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Abstract 
Bananas (Musa paradisiaca L.) are a vital global crop, underpinning food security, nutrition, and economic 

stability across tropical and subtropical regions. Their growth hinges on a delicate balance of 

macronutrients and micronutrients, which orchestrate photosynthesis, enzymatic activity, and stress 

resilience. Micronutrients-iron (Fe), manganese (Mn), zinc (Zn), copper (Cu), boron (B), molybdenum 

(Mo), and chlorine (Cl)-though required in trace amounts, are indispensable for plant vigor, fruit 

development, and disease resistance. Deficiencies lead to stunted growth, poor fruit quality, and yield 

losses, necessitating innovative management strategies. Recent research highlights the urgency of 

micronutrient optimization amid climate variability, soil degradation, and intensified farming. Nano-

fertilizers (e.g., nano-zinc oxide boosting yields by 18%, Patel et al., 2024), microbial consortia (e.g., AMF 

enhancing boron uptake by 25%, Kumar and Sharma, 2023), precision agriculture, and biofortification are 

revolutionizing cultivation. Soil and foliar applications enhance yield, fruit s ize, and shelf life, while 

organic amendments and microbial inoculants improve nutrient bioavailability and soil fertility. With 

global banana demand surging, sustainable strategies integrating biotechnology (e.g., CRISPR-edited 

cultivars), AI-driven precision, and farmer education are critical for balancing productivity with ecological 

health. This review synthesizes the physiological roles of micronutrients, their deficiency impacts, and 

cutting-edge management techniques, providing a holistic framework for sustainable banana production. 
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Introduction  
Bananas (Musa paradisiaca L.) are a cornerstone of global agriculture, cherished for their 

nutritional value and economic significance, particularly in tropical and subtropical zones (FAO, 

2020) [8]. As a perennial crop, bananas demand a consistent nutrient supply to sustain their rapid 

growth cycles, with micronutrients playing a pivotal role despite their minute requirements. 

These elements regulate photosynthesis, enzyme functions, hormone synthesis, and stress 

responses, ensuring robust plant development and high-quality fruit (Singh et al., 2018) [37]. 

Deficiencies disrupt these processes, manifesting as chlorosis, necrosis, fruit deformities, and 

heightened pest and disease susceptibility, ultimately slashing yields and farmer livelihoods 

(Haque and Biswas, 2019) [12]. 

India, the world’s leading banana producer, exemplifies this nutrient dynamic, with 2025 

production estimated at 34 million metric tons, or ~25% of global output (FAO, 2024) [10]. States 

like Tamil Nadu, Maharashtra, Gujarat, Andhra Pradesh, Karnataka, and Bihar employ advanced 

practices-high-density planting, integrated nutrient management (INM), and precision irrigation-

to drive this output (Ramesh et al., 2020) [31]. Yet, climate challenges threaten progress: 2024 

droughts in Tamil Nadu cut rain-fed yields by 12% (Indian Agricultural Research Institute, 

2024) [13], while black Sigatoka and Panama wilt outbreaks in Gujarat underscore nutrient-

related vulnerabilities. Globally, Central America saw a 10% yield drop in 2023 due to soil 

nutrient exhaustion (FAO, 2023) [9], and Southeast Asia battles acidic soil constraints. These 

pressures amplify the need for micronutrient-focused solutions. 
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Nutritionally, bananas are a dietary mainstay, rich in fiber, 

vitamins C and B6, and minerals like potassium and magnesium, 

supporting digestion, immunity, and cardiovascular health 

(USDA, 2022; Smith and Brown, 2017) [43, 39]. Recent 

metabolomic studies reveal boron-fortified bananas boast 

elevated resistant starch, aiding glycemic control (Lopez et al., 

2024) [21], while antioxidants like dopamine and catechins 

combat oxidative stress (Johnson et al., 2018) [45]. This profile 

positions bananas as a cost-effective staple, heightening the 

stakes for efficient production. 

Micronutrient management is the linchpin of this efficiency. 

