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Recent advances in enhancing the productivity of banana through hi-tech practices – a review 


Abstract: Banana is one of India’s most renowned crops, offering multiple economic and nutritional advantages. With the increasing population, there is a growing necessity to enhance banana production, particularly in developing countries, to meet rising demands. High-tech agricultural practices have emerged as key solutions to maximize yield and overall productivity. This review explores various advancements, including High-Density Planting (HDP), precision nutrient and water management, and growth regulators. Additionally, emerging trends such as genetic transformation, nanotechnology applications, and biostimulants are discussed for their potential to improve disease resistance, stress tolerance, and fruit quality. Overall integration these innovative approaches, banana cultivation can achieve higher efficiency, sustainability, and global competitiveness.
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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.. 
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 (Bhende & Kurien, 2015). 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 (Bhende and Kurien, 2015). 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. 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 according to Prabhuling et al. (2017). The same researchers discovered 1.0 mg/L NAA as the most effective concentration for root initiation. Muhammad et al. (2007) together with Ahmed et al. (2014) discovered that a 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. Daungban et al. (2017) established that 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. According to Cruz et al. (2024) 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) as per 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 (Kasyoka et al., 2010; George & Manuel, 2013). 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 (Pujar et al., 2017). The production of disease-free plants through macropropagation entails affordable investment and minimal labor requirements (Sajith et al., 2014; Ntamwira et al., 2017). The propagation process through macropropagation uses whole suckers along with large rhizome pieces and sword suckers to generate planting materials (Faturoti et al., 2002). 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 (Langford et al., 2012; Dayarani et al., 2013).
The process of macropropagation has received recent enhancements through scientific research. A research study by 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. Muhie & Teshome (2023) demonstrated that benzylaminopurine (BAP) accelerator reduced growth time for plant shoots while simultaneously increasing plant shoot quantity in the propagation process. 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) 
The method of high-density planting (HDP) has received extensive research for its ability to boost banana yields while optimizing resource usage. Plant spacings reaching optimal condition depend both upon cultivar type and existing soil conditions. The recommended spacing patterns vary between different soil conditions with 2.1m × 2.1m (2,267 plants/ha) for poor soils and 1.5m–2.1m for Dwarf Cavendish and 2.4m × 2.4m for Chakkarakeli and 2.4m–3.9m for Bontha (Monthan) (Awasthi & Mehta, 2000). The combination of proper nutrient management and square planting for Dwarf Cavendish and Robusta varieties at 1.2m × 1.2m (6,944 plants/ha) spacing results in favorable performance under HDP conditions. The planting arrangement reduces weed competition and captures more sunlight while using resources effectively (Badgujar & Gowade, 2007). The response to HDP treatment exists differently between different plant cultivars and density levels. The yield reports show Basrai reaches 86 MT/ha at 1.5m × 1.5m spacing while Robusta generates 174 MT/ha at 1.2m × 1.2m spacing (Behera et al., 2016). When farmers planted their crops at 4,444/ha they received 120 MT of fruit per hectare (Awasthi & Mehta, 2000). Nendran production achieved its maximum performance of 58.65 MT/ha bunch weight through 2m × 2m spacing with 7,500 plants/ha using three plants per pit while conventional methods reached 26.38 MT/ha (Aphsara & Sathiamoorthy, 2003). Under the alternate planting arrangement of two suckers per pit at 2m × 3m spacing (5,000 plants/ha), Rasthali produced 38.31 MT/ha bunch yield which exceeded the 28.21 MT/ha yield under the conventional method (2m × 2m, 2,500 plants/ha) (Patel et al., 2018). 
Additional research has proved the many advantages that HDP presents. The research by Ricardo et al. (2000) demonstrated the yield productivity range of 37.24–75.83 t/ha by managing 1,333–3,333 plants/ha through rectangular or triangular planting arrangements. The combination of 3.0m × 2.0m spacing in Prata Ana resulted in 29.1 t/ha but 1.0m × 1.2m × 2.0m spacing delivered 28 t/ha which stood as the top yield among seven treatments (Athani et al., 2000; Pereira et al., 2000). The planting density of 1.2m × 1.5m benefited Basrai although yield suffered from larger spacing arrangements according to Badgujar and Gowade (2007). The highest recorded yield for Grand Naine amounted to 117.81 t/ha at the spacing of 1.2m × 1.2m × 2.0m (Patel et al., 2018). HDP consistently delivers maximum yield per hectare area without showing adverse effects on individual bunch weight comparable to wider spacing. Debnath et al. (2021) substantiated HDP effectiveness by running their study at six research sites belonging to the ICAR-All India Coordinated Research Project on Fruits. The combination of 5,000 plants per hectare spaced 2m × 3m at three suckers per hill generated productivity gains between 4.0% and 79.0% at each experimental site. The optimized application of nutrients decreased fertilizer expenses by 25%–50% which turned HDP into an economical approach to improve banana yield together with farmer earnings. Bridgit and Thomas (2023) analyzed HDP with Musa AAB (Nendran) bananas within the geographical area of Kerala. More productive results emerged when growers planted three plants per hill at 3,330 plants per hectare which yielded a 21.6% enhancement of yield compared to single-plant distances. The outcomes of employing drip irrigation at 75% PE equated basin irrigation at 100% PE while increasing water utilization efficiency. HDP proves itself as an effective method for boosting banana farm productivity while maximizing space use efficiency and optimizing resource allocation throughout various agricultural zones.
