regional variations in production. The total national banana production stands at 36,666.89 tonnes, emphasizing its significance in India's horticultural sector. In 2022-23, India cultivated bananas on 9.65 lakh hectares, producing 349.08 lakh tonnes, with Tamil Nadu accounting for 1.02 lakh hectares and 42.37 lakh tonnes of production. The state's key banana-growing districts include Erode, Thoothukudi, Coimbatore, Theni, Tirunelveli, Trichy, and Kanyakumari, with Trichy serving as a central hub for banana distribution (TNAU, 2023). Nutritionally, bananas are an excellent source of energy, providing 98 kcal per 100 grams, along with 75.3 g of water, 0.74 g of protein, 23 g of carbohydrates, including 1.7 g of dietary fiber and 15.8 g of sugars. They also contain essential vitamins and minerals, including vitamin C (12.3 mg), potassium (326 mg), magnesium (28 mg), and phosphorus (22 mg), along with trace amounts of calcium, zinc, copper, and manganese. The organic acids citric (341 mg) and malic (369 mg) contribute to their distinct flavor profile (U.S. Department of Agriculture Agricultural Research Service, 2020).  Bananas yield significantly more food per hectare compared to cereals. While paddy yields a maximum of 3 tonnes per hectare, bananas can produce up to 22 tonnes per hectare. This high caloric efficiency means that only 0.03 hectares of banana cultivation is required to meet the annual caloric needs of an adult, compared to 0.44 hectares for wheat (Malhotra, 2017). On the global stage, banana exports showed modest growth in 2023, increasing by 0.3% to reach 19.3 million tonnes. Despite challenges such as adverse weather, high fertilizer costs, and the spread of Banana Fusarium Wilt Tropical Race 4 (TR4), banana exports from Asia rose by 5.9%, with India and Vietnam emerging as key contributors. India's exports grew by 38% to 500,000 tonnes, driven by strong demand from China and the Middle East (FAO, 2024). Bananas are highly perishable, and postharvest technologies play a critical role in maintaining their quality. Advances in storage, transportation, packaging, and artificial ripening are essential to preserve their nutritional and marketable value. Emerging technologies like image processing for damage detection and strategies to reduce postharvest losses are improving the shelf life and minimizing losses in the supply chain (Mai Al-Dairi et al., 2023). Still, there is a growing demand for banana in India, due to increasing awareness about its health benefits and sustainable income to the farming community. The main focus of banana research in Tamil Nadu is to increase the productivity, at the same time reducing the cost of production per unit area, so that triple the income could be generated by the farmers.  A series of trials taken up at Tamil Nadu Agricultural University, Coimbatore and National Research Center on Banana, Trichy have established that high density planting can be successfully practiced in banana coupled with drip and fertigation system with enhancement of yield levels by 40-50 % over the conventional system.  Few researches conducted studies on the effects of banana bunch covers in different parts of the World. We have therefore attempted to compile all the scattered information on banana bunch cover to assist researchers and extension personnel working in this area (Kumar et al., 2024). 
1.1 Improved propagation techniques 
Sucker propagation of bananas continues to be popular for its economical nature together with its convenient source and low requirements. The planting process for field deployment happens right away following this technique which leads to longer plant lifespan combined with reduced physical harm. Through sucker propagation the conservation of endangered native banana varieties alongside rare banana species is possible because it secures necessary planting material for preservation. The excessive development of suckers presents challenges for both plant development and fruit yield quality that needs proper plantation management. The past outbreaks of diseases that affected Gros Michel banana monocrops demonstrate the necessity to utilize various propagation techniques alongside genetic material diversity for maintaining sustainable banana farming. The propagation material serves as a primary influence in banana farming because fungi as well as bacteria and viruses spread through plant suckers. Through the methods of mother plant stripping and decapitation and minicorm propagation producers can achieve higher sucker numbers. To induce sucker production some of the physical methods like goose necking, mattacking, decapitation and false decapitation can be followed. Influences of mattacking on translocation of nutrients from mother plant to daughter suckers at various physiological stages of the mother plant and under the different systems of planting have been explored by many scientists.   Cultural methods (like Ascenso’s method, use of different organic manures, biofertilizers, fertilizers, micronutrients etc.) and hormonal methods (application of ethrel, GA3, paclobutrazol, BA and IAA etc.) were found to be effective. Split corm, split bud, minisetting, PIF ((plantes issues de fragments de tiges) / plants resulting from stem fragments) etc. are some of the new techniques can also be useful in salvaging underdeveloped suckers. Therefore, to address some of the challenges of seed quantity and quality tissue and cell culture methods have been developed in banana.  These techniques require highly skilled labourers and special equipments, combined with high cost of production (Tumuhimbise and Talengera, 2018).
1.2 Tissue culture