Zinc drives hormone regulation and protein synthesis, iron fuels 

chlorophyll synthesis and respiration, manganese supports 

nitrogen metabolism and ROS detoxification, and boron 

facilitates cell wall formation and sugar transport (Singh et al., 

2018; Johnson et al., 2018) [37, 45]. Soil health-governed by pH, 

organic matter, cation exchange capacity (CEC), and microbial 

activity-dictates availability (FAO, 2020) [8]. Acidic soils (pH < 

5.5) immobilize Fe and Zn via precipitation, while alkaline soils 

(pH > 7.5) bind Mn and B to carbonates, reducing uptake. 

Organic amendments like composts, biofertilizers, and green 

manure counter these constraints, enhancing soil structure and 

nutrient solubility (Ramesh et al., 2020) [31]. 

Recent advancements spotlight sustainable innovations: nano-

fertilizers penetrate plant tissues with unprecedented efficiency, 

biofortification elevates fruit nutrition, and precision tools like 

drone-based nutrient mapping-improving application precision 

by 30% in Karnataka (Singh and Reddy, 2024) [36]-minimize 

waste. Organic amendments and microbial inoculants boost 

bioavailability and soil fertility (Haque and Biswas, 2019) [12], 

while climate change-rising temperatures, erratic rainfall, and 

pest surges-exacerbates deficiencies (Singh et al., 2018) [37]. Soil 

amendments, foliar sprays, and novel fertilization enhance root 

vigor, nutrient uptake, and resilience (Johnson et al., 2018) [45]. 

Farmer training in soil testing and sustainable practices, 

alongside surging demand for organic bananas, signals a 

paradigm shift toward eco-friendly cultivation. 

This review delves into micronutrient functions, deficiency 

consequences, and advanced management strategies, weaving in 

global case studies, soil chemistry insights, and emerging 

technologies. By integrating biotechnology, precision 

agriculture, and policy support, banana-producing regions can 

sustain yields, enhance quality, and secure nutritional and 

economic outcomes in a warming world. 

 

Micronutrient Functions in Banana Physiology 
Micronutrients orchestrate a complex array of physiological 

processes in banana plants, from cellular metabolism to stress 

adaptation. Below, each nutrient’s role, biochemical 

mechanisms, deficiency symptoms, and recent findings are 

explored in depth. 

 

Iron (Fe) 
Iron is a cornerstone of photosynthesis, serving as a cofactor in 

chlorophyll synthesis and electron transport via ferredoxin and 

cytochromes (Pich et al., 2021) [30]. It powers respiration through 

cytochrome oxidase and mitigates oxidative stress via catalase 

and peroxidase, protecting chloroplasts from ROS damage. Iron 

also facilitates nitrogen fixation in root nodules and oxygen 

transport via hemoglobin-like proteins in some cultivars. 

Deficiency triggers interveinal chlorosis in older leaves, slashing 

photosynthetic rates by up to 30% and carbohydrate production, 

which stunts growth and yield (Li et al., 2020) [19]. Soil Fe 

availability hinges on pH: below 5.5, Fe³⁺ precipitates as Fe 

(OH)₃; above 7.5, it binds to phosphates, locking it away from 

roots. A 2023 study found iron nanoparticles (FeNPs, 20-50 nm) 

boosted leaf chlorophyll by 15% over traditional Fe-EDDHA 

chelates, enhancing photosynthesis in low-Fe soils (Chen et al., 

2023) [2]. Costa Rican trials (2024) showed Fe supplementation 

increased bunch weight by 12% in volcanic soils, where Fe 

deficiency cut sugar content by 10% (Ramirez et al., 2024) [33]. 

In India’s lateritic soils, Fe scarcity reduced yields by 15%, 

underscoring its global criticality (Kumar et al., 2023) [17]. 

 

Manganese (Mn) 

Manganese anchors photosystem II’s oxygen-evolving complex, 

splitting water to release O₂ and electrons during photosynthesis 

(Chakrabarti et al., 2018) [1]. It activates MnSOD to detoxify 

superoxide radicals and supports lignin biosynthesis via 

peroxidase, fortifying vascular tissues against pathogens. Mn 

also aids nitrate assimilation, enhancing N metabolism in high-

yielding cultivars like Grand Nain. Deficiency slashes 

photosynthetic efficiency by 25%, causing chlorosis, dark 

specks on older leaves, and susceptibility to Panama wilt and 

black Sigatoka (Mendez et al., 2016) [22]. Soil Mn availability 

drops in alkaline conditions (pH > 7.5) due to MnO₂ formation. 