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 (Chen et al., 2000). 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. Researchers at 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. Rajenimbalkar et al. (2021) discovered that plantlets developed best in Grand Naine and Shrimanti cultivars with sawdust-containing VAM and 30 g Bacillus subtilis and 40 ppm benzylaminopurine (BAP) resulting in 26.30 plantlets followed by sawdust with indole-3-butyric acid (IBA) and Azospirillum producing 23.07 plantlets for bud protention. 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 outcomes according to Santhi and Kumar (2008) and Santhi et al. (2015). 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 according to Chen et al. (2000).
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 (Jegadeeswari et al., 2018). 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. Experiment results indicated that bunches supplied with 10g Urea + 10g SOP + 5g banana special + 300g vermicompost through bunch feeding achieved the highest yield values for finger length of 21.23 cm and finger girth of 13.60 cm as well as finger volume of 162.17 cm3 and finger weight of 186.53 g. Additionally, this feeding method resulted in a bunch length of 84.48 cm hand weight of 3.62 kg and bunch weight of 33.28 kg and a total yield of 74.88 t/ha. The experimental combination of 7.5g Urea + 7.5g SOP + 5g banana special + 300g vermicompost gave results that were comparable to those of the best treatment. (Devraj et al., 2019).
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 (Adinarayana et al., 2016).
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. Chlormequat chloride applied at 1000 ppm in combination with 0.2% plantozyme solutions according to the method of Jeyakumar & Kumar (2002) improved nutrient absorption while increasing production efficiency and overall yield results (Jeyakumar et al., 2003). Scientists showed that banana output and post-harvest quality experienced significant improvements through combined use of brassinosteroids (2 ppm) with oral application of sulphate of potash (2%) (Vijay Pundlik Damodhar, 2019). Benzoladenine (BA) at 20 ppm treatment resulted in highest yield production according to Mali (2013) reports although GA3 (80 ppm) led to improved finger weight and increased sugar content (Yadlod & Kadam, 2010). 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). Research by Sarkar et al. (2023) showed that Bharatmani showed maximum explant yield among banana cultivars and Chini Champa produced the highest number of plantlets (14.67) when grown from BAP (40 ppm) macropropagation attempts. The research confirmed that 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. Shoot proliferation under BAP (5 mg/L) together with IAA (0.5 mg/L) and chitosan (25 mg/L) proved successful while root development reached higher levels when IBA and chitosan were added (Laxman et al., 2022).
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 in Mozambique (Kutinyu, 2014), perforated covers showed 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 (Mahalakshmi et al., 2001). Research on the banana cultivar 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 (Mahalakshmi et al., 2001). 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 (Mahalakshmi et al., 2006).
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 (Santhi et al., 2015). 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) resulted in the highest recorded bunch weight of 8.22 kg, which was on par with the combinations of Azospirillum + AMF and AMF + vermicompost (Geetha, 2006). 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 (Jeyabaskaran et al., 2006). 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 (Athani et al., 2006). 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 (Rao et al., 2010). 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. In the realm of tissue culture, silver nanoparticles (AgNPs) have been shown to significantly enhance micropropagation efficiency, with concentrations of 8.0 ppm resulting in 98% callus formation, while 4.0 ppm optimizes the induction of shoots and roots (Huong et al., 2021). Additionally, zinc and zinc oxide nanoparticles (Zn/ZnO NPs) effectively eliminate microbial contamination and promote shoot regeneration (Helaly et al., 2014). AgNPs further facilitate shoot proliferation, root development, and biomass increase, making them essential for tissue culture practices (Do et al., 2018). 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 (Subrahmanyeswari & Gantait, 2022), 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 (Awasthi et al., 2022).
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.
Fig. 1 Bunch feeding of Banana
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Fig. 2 Banana Denavelling
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Fig. 3 Banana Bunch Cover
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Figure 4. Technologies for Banana Cultivation
	Cultivar/Variety
	Spacing (m × m)
	Plant Density (plants/ha)
	Yield (MT/ha)
	Source