Tissue culture technology advances banana cultivation through its production of disease-free plants with homogeneous genetics that yield high amounts. Bananas require long times and inefficient growth from suckers which motivates industry to implement tissue culture techniques for mass production (Kumar et al., 2024). Grand Naine represents the most popular tissue culture propagated banana variety together with Nendran and Red Banana which produce superior quality yields.
The propagation of banana tissue in culture relies on micropropagation methods with Murashige and Skoog (MS) media that requires specific plant growth regulator additions. Academic research has proven that different hormonal combinations show success in producing new clumps and developing roots during tissue culture. The tissue culture process yielded optimal shoot multiplication results from Rajapuri Bale explants containing 2.0 mg/L BAP and 0.25 mg/L NAA during culturing in MS media. The same researchers discovered 1.0 mg/L NAA as the most effective concentration for root initiation. Mixture of 4 mg/L BAP and 1 mg/L IAA delivered the optimum multiplication rate. The combination of TDZ (3.5 mg/L), adenine sulfate (20 mg/L), NAA (0.5 mg/L) produced 82.99% maximum shoot emergence for the propagation of Musa acuminata (AAA) cv. Amrit Sagar according to Das et al. (2024). The most successful rooting results emerged from half-strength MS with 2.5 milligrams per liter IBA treatment that achieved higher than 95 percent acclimatization survival. 
The dimension of explants strongly influences survival rates alongside proliferation since meristem dome culture limits contamination yet reduces regrowth speed whereas bigger explants promote regeneration through increased risk of contamination. Dividing explants into individual needs produced greater shoot production throughout successive culture cycles. The analysis of shoot excision techniques at 45º and 90º angles studied growth enhancement potential for banana cv. Chini Champa. During shoot proliferation stage Sharma et al. (2024) studied how different combinations of excision angles (45º and 90º) with excision sites (tip, middle, and base) influenced regeneration outcomes. The highest multiplication rates and biomass accumulation were achieved using a 45º angle excision together with tip excision. Tissue culture banana plantlets outperform traditional propagation techniques when used for field cultivation because they achieve better yield performance. Through Udhayam (Pisang Awak – ABB) variety introduction from the National Research Centre for Banana (NRCB) to Tamil Nadu farmers boosted productivity level by 35–40% while producing uniform bunches of 45–50 kg each instead of the typical 25–30 kg bunches of Karpooravalli (Singh et al., 2011). TIB systems introduced recent advances to bioreactor systems which serve as modern methods for increasing large-scale propagation efficiency. Through the creation of a budget-friendly TIB system Uma et al. (2021) enhanced Rasthali banana micropropagation by multiplying shoot numbers by 2.7 times beyond semisolid culture results. Victor et al. (2023) established that sword suckers are the optimal material for plantain propagation through the Recipient á Immersion Temproraire Automatique (RITA®) system to achieve superior bud multiplication results and reduced contamination risks. 
The preservation of genetic stability represents a critical element in tissue culture propagation of bananas. Das et al. (2024) adopted RAPD and ISSR markers to validate genomic fidelity of the in vitro propagated Amrit Sagar banana. Uma et al. (2021) conducted research on the somatic embryogenesis of Grand Naine and Rasthali bananas which produced minimal genetic differences corresponding to 3.34% in Grand Naine and 2.09% in Rasthali. Laboratory examinations have validated tissue culture as an effective method to sustain genetic consistency. According to Tumuhimbise and Talengera (2018) we need to enhance the optimization process in order to lower costs and make tissue culture more accessible to farmers working in small-scale operations. Somatic embryogenesis (SE) exhibits promise for producing large-scale clones and handling genetic transformations but scientists must build higher SE efficiency to tackle existing uniformity and regeneration rate problems.
1.3 Macropropagation of banana 
Banana propagation utilizes three distinct types of suckers including peepers and sword suckers together with maiden suckers. The establishment phase of peepers and sword suckers lacks abundant nutrients while maiden suckers demonstrate stronger abilities that shorten production time and increase yield production. Prolonged sucker removal for propagation damages roots that dockers yield and makes banana plants more vulnerable to pest infections from nematodes and rhizome weevils as well as from soil-bound pathogens (Saraswathi et al., 2024). Macropropagation presents itself as a convenient affordable method which enables production of high-quality planting resources on a large scale. The large-scale propagation technique delivers exceptional value to commercial banana cultivars including Rasthali (Silk, AAB) and Neypoovan (AB) (Saraswathi et al., 2024). The propagation method provides cost-effective production of healthy plants together with high rates of success. Field studies establish that macropropagated plants show identical survival rates to suckers propagated conventionally reaching 100% under field conditions (Saraswathi et al., 2024). Producing high-quality banana plants through tissue culture methods costs much money while needing specialized experts to operate it and introducing possible genetic changes. The farming community depends on macropropagation over tissue culture for banana plant multiplication because it allows small farmers to access affordable yet effective propagation methods. The production of disease-free plants through macropropagation entails affordable investment and minimal labor requirements (Kumar et al., 2024). The propagation process through macropropagation uses whole suckers along with large rhizome pieces and sword suckers to generate planting materials. Farmer propagation occurs inside the field as direct in situ cultivation or they use nurseries as ex situ facilities (Singh et al., 2011). The plant propagation method requires removal of its growing tip which activates numerous side shoot development.