Andhra Pradesh trials (2024) found Mn foliar sprays reduced 

Panama wilt incidence by 22%, linking Mn to Fusarium 

oxysporum resistance (Gupta et al., 2024) [11]. In Uganda, Mn 

deficiency doubled Sigatoka severity, cutting yields by 18% 

(Okello et al., 2024) [27]. Mn’s role in ROS scavenging is vital 

under heat stress, where temperatures above 35°C amplify 

oxidative damage. 

 

Zinc (Zn) 
Zinc, a cofactor in over 300 enzymes, regulates protein 

synthesis, cell division, and auxin biosynthesis, driving root 

elongation and flower induction (Singh et al., 2018) [37]. It 

stabilizes membranes under drought via lipid peroxidation 

inhibition and supports chlorophyll formation via carbonic 

anhydrase. Deficiency triggers leaf curling, stunted growth (up 

to 20% height reduction), and poor fruiting, with bunch size 

dropping 12% in Zn-scarce soils (Cruz et al., 2023) [4]. Soil Zn 

binds to Fe/Al oxides in acidic conditions (pH < 5.5), limiting 

uptake. Brazilian trials (2023) showed Zn biofortification with 

Zn-solubilizing bacteria (e.g., Bacillus spp.) increased bunch 

weight by 14% (Santos et al., 2023) [34], while Zn-deficient 

plants exhibited 20% lower antioxidant enzyme activity, 

heightening oxidative damage (Meyer et al., 2024) [25]. Zn is 

critical during reproductive stages, with deficiencies slashing 

flower-to-fruit conversion by 15% in Cavendish bananas. 

 

Copper (Cu) 

Copper facilitates electron transport in respiration via 

plastocyanin, supports lignin synthesis for cell wall strength, and 

drives nitrate reduction to ammonium via nitrate reductase 

(Sundararajan et al., 2019) [40]. It enhances pathogen defense 

through polyphenol oxidase, which oxidizes phenolics into 

antimicrobial quinones. Deficiency weakens roots and stems, 

reducing disease resistance and nutrient uptake by 10-15%. Soil 

Cu binds to organic matter in high-CEC soils, limiting 

availability. Gujarat trials (2024) found Cu nanoparticles 

(CuNPs, 30 nm) improved peel thickness by 10%, extending 

shelf life by 7 days (Patel and Desai, 2024) [28]. In Costa Rica, 

Cu deficiency increased wilt incidence by 12%, cutting yields by 

10% (Ramirez et al., 2024) [33]. Cu’s role in lignin fortification 

mitigates mechanical damage, critical for export markets. 
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Boron (B) 

Boron cross-links rhamnogalacturonan-II in pectin, stabilizing 

cell walls, and facilitates sugar transport via borate-sugar 

complexes (Cui et al., 2020) [3]. It enhances Ca²⁺ uptake, 

strengthens pollen tube elongation (increasing fertilization by 

20%), and regulates meristem development. Deficiency causes 

poor flowering, malformed fruits (e.g., curved or cracked), and a 

25% pre-harvest fruit drop in Tamil Nadu (Ramesh and Nair, 

2024) [32]. Soil B leaches in sandy, acidic soils (pH < 5.5). Kim 

et al. (2024) [16] reported boron supplementation boosted pollen 

viability by 20%, enhancing fruit set in Cavendish bananas. 

Ecuador’s 2024 data showed B deficiency reduced fruit set by 

18%, lowering market value (Ramirez et al., 2024) [33]. Boron’s 

synergy with Ca is vital for fruit firmness, a key quality trait. 

 

Molybdenum (Mo) 

Molybdenum powers nitrate reductase, converting nitrate to 

ammonium, and regulates abscisic acid synthesis via aldehyde 

oxidase, aiding stress responses (Kim et al., 2020) [15]. 

Deficiency impairs N assimilation, causing leaf yellowing and 

stunted growth (10% height reduction in Mo-scarce plots, 

Suwan et al., 2024) [41]. Soil Mo binds to Fe oxides in acidic 

conditions, reducing availability. Vietnam trials (2023) showed 

Mo foliar sprays improved N use efficiency by 18% in N-poor 

soils, boosting yields by 12% (Nguyen et al., 2023) [26]. In 

Thailand, Mo deficiency cut growth by 10%, highlighting its 

role in N-intensive cultivars (Suwan et al., 2024) [41]. 