	General Recommendation (Poor Soils)
	2.1 × 2.1
	2,267
	-
	Awasthi & Mehta (2000)

	Dwarf Cavendish & Robusta
	1.2 × 1.2
	6,944
	Favorable Performance
	Badgujar & Gowade (2007)

	Basrai
	1.5 × 1.5
	-
	86
	Behera et al. (2016)

	Robusta
	1.2 × 1.2
	-
	174
	Behera et al. (2016)

	General HDP (Farmers' Practice)
	-
	4,444
	120
	Awasthi & Mehta (2000)

	Nendran (3 Plants per Pit)
	2.0 × 2.0
	7,500
	58.65
	Aphsara & Sathiamoorthy (2003)

	Nendran (Conventional)
	2.0 × 2.0
	-
	26.38
	Aphsara & Sathiamoorthy (2003)

	Rasthali (2 Suckers per Pit)
	2.0 × 3.0
	5,000
	38.31
	Patel et al. (2018)

	Rasthali (Conventional)
	2.0 × 2.0
	2,500
	28.21
	Patel et al. (2018)

	Various (Rectangular/Triangular HDP)
	-
	1,333–3,333
	37.24–75.83
	Ricardo et al. (2000)

	Prata Ana
	3.0 × 2.0
	-
	29.1
	Athani et al. (2000); Pereira et al. (2000)

	Prata Ana (Alternative HDP)
	1.0 × 1.2 × 2.0
	-
	28
	Athani et al. (2000); Pereira et al. (2000)

	Grand Naine
	1.2 × 1.2 × 2.0
	-
	117.81
	Patel et al. (2018)

	Optimized HDP (ICAR-AICRP Study)
	2.0 × 3.0
	5,000
	4.0%–79.0% increase
	Debnath et al. (2021)

	Musa AAB (Nendran) (Kerala Study)
	3,330 plants/ha
	-
	21.6% yield increase
	Bridgit & Thomas (2023)


Table. 1 Effect of High Density planting system for Banana plantation

	Treatment
	Concentration/Dose
	Effect on Yield & Quality
	Reference

	Seaweed Extract (LBS6S)
	1 ml/L
	Increased bunch weight by 25.24%, improved hands and fingers per bunch
	Ravi et al. (2018)

	Seaweed Extract (LBS3)
	5 ml/L
	Increased bunch weight by 12.62%
	Ravi et al. (2018)

	Humic Acid + Seaweed Extract
	0.5%-2.0% + 0.25%-0.75%
	Improved vegetative growth, nutrient uptake, fruit quality
	Gomaa & Ibrahim (2020)

	Plantozyme
	0.2% (Foliar spray)
	Enhanced dry matter accumulation, improved nutrient status
	Jeyakumar & Kumar (2002)

	Chlormequat Chloride
	1000 ppm (Foliar spray)
	Improved physiological efficiency, increased fruit yield
	Jeyakumar et al. (2003)

	Sulphate of Potash + Brassinosteroids
	2% + 2 ppm
	Enhanced yield, fruit quality, post-harvest parameters
	Vijay Pundlik Damodhar (2019)

	BA (Benzyl Adenine)
	20 ppm
	Increased banana yield
	Mali, Bhagyashri Balu (2013)

	GA₃
	80 ppm
	Increased finger weight, sugar content, TSS, and vitamin C
	Yadlod & Kadam (2010)

	2,4-D
	30 ppm
	Increased vitamin C, shelf life, bunch weight, and yield
	Bauri et al. (2014)

	GA₃ + Apical Hand Removal
	50 ppm
	Increased bunch weight, finger length, and girth
	Biswas & Lemtur (2014)

	SOP + Brassinosteroid
	2% + 2 ppm
	Improved bunch weight, finger size, and yield
	Mulagund et al. (2015)

	BAP (6-Benzylaminopurine)
	5 mg/L
	Optimized shoot proliferation in micropropagation
	Singh et al. (2024)

	BAP + IBA (Macropropagation) 
	40-60 ppm + 1000-2000 ppm
	Increased plantlet production and explant yield
	Sarkar et al. (2023)