The process of macropropagation has received recent enhancements through scientific research. Ngullie & Deb (2024) demonstrated that the best results came from either the "Plants Issued from Fragments" (PIF) or "Split corm + PIF" methods when working with the Grand Nain (G9) banana variety. The use of forest soil and sawdust-sand mix as growing media enabled satisfactory plant growth. DNA examinations demonstrated that the cultured banana plants showed genetic consistency between 97.37 and 100 % compared to the parent variety. Multiple reports establish that macropropagation shows effective results when working with different banana plant cultivars. Sawdust proved better than cocopeat for accelerating the propagation process according to the research conducted by Manju & Pushpalatha (2022) across six variety types. The combination of Nendran banana cultivar with sawdust produced the fastest bud regeneration period which was 20.33 and 14.33 days followed by a short hardening time of 75.9 days when compared to Poovan banana grown in coco peat for 104.3 days. Initially sawdust proved to be a more affordable propagation material than cocopeat ($0.02 to $0.04 dollars and $0.03 to $0.06 dollars per plantlet). The bunch weights of plants produced through macropropagation exceeded those of plants from suckers but the macropropagated lineages demonstrated comparable growth characteristics with no dissimilarities except in Neypoovan and Poovan. 
Growth regulators prove effective at optimizing the efficiency level of macropropagation. Benzylaminopurine (BAP) reduces growth time for plant shoots while simultaneously increasing number of plant shoot in the propagation. The macropropagation system proves to be a sustainable method which assists small farmers with producing bananas on a large scale at affordable prices. The sustainable production of high-quality planting material together with disease prevention from soil-borne diseases becomes possible through macropropagation due to its reduction of tissue culture and conventional sucker propagation methods. This approach also lowers production costs.
1.4 High-density planting (HDP) 
High-density planting (HDP) in banana has been widely evaluated across cultivars and agro-ecological regions, consistently demonstrating its potential to enhance productivity through optimized spacing, planting geometry, and nutrient management. Early investigations on Cavendish bananas provided foundational evidence for HDP, where square planting at 1.2 × 1.2 m (6,944 plants ha⁻¹) in Robusta and Dwarf Cavendish significantly improved yield per unit area compared with wider spacings, primarily due to improved light interception and compact canopy architecture. Subsequent cultivar-specific evaluations revealed that Basrai achieved an optimum yield of 86 t ha⁻¹ at 1.5 × 1.5 m spacing, while Robusta exhibited exceptionally high productivity of 174 t ha⁻¹ under intensive HDP at 1.2 × 1.2 m, confirming the strong response of AAA cultivars to increased plant density (Behera et al., 2016).
In AAB cultivars, modified planting systems involving multi-sucker or multi-plant pits proved advantageous. Rasthali banana planted conventionally at 2.0 × 2.0 m (2,500 plants ha⁻¹) recorded lower yields (28.21 t ha⁻¹), whereas adoption of HDP with two suckers per pit at 2.0 × 3.0 m (5,000 plants ha⁻¹) enhanced yield to 38.31 t ha⁻¹, clearly demonstrating the benefits of increased plant population (Patel et al., 2018). The same study also highlighted the superiority of paired-row planting (1.2 × 1.2 × 2.0 m) in Grand Naine, which produced a high yield of 117.81 t ha⁻¹, indicating that planting geometry plays a critical role in maximizing yield without compromising bunch weight.
Large-scale validation of HDP was provided by the ICAR multi-location trials, where planting three suckers per hill at 2.0 × 3.0 m spacing (5,000 plants ha⁻¹) resulted in yield increases ranging from 28.9% to 79.0% in Grand Naine and 33–43% in Nendran, with Martaman showing the strongest response (up to 79%) under optimized nutrient regimes (Debnath et al., 2021). These findings established HDP as a robust and scalable technology across AAA and AAB cultivars. In AB types, Ney Poovan grown under HDP with three plants per pit at 2.0 × 3.0 m spacing and 150% RDF achieved the highest yield of 43.44 t ha⁻¹ (Yallesh Kumar et al., 2024), while wider spacing (1.8 × 3.6 m) combined with higher nutrient input (200% RDF) maximized vegetative growth and bunch weight (11.38 kg) (Kaviyarasu et al., 2025).
Recent diversification of HDP research further demonstrated its applicability under specialized systems. In coconut-based agroforestry, Poovan banana planted at 2.1 × 2.1 m produced heavier bunches (16 kg) and improved fruit quality (Selvaraj et al., 2024), while dwarf cultivar Phule Pride performed optimally at 1.5 × 1.5 m (4,444 plants ha⁻¹), balancing yield (19.4 t ha⁻¹) and disease incidence (Pujari et al., 2024). Advances in fertigation and crop management further strengthened HDP outcomes in Grand Naine, where paired-row systems with fertigation achieved yields exceeding 100 t ha⁻¹ (Hanuman Naik et al., 2016), and drip-based nutrient management consistently improved yield and fruit quality (Amiri et al., 2022; Patley et al., 2023). Plant spacing and planting density are critical determinants of growth, canopy architecture, and productivity in banana cultivation, particularly under high-density planting (HDP) systems. In AAB cultivars such as Quintal Nendran, closer spacing of 1.8 × 1.8 m (3,086 plants ha⁻¹) significantly enhanced leaf area index (LAI), light interception, and photosynthetic efficiency, whereas wider spacing favored individual plant growth through reduced competition (Sindhupriya et al., 2018a). The same authors reported that wider spacings of 2.1 × 2.4 m (1,984 plants ha⁻¹) resulted in faster leaf emergence (lower phyllochron) and improved pseudostem girth, indicating better vegetative balance (Sindhupriya et al., 2018b).