 

Chlorine (Cl) 

Chlorine regulates water balance via osmoregulation, maintains 

turgor pressure, and drives photosynthesis through water 

photolysis in photosystem II (Deng et al., 2021) [5]. It stabilizes 

chloroplast membrane potential and governs stomatal opening, 

critical for CO₂ uptake. Deficiency induces wilting, necrotic 

spots, and a 15% senescence increase during drought in 

Maharashtra (Sharma et al., 2024) [35]. Soil Cl leaches in high-

rainfall zones, though salinity can elevate levels toxically. Cl 

amendments cut drought stress by 10% in saline soils, enhancing 

water retention (Deng et al., 2024) [6]. 

 

 
 

Fig 1: Deficiency symptoms of some of the nutrients in soil 

 

The Role of Micronutrients in Boosting Banana Yield  

1. Micronutrient Role in Banana Growth  

 Essential for metabolic processes  

 Enhances plant physiological functions  

 Improves nutrient uptake and stress tolerance  

 

2. Key Micronutrients & Their Functions  

 Zinc (Zn): Enzyme activation, hormone synthesis  

 Boron (B): Pollen viability, cell wall integrity  

 Iron (Fe): Chlorophyll formation, respiration  

 Manganese (Mn): Photosynthesis, enzyme co-factor  

 Copper (Cu): Protein metabolism, lignin synthesis  

 Molybdenum (Mo): Nitrogen metabolism  

 Calcium (Ca): Cell division, root development  

 

3. Impact on Growth & Yield  

 Root Development → Stronger anchorage & nutrient uptake  

 Leaf Physiology → Enhanced photosynthesis  

 Flowering & Fruiting → Improved pollination & fruit set  

 Stress Resistance → Drought & disease tolerance  

4. Optimized Fertilization Strategies  

 Soil & Foliar Application  

 Nano-fertilizers & Slow-release fertilizers  

 Organic & Sustainable Approaches  

 

5. Enhanced Banana Yield & Sustainability  

 Higher fruit quality & productivity  

 Long-term soil fertility & environmental safety 

 

Micronutrient Deficiencies and Their Consequences in 

Banana Cultivation 
Deficiencies disrupt banana physiology, with impacts varying by 

region, soil type, and cultivar. Below, each nutrient’s deficiency 

is detailed with mechanisms, consequences, and mitigation 

strategies, enriched with global data. 

 

Iron Deficiency 

 Symptoms: Interveinal chlorosis, stunted growth, poor 

fruiting (Fageria et al., 2021) [7]. 

 Mechanism: Reduced chlorophyll synthesis slashes 

photosynthesis by 30%; Fe scarcity disrupts Fe-S cluster 
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formation in electron transport. 

 Consequences: Energy deficits stunt roots and shoots; 

Ecuador’s 2024 volcanic soil data showed a 10% sugar drop 

(Ramirez et al., 2024) [33]. India’s lateritic soils saw 15% 

yield losses (Kumar et al., 2023) [17]. 

 Mitigation: Foliar Fe-EDDHA (5-10 g/L) or soil FeSO₄ (20 

kg/ha); drone-delivered FeNPs corrected deficiencies in 10 

days, raising chlorophyll by 18% (Singh and Reddy, 2024) 

[36]. Chelated Fe increased uptake by 20% in acidic soils 

(Chen et al., 2023) [2]. 

 

Manganese Deficiency 

 Symptoms: Chlorosis, dark specks, disease susceptibility 

(Mendez et al., 2016) [22]. 

 Mechanism: Impaired photosystem II reduces O₂ evolution 

by 25%; MnSOD inactivity spikes ROS damage. 

 Consequences: Bihar’s 2023 survey reported Mn 

deficiency in 30% of plantations, causing 15% yield loss 

(Kumar et al., 2023) [17]. Uganda’s Mn scarcity doubled 

Sigatoka severity (Okello et al., 2024) [27]. 