	Chitosan + BAP + IAA
	25 mg/L + 5.0 mg/L + 0.5 mg/L
	Enhanced shoot proliferation and survival in micropropagation
	Laxman et al. (2022)


Table. 2 Effect on yield and quality of banana with different treatments




[bookmark: _GoBack]Declaration of Generative AI and AI-assisted technologies
During the preparation of this manuscript, the authors made limited use of ChatGPT (GPT-5.2, OpenAI) solely for language editing and minor improvements in clarity and organization of selected sections of the text. The tool was not used to generate original data, scientific interpretations, or conclusions.
All AI-assisted content was carefully reviewed, edited, and validated by the authors, who take full responsibility for the accuracy, integrity, and originality of the final manuscript.
Data availability statement
The data supporting the findings of this study are available from the corresponding author upon reasonable request. No datasets were deposited in a public repository at the time of submission. If applicable, future versions of the dataset may be made available through an appropriate open-access repository in accordance with institutional and journal policies. Any restrictions on data availability due to ethical, legal, or confidentiality considerations are stated in the manuscript.
Pre-print server/online repository
This manuscript has not been previously published and has not been submitted to any pre-print server or online repository.
Conflict of interest
The authors declare that there are no conflicts of interest regarding the publication of this manuscript.
Informed consent
Not applicable. This study did not involve human participants, human data, or human biological material.
References
Aphsara, S.E. and Sathiamoorthy, S. 2003. Effect of planting more than one sucker per pit on growth and yield of banana cv. Nendran (AAB). Indian J. Hort. 60:335-338.
Prabhuling, G., Rashmi, H., Babu, A.G., 2017. Protocol For Tissue Culture Propagation of Banana cv. Rajapuri Bale (Aab). International J. Sci. Nature.8(4), 892 – 897.
Singh, A. K., Sharma, A., & Singh, A. (2023). Use of Tissue Culture for Propagation of Banana Variety Grand Naine (Musa acuminata). Current Journal of Applied Science and Technology, 42(43), 1-6.
Nalina, L. 2002. Standardization of Fertilizer Requirement for Tissue Cultural Banana cv. Robusta. Ph.D. thesis, Tamil Nadu Agricultural University, Coimbatore.
Singh, H.B., Uma, S., Selvarajan, R., Karihaloo, J.L., 2011. Micropropagation for Production of Quality Banana Planting Material in Asia-Pacific. Asia-Pacific Consortium on Agricultural Biotechnology (APCoAB), New Delhi, India. 92.
Das, S., Singh, B., Singh, S., Singh, A. K., Hazarika, B. N., & Deo, C. (2025). In Vitro Propagation of Musa Acuminata Cv.‘Amrit Sagar’Using Immature Male Buds Ensures Optimized Growth and Genetic Stability. Applied Fruit Science, 67(1), 1-13.
Mekonen, G., Egigu, M. C., & Muthsuwamy, M. (2021). In vitro propagation of banana (Musa paradisiaca L.) plant using shoot tip explant. Turkish Journal of Agriculture-Food Science and Technology, 9(12), 2339-2346.
Das, S., Singh, B., Singh, S., Singh, A. K., Hazarika, B. N., & Deo, C. (2024). Unlocking the potential of shoot tip culture for rapid multiplication of Musa acuminata (AAA) cv. Amrit Sagar. National Academy Science Letters. https://doi.org/[Insert DOI]
Handayani, T., Martanti, D., Prawestri, A. D., Ahmad, F., Herlina, H., Poerba, Y. S., & Witjaksono, W. (2023, December). Micropropagation of wild banana (Musa acuminata Colla) using shoot TIPS and zygotic embryos. In AIP Conference Proceedings (Vol. 2972, No. 1). AIP Publishing.
Sivakumar, P., & Visalakshi, M. (2021). In vitro micropropagation of banana cv. Poovan (AAB). Journal of Applied Horticulture, 23(1), 37-41. https://doi.org/10.37855/jah.2021.v23i01.07
Uma, S., Kumaravel, M., Backiyarani, S., Saraswathi, M. S., Durai, P., & Karthic, R. (2021). Somatic embryogenesis as a tool for reproduction of genetically stable plants in banana and confirmatory field trials. Plant Cell, Tissue and Organ Culture (PCTOC), 147(1), 181-188.
Singh, J., Sengar, R. S., Prasad, M., & Kumar, A. (2024). Effect of different plant growth regulators on in-vitro micropropagation of banana cultivar Grand Naine (Musa spp.). Journal of Advances in Biology & Biotechnology, 27(3), 90-98. https://doi.org/10.9734/jabb/2024/v27i3724