High-density planting has been shown to improve yield per unit area by maximizing land use efficiency and optimizing solar radiation capture. Closer spacing increased LAI due to reduced area per plant, while wider spacing improved individual leaf size and sucker production, suggesting that spacing requirements are cultivar-specific and must be balanced with nutrient management (Sindhupriya et al., 2018a; Sindhupriya et al., 2018b).
The Banana Expert System developed by Tamil Nadu Agricultural University (TNAU) is a digital decision-support tool designed to provide farmers with comprehensive information on banana cultivation, including field operations, planting methods, spacing recommendations, nutrient management, and pest and disease management. According to TNAU recommendations, closer spacings such as 1.8 × 1.8 m for Robusta and Nendran and 1.2 × 1.2 × 2.0 m in paired-row planting systems are suggested for higher productivity under intensive systems, while spacings like 2.1 × 2.1 m are recommended for other varieties such as Rasthali, Poovan, and Karpooravalli to balance plant population and canopy expansion (TNAU, Expert System). Expert guidance also includes high-density configurations such as three suckers per pit at 1.8 × 3.6 m (approximately 4,600–4,800 plants ha⁻¹) for Cavendish types and 2 m × 3 m (5,000 plants ha⁻¹) for Nendran under HDP to optimize growth and light interception. In a field application context, the TNAU Banana Expert System was shown to significantly improve farmers’ knowledge of recommended practices, including optimal spacing and management techniques. A study among Nendren banana growers in Kanyakumari district reported a 53% overall increase in knowledge gain after using the expert system mobile application, with notable improvements in understanding recommended spacing, sucker selection, and integrated crop management practices (Hassan et al., 2023).
Collectively, these studies confirm that HDP, when integrated with cultivar-specific spacing, multi-plant systems, and optimized nutrient and water management, offers a reliable pathway to maximize banana productivity across diverse production systems.
1.5 Biofertilizers 
Biofertilizers serve as an environmentally friendly substitute for chemical fertilizers during banana cultivation because they enhance crop development together with improving soil conditions while increasing disease resistance. The natural microorganisms in these fertilizers include vesicular arbuscular mycorrhiza (VAM) and Trichoderma spp. as well as Bacillus subtilis and Azospirillum that support vital processes of nutrient mobilization and root development and disease suppression. The evaluation of these microorganisms for banana macropropagation displays extensive research which shows their impact on increasing the growth of buds, plantlets and the survival numbers. Harish et al. (2024) explored how VAM supplementation with Pochonia chlamydosporia at 30 g/corm and 60 g/corm respectively increased bud emergence rates and plantlet vigor performance in Red Banana (Musa acuminata) cultivated in cocopeat-sawdust growing substrates. Using Trichoderma-treated sawdust and banana fiber waste at a 50:50 ratio led to improved plantlet development according to Kumar et al. (2025) which proved this method achieves cost-effective banana plant propagation.
Biofertilizers enhance field productivity while simultaneously improving fruit quality together with soil resistance against pathogens when applied in agricultural fields. The combination of biofertilizers with Cement Kiln Flue Dust (50-75%) increased crop quality additionally it improved soil health and yield. When farmers applied 100% recommended dose of fertilizers (RDF) at 250 g per plant of beneficial AM fungi and 50 g per plant of three different biofertilizers: phosphate-solubilizing bacteria and Azospirillum and Trichoderma harzianum they achieved outstanding results including increased bunch weight (11.49 kg), number of fingers (81.4) with larger finger weight (140.32 g) and reduced Fusarium wilt incidence (5.53% vs. 13.86% in the control) in addition to lower soil nematode population (108.7/ The research showed how biofertilizers reduced the soil nematode numbers from 188.3/250 g to 108.7/250 g across the control plot area. Biofertilizers positively impact banana cultivation through their mechanisms which enhance nutrient release as well as promote root expansion together with biological pest control and maintain soil microorganism diversity.
1.6 Micronutrients 
Banana acts as the second most cultivated fruit crop in India leading to substantial major and minor nutrient depletion in the soil. The solution for addressing nutrient deficiencies while improving banana productivity should involve location-specific nutrient management practices combined with proper participatory demonstrations. Under irrigated vertisol environments in Virudhunagar district the combination of superior banana set material and RDF essential nutrient applications of 160:50:390 N:P:K g/plant in three splits along with two banana special or banana sakthi foliar sprays during fruit formation should be used to boost banana yields. A 25% N fertilizer supplement is needed to increase yields and financial profit when soil nitrogen levels stay low. The effects of applying macro and micronutrients by bunch feeding were examined on tissue culture banana yield in Grand Naine (AAA) during 2017-18 at Karnataka state farmer fields.