Manju, P. R., & Pushpalatha, P. B. (2022). Macropropagation in Banana (Musa spp.): Varietal Response to Media and Field Performance of Plantlets Against Suckers. International Journal of Bio-Resource & Stress Management, 13(10).
Baiyeri, K.P., Aba, S.C., 2005. Response of Musa species to macropropagation genetic and initiation media effects on number, quality and survival of plantlets at prenursery and early nursery stages. African J. Biotech. 4, 223-28.
Baiyeri, K.P., Aba, S.C., 2007. A review of protocols for macropropagation in Musa species. Fruit, Veg. Cereal Sci. Biotech. 1, 110-15.
Sajith, K.P.,Uma, S., Saraswathi, M.S., Backiyarani, S., Durai, P., 2014. Macropropagation of banana - Effect of bio-fertilizers and plant hormones. Indian J. Hort. 71(3), 299-305.
Uma, S., Sajith, K.P., Saraswathi, M.S., Durai, P., 2010. Macropropagation – A Farmers’ Friendly Technology. Technical Bulletin. National Research Centre for Banana, Thayanur Post, Thogamalai Road, Tiruchirapalli, India. 18.
Muhie, S. H., & Teshome, A. S. (2023). Effects of benzylaminopurine and macro propagation techniques on multiplication of dessert banana (Musa acuminate L.). Journal of Agriculture and Food Research, 11, 100515.
Ngullie, T., & Deb, C. R. (2024). Development of a simple macropropagation technique of banana through corms splitting and formulation of effective potting media. South African Journal of Botany, 174, 870-875.
Harish, J., Anandhi, S., Rageshwari, S., Ashokkumar, N., & Gopu, B. (2024). Evaluating the efficacy of macropropagation techniques for Red Banana (Musa acuminata) using biocontrol agents. Journal of Experimental Agriculture International, 46(10), 782-793. https://doi.org/10.9734/JEAI/2024/v46i10325809
Saraswathi, M. S., Bathrinath, M., Kannan, G., Karthi, C., Mahendran, J., Sankar, C., ... & Uma, S. (2024). Production of quality planting material in commercial banana cvs. Rasthali (Silk, AAB) and Neypoovan (Neypoovan, AB) through farmer-friendly macropropagation technique and their field evaluation. South African Journal of Botany, 167, 410-418.
Sarkar, A., Kulimbe, I., & Mondal, R. (2023). Influence of plant growth regulators on macro-propagation in different banana genotypes. Flora and Fauna, 29(2), 217–224.
Tumuhimbise, Robooni and Talengera, David. "Improved Propagation Techniques to Enhance the Productivity of Banana (Musa spp.)" Open Agriculture, vol. 3, no. 1, 2018, pp. 138-145. https://doi.org/10.1515/opag-2018-0014
Awasthi, R.P. and Mehta, K. 2000. Strategies for developing high density plating in horticultural crops. In Souvenir of National Seminar on High-tech Horticulture, Bangalore, pp. 29-33. 
Bal, J.S., Dhaliwal, G.S., 2003. High density planting studies in guava. Haryana J. Hort.Sci. 32, 19-22.
Balamohan, T., Gopu, B., 2014. Canopy management in mango (Mangifera indica L.) cv. Alphonso under high density planting system. National conference on value chain management in mango. Srinivasapura, Kolar (Dist), Karnataka. 29-37.
Hannah, K.A. and Pandian, B.J., 2004, Effect of high density planting, fertigation and panchagavya spray on banana cv. Rasthali. South Indian Horti. 54 (1-6): 229-233.
Kumar, N., 2013. Drip-fertigation to increase the productivity of mango cv. Alphonso raised under Ultra-High Density Planting (UHDP) system. Paper presented at the XXII International Plant Nutrition Colloquium meeting (IPNC) held at Istanbul, Turkey from 19th to 22nd August 2013.
Kumar, N., 2019. High Density Planting in Mango- Prospects and Problems. Advanced Agricultural Research & Technology Journal. 3(1).
Mehta, S., Singh, S.K., Das, B., Jana, B.R., Mali, S., 2012. Effect of pruning on guava cv. Sardar under ultra high density orcharding system. Indian Journal. 25(2),192-195.
Naik M. H., K. Vanjalatha, T. Ramesh and P. Prasanth, 2016, Influence of high density planting and fertigation on physiological parameters, flowering and yield of banana (M. Accuminata L.) cv. Grand Naine of main and ratoon corp. Inter. J. Res. In Sci. Engn. and Tech.3(10): 2800-2808.
Nath, V., Das, B. Rai, M., 2007. Standardization of high-density planting in mango (Mangiferaindica) under sub-humid Alisols of Eastern India. Indian J Agrli Sci. 77, 3-7. 
Oosthuyse, S.A., 2009. Management of a ‘Tommy Atkins’, ultra-high-density orchard and recognized benefits associated with small tree mango orchards. Acta Hort. 820, 335-338.