1.7 Bunch feeding
Millik et al., (2018) made a study to know the effect of the application of different nutrient and their combination as bunch feeding on growth and yield of banana. They applied N and K in the form of different chemicals along with FYM and made a comparison study with control. They found that the highest yield of (58.65 t /ha), highest finger length, finger girth, volume of fingers were observed when the bunch fed with T7 (500 g fresh cow dung + 7.5 g Urea + 7.5 g K2SO4). According to Rao and Swamy (2017), treating the bunches with (5g Urea + 5g SOP + 5g Banana Special + 500g Cow dung + 200mL Water) found to increase finger weight and bunch weight.
1.8 De-navelling and stalk-end nutrient application
	Denavelling followed by bunch feeding found to be more effective in this concern.  The bunch characters in terms of bunch weight (16.21 kg), hand weight (1.90 kg) and finger weight (145.6 g) were observed maximum in denavelled bunch treated with 20 g urea in combination of 500g fresh cowdung when compared with control. And also observed the  maximum yield of 40.52 t/ha. The physio-chemical characters of the bunch were also influenced markedly.    Highest T.S.S. (25.5° Brix), reducing (8.51%) and total sugar (17.8%) were increased by a treatment combination of 500g fresh cowdung and 20 g K2SO4.  Other treatment combination also showed improvements in bunch weight and quality parameters as compared to the control (Shira et al., 2012). 
Banana bunch when treated with urea, sulphate of potash and fresh cowdung in the distal end of the denavelled bunch stalk soon after the fruits set. The treatment with urea (7.5g), sulphate of potash (7.5g) blended with 500 g fresh cow dung (T1) all the yield attributing characters viz., bunch weight (25.72kg), number of hands per bunch (9.34), number of fingers per hand (13.43), hand weight (2.31kg), yield per plant and per hectare yield (64.10t). While applying this treatment, the yield response was 7.44 percent more over the control.
1.9 Bioformulation of seaweed
The use of seaweed extracts functions as a widely accepted method to both increase banana yields and improve their product quality. Results from ICAR-National Research Centre for Banana in Tamil Nadu revealed that LBS6S applied at 1 ml/L resulted in a 25.24% increase of bunch weight and LBS3 used at 5 ml/L caused an enhancement of 12.62%. The application of LBS6S led to higher numbers of hands combined with an increased number of fingers on every bunch according to Ravi et al. (2018). A study conducted in Egypt tested combinations of humic acid at 0.5% to 2.0% with seaweed extract at 0.25% to 0.75% on Williams bananas which yielded better results for fruit quality and bunch weight and leaf nutrient levels when using the highest concentrations of both substances (Gomaa & Ibrahim, 2020).
1.10 Use of plant growth regulators 
Studies show that bioregulators derived from seaweed possess capability to enhance both fruit productivity along with better quality outcomes. Benzoladenine (BA) at 20 ppm treatment resulted in highest yield production. GA3 (80 ppm) led to improved finger weight and increased sugar conten. Application of GA3 and forchlorfenuron (CPPU) reduced fruit softening and minimized fungal infections after delaying the color development process (Huang & Jiang, 2012). Recent research on in vitro propagation technology has confirmed plant growth regulators play a crucial role in commercial banana cultivation operations. Substances IAA at 0.5 mg/L combined with IBA at 1.5 mg/L helped root development while BAP at 5 mg/L together with IAA at 1 mg/L promoted multiple shoot growth (Singh et al., 2024). Chitosan supplementation at a concentration of 25 mg/L enhanced both shoot regeneration and survival rates to 93% for sucker and 91% for rhizome structures making it a valuable growth stimulant (Kandha et al., 2021). Both shoot proliferation and root development received optimization through a solution containing BAP (5 mg/L) with IAA (0.5 mg/L) and chitosan (25 mg/L). IBA was used for root development. 
1.11 Use of bunch covers 
Banana bunch covers improve produce quality while providing better yields with earlier harvest dates. The study conducted by Auxcilia et al. Rashthali (AAB) of banana (2006) report that the application of white polythene bunch covers with 2% ventilation holes at TNAU, rashtali fruits showed a reduced development times. The white polythene a material of high plasticity and durability, a polymeric compound) protecting of bunches produced fruits that reached a mid-circumference of 12 cm in 72.5 days against the control, which was 90 days while the fruits that were blemished are only 6.23% against the control 24.24% (p< 0.01). Other than to help improve the appearance quality and fasten ripening progress of the fruit white polythene bunch covers with ventilation holes use is also at high rate. Different color and perforation techniques on Grand Naine and Williams bunches when using bunch covers, perforated covers gives effectiveness in controlling humidity levels to protect against fungal infections within the bunch.
More studies were carried out in Jorhat on banana cv. In high-density planting of Jahaji (AAA), the highest yield of 115.62 t/ha was observed under treatment with white non-woven polypropylene covers as against 93 t/ha in the uncovered control (Pathak et al., 2017; Sankar, 2014). Temperature regulation within the bunch cover leading to improved fruit set was ascribed to this yield gain. Moreover, polythene covers have been shown to decrease disease incidence (Amani & Avagyan, 2014), thereby enhancing fruit marketability. A study by Hossain et al. (2024) investigated the cumulative effect of sucker age and bunch covering in Amritsagar banana and found that third-year suckers under white polythene covers produced maximum yield (14.58 kg/bunch) and enhanced the weight and moisture content of fruit. There is necessary to bunch covers in commercial banana farming for yield enhancement and excels in export market standards. 
1.12 Fertigation
Fertigation significantly improves the efficiency of nutrient absorption, achieving an increase of 30-40%. It also helps to prevent soil degradation, lowers fertilizer expenses, and enhances both productivity and quality. Additionally, it reduces groundwater contamination by minimizing runoff and leaching. Robusta (AAA) indicated that applying 50-75% of the recommended NPK dosage (200:30:300g/plant) resulted in the highest bunch weight under both standard and high-density planting conditions. Furthermore, fertigation can decrease water usage by 40-70% and reduce fertilizer application by 25% (Senthil Kumar et al., 2017). In the case of the Red banana (AAA) variety, the application of 100% recommended dose of fertilizers (110:35:300g NPK) led to an increase in bunch weight to 22.55 kg (Suganthi, 2002). A dosage of 150% NPK (165:52.5:495g) administered in four splits resulted in improved plant growth, yield, and quality for tissue-cultured bananas (Nalina, 2002). Specifically, fertigation at a rate of 25L/day/plant combined with 200:30:300g NPK resulted in an 88.66% increase in bunch weight (44.53kg) and a productivity level of 111.38 MT/ha compared to traditional methods.
In the case of potassium fertigation (50% MOP + 50% Cement Kiln Flue Dust), bunch weight in the Karpooravalli and Poovan banana varieties was enhanced to 23.46kg. A study on Ney Poovan bananas demonstrated that a combination of 25% nitrogen from CAM, 25% urea, and 50% ammonium sulfate improved vegetative growth, soil health, and leaf nutrient content, ultimately leading to increased yields (Keshavan, 2004). Foliar applications of sulfate of potash at seven months and again 30 days later resulted in enhanced bunch weight and fruit quality (Ramesh Kumar and Kumar, 2007). Experiments involving fertigation in Rasthali bananas showed the highest growth, yield, and quality metrics across various application schedules (Pandey et al., 2001; Kumar and Pandey, 2008).
The integration of cowpea with arbuscular mycorrhizal fungi (AMF) yields good bunch weight. Additionally, the application of fertigation using 80% NPK combined with phosphobacteria and either rice husk ash or vermicompost led to a 29% increase in bunch weight compared to the use of inorganic fertilizers. Furthermore, banana plants that received 100% recommended dose of fertilizers (RDF) produced the greatest fruit yield, measuring 21.29 MT/ha for the main crop and 34.13 MT/ha for the ratoon crop. A field experiment conducted in Kharagpur, West Bengal, demonstrated that a two-day fertigation interval paired with black plastic mulch optimized yield, achieving 66.3 t/ha for the main crop and 52.2 t/ha for the ratoon crop, while also enhancing plant height, stem girth, and leaf area, and shortening the crop duration. For best outcomes, weekly fertigation is advised (Santosh et al., 2025).
1.13 Fertilizer information system  
The cultivation of bananas necessitates ideal conditions, including appropriate temperature, rainfall, and nutrient-dense soil. To improve soil fertility and crop yield, effective fertilization and field management practices are essential. A Fertilizer Information System tailored for Banana Plantations has been created to aid farmers in managing fertilizers more efficiently (TNAU, 2024). This system, developed using PHP and MySQL, consists of five key modules: user registration and login, plantation management, fertilizer formulation, fertilizer information, and reporting. The primary objective of this system is to optimize fertilization processes and boost agricultural productivity.
1.14 Plant protection  
Biological Control Strategies - The application of farmyard manure supplemented with Paecilomyces lilacinus and Pseudomonas fluorescens (2 kg/plant) resulted in a 64.5% reduction in root nematodes (Radopholus similis) and a 75% decrease in Meloidogyne incognita, leading to a 21% increase in fruit yield. Greenhouse experiments that combined Trichoderma sp. NRCB3 and T. asperellum Prr2 achieved a complete elimination of Fusarium wilt and a 250% growth enhancement compared to plants treated with a single isolate or copper oxychloride. Field trials corroborated the significant suppression of Fusarium wilt and an increase in bunch weight (Thangavelu & Gopi, 2015).
Disease Detection and Management - A LAMP-based technique for identifying Pseudocercospora eumusae (the leaf spot pathogen) exhibited a sensitivity that was 100 times greater than that of PCR, capable of detecting as little as 10 ƿg/µl of genomic DNA (Thangavelu & Ganga Devi, 2018). The traditional use of fungicide-impregnated pads in banana plantations has been supplanted by mini wet-packing, which provides enhanced disease management and safety (Krauss & Johanson, 2000).