P. Pathak, K. Baruah, R. K. Bhattacharyyaa, P. Kalita and B. K. Baishya. 2017.  Influence of Bunch Covers on Yield of Banana Cv. Jahaji (AAA) Under High Density Planting System. Int. J. Pure App. Biosci. 5 (6): 1488-1493. DOI: http://dx.doi.org/10.18782/2320-7051.2896.
Puttana, C., 2019, Effect of high density planting and nutrition on growth, yield and quality of tissue culture banana cv. Grand Naine under transitional single of  Karnataka. M.Sc., (Hort.) Thesis submitted to UAHS Shivamogga India. 
Ray P.K., Shambhu Kumar and Arun Kumar, 2010, Standardizing nutrient requirement of banana under high density planting in agro –ecological conditions of North Bihar. In: Global conference on banana: Meeting the challenges in banana and plantain in for emergin biotic and abiotic stresses. Dec. 10-13. Pp.69. 
Singh, G., 2008 & 2013. High density and meadow orcharding in guava. A Technical Bulletin Published by Central Institute for Subtropical Horticulture, Lucknow. 1-20.
Singh, S.K., Singh, S.K. and Sharma, R.R., 2010, Fruit quality of mango cultivars (Mangifera indica L.) under high density planting. J. Trop. Agri., 48 (1-2): 55-57. 
Srinivas, K., 2006. Fertigation studies in high density mango. In: National Symp. on Improving Input Efficiency in Horticulture. IIHR, Bangalore. 150.
Thippesha, D., Mahanthesh, B. and Janardhan, G., 2008, Effect of different levels of nutrition and spacing on post-harvest qualities of banana cv. Robusta (AAA) under high density planting systems. The Asian J. Hort., 3(1): 87-89.
Weerasinghe, S.S., and Ruwapathirana, K.H. 2002. “Influence of bagging material on bunch development of bananas (Musa spp.) under high density planting system.” Annals of Sri Lankan Department of Agri., 4: 47-53.
Debnath, S., Bauri, F. K., Swain, S., Patel, A. N., Patel, A. R., Shaik, N. B., Bhalerao, V. P., Baruah, K., Manju, P. R., Suma, A., Menon, R., Gutam, S., & Patil, P. (2021). Studies on High Density Planting and Nutrient Requirement of Banana in Different States of India. Journal of Horticultural Sciences, 16(2), 152-163. https://doi.org/10.24154/jhs.v16i2.844
Gogi, B., Khangia, B., Brauh, K. and Khousal, A., 2015, Effect of high density planting and nutrient on growth and yield of Banana cv. Jahaji (Musa AAA). Intl. J. Agril. Inno. & Res., 315:1465-1469.
Rajenimbalkar, V. M., Shaikh, N. B., & Budgujar, C. D. (2021). Effect of biofertilizers on macro-propagation of banana. International Journal of Farm Sciences, 11(1and2), 61-65.
Devraj, R.P.,Honnabyraiah, M.K., Swamy, G.S.K., Shivanna M., Halesh, G.K., 2019. Effect of Bunch Feeding of Macro and Micronutrients on Yield of Tissue Culture Banana Cv. Grand Naine (AAA). International Journal of Chemical Studies. 7(2), 252-256.
Jegadeeswari, D.,Dheebakaran, G.A., Pandi, V.K.P., 2018. Foliar application of micronutrients for enhancing productivity of banana under irrigated conditions through farmers’ participatory approach. International Journal of Chemical Studies. 6(5), 1094-1097.
Patel, A.R., Saravaiya, S.N., Patel, A.N., Desai, K.D. Patel, N.M. and Ptel, J.B., 2010, Effect of micronutrients on yield and fruit quality of abanana (Musa Paradisiaca L.) cv. Basrai under pair row planting method. Asian J. Hort., 5(1): 245-248. 
Rao, V., Swamy, G.S.K., 2017. Performance of Banana cv. Grand Naine (AAA) for Direct Bunch Feeding of Major and Micronutrients on Bunch Yield. International Journal of Current Microbiology and Applied Sciences. 6(11), 1577-1581.
Yadlod, S.S. and Kadam, B.A., 2010. Effect of plant growth regulators and micronutrients on quality of banana cv. BASRAI. The Asian Journal of Horticulture, 5:19-21.
Devraj, R.P.,Honnabyraiah, M.K., Swamy, G.S.K., Shivanna M., Halesh, G.K., 2019. Effect of Bunch Feeding of Macro and Micronutrients on Yield of Tissue Culture Banana Cv. Grand Naine (AAA). International Journal of Chemical Studies. 7(2), 252-256.
Millik, T.T., Baruah, K., Kumar, V., Barik, N., 2018. Effect of Bunch Feeding of Nitrogen (N) and Potassium (K) on Yield Characters in Banana, cv. Barjahaji (Musa AAA Group) under Assam Condition, India. Current Journal of Applied Science and Technology. 26(1), 1-7.
Rao, V., Swamy, G.S.K., 2017. Performance of Banana cv. Grand Naine (AAA) for Direct Bunch Feeding of Major and Micronutrients on Bunch Yield. International Journal of Current Microbiology and Applied Sciences. 6(11), 1577-1581.