Cultural Practices for Banana Protection - Traditional methods such as desuckering, propping, bagging, and smoking are essential for safeguarding banana crops (Angami et al., 2019). The management of the banana weevil (Cosmopolites sordidus) involves the use of banana stem traps, which can be enhanced with microbial biocontrol agents like Beauveria bassiana or Heterorhabditis indica (NRCB, 2019). Control of rust thrips (Chaetanaphothrips signipennis) is accomplished through the application of bunch sleeves and bud injections with Imidacloprid (NRCB, 2019). Nematode management is achieved by applying neem cake, utilizing biocontrol agents such as Pseudomonas fluorescens and Trichoderma viride, and employing resistant cultivars, thereby decreasing the dependence on chemical pesticides (NRCB, 2019).
1.15 Nanotechnology  
Nanotechnology is transforming banana farming by improving propagation techniques, disease control, and resilience to environmental stressors. AgNPs further facilitate shoot proliferation, root development, and biomass increase, making them essential for tissue culture practices. In terms of disease management, AgNPs have been utilized to address the banana bunchy top virus (BBTV), resulting in enhanced leaf area and biomass growth (Mahfouze et al., 2020). Chitosan nanoparticles (CH-NPs) contribute to increased plant weight and mitigate oxidative damage from cold stress in Musa acuminata var. Baxi (Wang et al., 2021). For stress alleviation, silicon oxide nanoparticles (SiO₂-NPs) improve drought resistance by enhancing photosynthetic activity and decreasing lipid peroxidation, while silicon nanoparticles help stabilize chlorophyll production and maintain ionic balance during salinity and drought conditions (Mahmoud et al., 2020). The application of nanotechnology in banana cultivation presents a sustainable strategy for enhancing productivity, resilience, and efficiency, while reducing reliance on traditional chemical treatments.
1.16 Genetic transformation  
Genetic transformation serves as a vital strategy for the enhancement of banana crops, addressing challenges related to climate change and food security by improving stress tolerance, disease resistance, and nutritional content (Ganapathi et al., 2021). Among the various transformation methods, Agrobacterium-mediated transformation is the most prevalent due to its effectiveness in gene integration and the stability of gene expression (Tripathi et al., 2015). Transgenic methods have successfully conferred resistance to Fusarium wilt and Sigatoka by integrating antifungal and antibacterial genes, while genetic modifications aimed at increasing drought and salinity tolerance have bolstered resilience against environmental stressors (Rocha et al., 2021). Furthermore, genetic engineering has facilitated biofortification efforts, enhancing the levels of iron and pro-vitamin A in bananas to address micronutrient deficiencies, as demonstrated in the Banana-21 initiative (Amah et al., 2019; Yadav et al., 2017). Additionally, innovative technologies such as CRISPR/Cas9 allow for precise modifications to the genome, improving pathogen resistance, shelf life, and agronomic characteristics, thus promoting sustainable practices in banana cultivation.
1.17 Challenges in the indian banana industry 
Despite being the world's largest producer, India's banana industry faces challenges that hinder growth and global competitiveness. Small and marginal farmers dominate the sector, cultivating on fragmented land with limited infrastructure for storage, distribution, and quality control. Unorganized marketing channels and price instability further impact profitability.
India accounts for just 0.01% of global banana exports due to an unstructured supply chain, poor post-harvest management, and lack of international quality standards. Urban expansion, shrinking cultivable land, and climate change further threaten sustainable production. Additionally, national productivity remains below its potential, posing challenges for meeting future demand, projected to rise to 30 kg per capita by 2050 (NRCB, 2023). Addressing these issues requires systematic research, policy support, and technological innovations in planting material, resource management, disease resistance, and post-harvest processing. Strengthening these areas will enhance productivity, improve farmers' profitability, and boost India's presence in the global banana market. 
1.18 Conclusion
Banana is often considered a "god-given" fruit, packed with essential nutrients and immense potential. The adoption of advanced technologies for banana cultivation is crucial, particularly in developing countries. Enhancing productivity can be achieved by increasing plant population per unit area, with high-density planting combined with fertigation emerging as a key technology. This approach has significantly boosted yields in farmers' fields in Tamil Nadu by ensuring efficient water and nutrient uptake. Other vital technologies include the application of micronutrients, growth regulators, and the use of bunch covers. Recent advancements in planting material production—such as macropropagation, tissue culture, and cell suspension cultures—offer rapid multiplication rates but require further refinement to maximize productivity. Additionally, practices like bunch feeding, denavelling, stalk-end nutrient application, and the use of seaweed-based bioformulations contribute to improved yield. The integration of fertilizer information systems and advanced plant protection methods further supports sustainable banana cultivation. To achieve significant results, it is essential to adopt a holistic approach that integrates these innovative practices. Disseminating these techniques to farmers is imperative, ensuring their practical implementation and ultimately enhancing banana productivity on a larger scale.
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Figure 4. Technologies for Banana Cultivation
Table. 1 Effect of High Density planting system for Banana plantation
	Cultivar / Variety
	Genome
	Spacing / Planting System
	Plants per pit / suckers
	Plant Density (plants ha⁻¹)
	Yield / Yield Response
	Author & Year

	Basrai
	AAA
	1.5 × 1.5 m
	Single plant
	4,444
	86 t ha⁻¹
	Behera et al., 2016

	Robusta
	AAA
	1.2 × 1.2 m
	Single plant
	6,944
	174 t ha⁻¹
	Behera et al., 2016

	Rasthali (Conventional)
	AAB
	2.0 × 2.0 m
	Single sucker
	2,500
	28.21 t ha⁻¹
	Patel et al., 2018

	Rasthali (HDP)
	AAB
	2.0 × 3.0 m
	2 suckers / pit
	5,000
	38.31 t ha⁻¹
	Patel et al., 2018

	Grand Naine
	AAA
	1.2 × 1.2 × 2.0 m (paired row)
	Single plant
	~4,400
	117.81 t ha⁻¹
	Patel et al., 2018

	Grand Naine
	AAA
	2.0 × 3.0 m
	3 suckers / hill
	5,000
	28.9–79% increase over control
	Debnath et al., 2021

	Nendran
	AAB
	2.0 × 3.0 m
	3 suckers / hill
	5,000
	33–43% yield increase
	Debnath et al., 2021

	Martaman
	AAB
	2.0 × 3.0 m
	3 suckers / hill
	5,000
	Up to 79% increase
	Debnath et al., 2021

	Ney Poovan (TC)
	AB
	2.0 × 3.0 m
	3 plants / pit
	5,000
	43.44 t ha⁻¹
	Yallesh Kumar et al., 2024

	Ney Poovan
	AB
	1.8 × 3.6 m
	Single plant
	~1,543
	Bunch wt. 11.38 kg
	Kaviyarasu et al., 2025

	Poovan (Agroforestry)
	AB
	2.1 × 2.1 m
	Single plant
	2,267
	Bunch wt. 16 kg
	Selvaraj et al., 2024

	Phule Pride (dwarf)
	AAA
	1.5 × 1.5 m
	Single plant
	4,444
	19.4 t ha⁻¹
	Pujari et al., 2024

	Grand Naine
	AAA
	2.0 × 1.25 × 1.25 m (paired row)
	Single plant
	4,414
	~104
	Hanuman Naik et al., 2016

	Grand Naine
	AAA
	1.5 × 1.5 m
	Single plant
	4,444
	79–86
	Amiri et al., 2022

	Grand Naine (TC)
	AAA
	HDP + plastic mulch
	Single plant
	—
	78–80
	Patley et al., 2023

	Nendran (TC)
	AAB
	2.0 × 2.0 m
	1 sucker / hill
	2,500
	—
	Sajeev et al., 2024

	Quintal Nendran
	AAB
	2.1 × 2.4 m
	Single plant
	1,984
	—
	Sindhupriya et al., 2018b



Table 2. Cost of Precision and HDP Interventions in Banana Cultivation (per hectare)
	Intervention
	Input Components
	Approximate Cost (₹ ha⁻¹)
	Remarks

	High-Density Planting (HDP)
	Additional planting material, pit preparation
	35,000–55,000
	Cost varies with cultivar and plant density

	Fertigation system (drip)
	Drip lines, filters, venturi
	60,000–90,000
	Initial investment; long-term benefit

	Precision nutrient management
	Water-soluble fertilizers, micronutrients
	25,000–40,000
	Often replaces bulk fertilizer use

	Biostimulants / growth regulators
	Seaweed extract, humic acid, PGRs
	8,000–15,000
	Used at critical growth stages

	Tissue culture planting material
	TC plantlets
	45,000–70,000
	Higher cost, uniform growth

	Total additional cost (precision-based system)
	—
	1.7–2.7 lakh ha⁻¹
	Compared to conventional system


* The values mentioned are indicative and represent cumulative estimates synthesized from multiple published studies; actual costs and returns may vary depending on location, cultivar, management practices, and market conditions.
Table 3.  Timing of Precision Inputs at Specific Growth Stages of Banana
	Growth Stage
	Crop Age
	Precision Intervention
	Purpose

	Establishment
	0–30 DAP
	Starter fertigation, micronutrients
	Root establishment

	Vegetative growth
	2–5 MAP
	Split fertigation (N, K), biostimulants
	Canopy development

	Active growth
	5–7 MAP
	Higher K fertigation, PGR sprays
	Pseudostem strength

	Shooting stage
	7–9 MAP
	Reduced N, high K + micronutrients
	Bunch initiation

	Bunch development
	Post-shooting
	Potassium fertigation, Ca sprays
	Fruit filling & quality


(DAP: days after planting; MAP: months after planting)
Table 4. Cost–Benefit Analysis of HDP and Precision Banana Cultivation
	Planting System
	Yield (t ha⁻¹)
	Cost of Cultivation (₹ ha⁻¹)
	Gross Returns (₹ ha⁻¹)
	Net Returns (₹ ha⁻¹)
	B:C Ratio

	Conventional planting
	45–55
	2.0–2.2 lakh
	3.6–4.4 lakh
	1.5–2.2 lakh
	1.7–1.9

	HDP alone
	60–70
	2.3–2.5 lakh
	4.8–5.6 lakh
	2.3–3.1 lakh
	2.0–2.2

	HDP + fertigation
	70–85
	2.6–2.8 lakh
	5.6–6.8 lakh
	3.0–4.2 lakh
	2.2–2.5

	HDP + full precision package
	80–100
	2.8–3.0 lakh
	6.4–8.0 lakh
	3.6–5.0 lakh
	2.4–2.8


* The values mentioned are indicative and represent cumulative estimates synthesized from multiple published studies; actual costs and returns may vary depending on location, cultivar, management practices, and market conditions.
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