Adinarayana, M., Thimmappa, V., Prasad babu, G.,Ahmed, T., Bindhu, K.G., Sudheer, M.J., 2016. Impact of front-line demonstration on de-navelling and stalk-end nutrient application in banana. I.J.S.N.7 (3), 496-500.
Mahalakshmi, M., Kumar, N. and Selvaraj, P. 2006. Data development analysis for fertigation studies in banana cv. Robusta (AAA). National Smp. On Improving Input Use Efficiency in Hort., Indian Inst. of Hort. Res., Bangalore, p. 135. 
Mahalakshmi, M., Kumar, N., Jeyakumar, P and Soorianathasundaram, K. 2001. Fertigation studies in banana under normal system of planting. S. Indian Hort. 49:86-91.
Mahfouze, H. A., El-Dougdoug, K. A., & Abd El-Aziz, M. H. (2020). The potential use of silver nanoparticles for controlling banana bunchy top virus. Egyptian Journal of Virology, 17(1), 21–33.
Mahmoud, L. M., Bassouny, M. A., & El-Saadony, M. T. (2020). Application of silicon nanoparticles for stress tolerance in banana plants. South African Journal of Botany, 129, 15–22.
Nalina, L. 2002. Standardization of Fertilizer Requirement for Tissue Cultural Banana cv. Robusta. Ph.D. thesis, Tamil Nadu Agricultural University, Coimbatore.
Krauss, U., Johanson, A., 2000. Recent advances in the control of crown rot of banana in the Windward Islandsq. Crop Protection. 19(151), 160.
Geetha, K. 2008. Integrated nutrient management of banana for high returns. National Symp. On Improving Input Use Efficiency in Hort. Indian Inst. of Hort. Res., Bangalore, p. 123. 
Jeyabaskaran, K.J., Pandey, S.D. and Murugan, V. 2006. Integration of organic manures, bio-fertilizers and inorganic fertilizers for high nutrient use efficiency in banana cultivation. National Symp. On Improving Input Use Efficiency in Hort., Indian Inst. of Hort. Res., Bangalore, p.128.
Santhi, V.P., N. Kumar and V. Kumar. 2015. In Book. Utilization of Cement Kiln Flue Dust as a Potassium Source in Banana. Scholars press.
Senthilkumar, M., Ganesh, S., Srinivas, K., Panneerselvam, P., Nagaraja, A., Kasinath, B.L., 2017. Fertigation for Effective Nutrition and Higher Productivity in Banana-A Review. Int. J. Curr. Microbiol. App. Sci. 6(7), 2104-2122.
Suganthi, L. 2002. Fertigation Management Studies in Banana cv. Red Banana (AAA) Under Different Planting Densities. M. Sc., thesis, Tamil Nadu Agricultural University, Coimbatore. 
Thangavelu, R., Devi, P.G., 2018. Rapid and Sensitive Detection of Pseudocercospora Eumusae pathogen Causing Eumusae Leaf Spot Disease of Banana by Loop-Mediated Isothermal Amplification (LAMP) Method. 3 Biotech. 8 (10), 442.
Thangavelu, R.,Gopi M., 2015. Combined application of native Trichoderma isolates possessing multiple functions for the control of Fusarium wilt disease in banana cv. Grand Naine. Biocontrol science and technology. 25(10), 1147-1164.
Athani, S.I. Hulmani, N.C., Shirol, A.M., Gasti, V.D., Kanamadi, V.C. and Kuradikeri, M.B. 2006 Effect of organic and inorganic fertilizers on growth, crop duration, quality and yield attributes in banana cv. Rajapuri (Musa AAB). National Symp. On Improving Input Use Efficiency in Hort..  Indian Inst. Of Hort. Res., Bangalore, p. 156. 
Do, H. T. T., Le, H. T. T., Nguyen, T. T. T., Nguyen, H. H., & Bui, H. T. (2018). Influence of silver nanoparticles on shoot proliferation of Musa spp. Biotechnology & Biotechnological Equipment, 32(4), 848–855.
Helaly, M. N., El-Metwally, M. A., El-Hoseiny, H., Omar, S. A., & Gabr, M. (2014). Effect of nano-zinc oxide on growth, yield, and fruit quality of banana. Journal of Plant Nutrition, 37(11), 1785–1801.
Huong, L. T. T., Liem, N. D., & Quyen, T. N. (2021). Silver nanoparticles in plant tissue culture: A review. Journal of Nanomaterials, 2021, 1–15.
Subrahmanyeswari, M., & Gantait, S. (2022). Role of silicon oxide nanoparticles in improving growth and stress tolerance in banana. Plant Physiology and Biochemistry, 174, 98–107.
Wang, M., Xu, Y., Liu, H., Zhou, W., & Zhang, D. (2021). Chitosan nanoparticles mitigate cold stress in Musa acuminata var. Baxi. International Journal of Biological Macromolecules, 186, 998–1006.
Rao, M.S., Sowmya, D.S., Chaya, M.K. and Manoj, R. 2010. Management of nematodes on banana using bio-agents. National Conf. on Innovations in Nematological Research for Agricultural Sustainability – Challenges and a Roadmap Ahead. Tamil Nadu Agri. Univ., Coimbatore, pp. 99-100.




30

image3.png
500 g fresh cow dung + <=

7.5qUrea+7.5 g kiSO,

ioRender.com b





image4.emf
   

Cut off  male bud aft er  development of female  bunches  


image5.png
ioRender.com b




image6.png
Sucker Propagation
Healthy sword suckers (1.5 kg)
Macropropagation
Corm-splitting technique

Bunch
Management
Techniques

J

High-Density Planting (HDP)

Higher yield per unit area Banana special

Tissue Culture

( Bunch feeding )
(nutrient
injection)

N

Denavelling
(male bud
removal)

(Bunch covering\
for quality

improvement

-

®»® ®

Fertilizer Management & Fertigation
Nutrient Optimization

Rapid multiplication of uniform, virus-free plantlets Biofertilizers VAM
. L Microbial Boost R
Technologies for Banana Cultivation Trichoderma
Use of Plant Growth Regulators Plant Protection
Enhances sucker sprouting, rooting, and uniform Integrated pest and disease management
plant development

Nanotechnology Genetic transformation




image1.png
Sucker Propagation
Healthy sword suckers (1.5 kg)
Macropropagation
Corm-splitting technique

Bunch
Management
Techniques

J

High-Density Planting (HDP)

Higher yield per unit area Banana special

Tissue Culture

( Bunch feeding )
(nutrient
injection)

N

Denavelling
(male bud
removal)

(Bunch covering\
for quality

improvement

-

®»® ®

Fertilizer Management & Fertigation
Nutrient Optimization

Rapid multiplication of uniform, virus-free plantlets Biofertilizers VAM
. L Microbial Boost PO
Technologies for Banana Cultivation Trichoderma
Use of Plant Growth Regulators Plant Protection
Enhances sucker sprouting, rooting, and uniform Integrated pest and disease management
plant development

Nanotechnology Genetic transformation




image2.svg
                                                                Technologies for Banana Cultivation Sucker Propagation Healthy sword suckers (1.5 kg) Tissue Culture Rapid multiplication of uniform, virus - free plantlets Macropropagation Corm - splitting technique High - Density Planting (HDP) Hi gher yield per unit area  Bunch Management Techniques   Bunch feeding (nutrient injection)   D enavelling (male bud removal)   B unch covering for quality improvement Plant Protection Integrated pest and disease management Nanotechnology Use of Plant Growth Regulators E nhances sucker sprouting, rooting, and uniform plant development Genetic transformation Biofertilizers Microbial Boost Fertilizer Management & Fertigation Nutrient Optimization                 N     P     K  VAM Azospirillum Trichoderma Banana special