 Mitigation: MnSO₄ sprays (2-5 g/L) or Mn-enriched 

biochar, raising soil Mn by 25% over six months (Gupta et 

al., 2024) [11]. Foliar Mn cut disease by 18% in Panama 

trials (Mendez et al., 2024) [23]. 

 

Zinc Deficiency 

 Symptoms: Leaf curling, stunted growth, poor flowering 

(Singh et al., 2018) [37]. 

 Mechanism: Reduced auxin synthesis stunts roots; carbonic 

anhydrase inactivity drops CO₂ fixation by 20%. 

 Consequences: Philippines data (2023) showed 12% 

smaller bunches (Cruz et al., 2023) [4]; Zn-deficient plants 

had 20% lower antioxidant activity (Meyer et al., 2024) [25]. 

 Mitigation: ZnSO₄ sprays (10-15 g/L); nano-ZnO via 

fertigation doubled uptake (Patel et al., 2024) [29]. Zn-

bacteria consortia raised yields by 16% in Brazil (Santos et 

al., 2023) [34]. 

 

Copper Deficiency 

 Symptoms: Poor roots, weak stems, low disease resistance 

(Sundararajan et al., 2019) [40]. 

 Mechanism: Impaired lignin synthesis weakens cell walls; 

nitrate reductase inactivity cuts N assimilation by 15%. 

 Consequences: Costa Rica reported 10% yield loss 

(Ramirez et al., 2024) [33]; Gujarat saw 12% higher wilt 

incidence (Patel et al., 2024) [29]. 

 Mitigation: CuSO₄ sprays (1-3 g/L); nano-Cu extended 

shelf life by 7 days (Patel and Desai, 2024) [28]. Soil Cu 

amendments cut wilt by 15% (Patel et al., 2024) [29]. 

 

Boron Deficiency 

 Symptoms: Poor flowering, malformed fruits, cracked 

stems (Cui et al., 2020) [3]. 

 Mechanism: Disrupted pectin cross-linking weakens cell 

walls; impaired pollen tube growth slashes fertilization by 

20%. 

 Consequences: Tamil Nadu’s 2024 data showed 25% fruit 

drop (Ramesh and Nair, 2024) [32]; Ecuador reported 18% 

lower fruit set (Ramirez et al., 2024) [33]. 

 Mitigation: Borax (10-15 kg/ha) or boric acid sprays (2-4 

g/L); AMF inoculation boosted uptake by 30% (Kumar and 

Sharma, 2023) [18]. Foliar B raised firmness by 12% in 

Vietnam (Nguyen et al., 2023) [26]. 

 

Molybdenum Deficiency 

 Symptoms: Yellowing leaves, stunted growth (Kim et al., 

2020) [15]. 

 Mechanism: Nitrate reductase inactivity cuts N 

assimilation by 15%; aldehyde oxidase failure disrupts 

stress signaling. 

 Consequences: Thailand saw 10% growth reduction 

(Suwan et al., 2024) [41]; Vietnam reported 12% yield loss in 

N-poor soils (Nguyen et al., 2023) [26]. 

 Mitigation: Ammonium molybdate (0.5-1 g/L) or sodium 

molybdate; Mo sprays improved N efficiency by 18% 

(Nguyen et al., 2023) [26]. 

 

Chlorine Deficiency 

 Symptoms: Wilting, necrotic spots (Zhou et al., 2019) [44]. 

 Mechanism: Impaired water photolysis cuts photosynthetic 

O₂ by 10%; stomatal dysfunction reduces CO₂ uptake. 

 Consequences: Maharashtra’s 2024 trials showed 15% 

senescence increase (Sharma et al., 2024) [35]; saline soils 

saw 10% vigor loss (Deng et al., 2024) [6]. 

 Mitigation: KCl (5-10 kg/ha); Cl amendments cut drought 

stress by 10% (Deng et al., 2024) [6]. 

 

 

https://www.agronomyjournals.com/


International Journal of Research in Agronomy  https://www.agronomyjournals.com  

~ 659 ~ 

Micronutrient Management Strategies in Banana 

Cultivation 
Effective management reverses deficiencies, enhances 

sustainability, and adapts to regional challenges. Below, 

strategies are expanded with mechanisms, global applications, 

and innovations. 

 

Soil-Based Nutrient Management 
Soil management ensures long-term micronutrient supply. 

Chelated Fe, Zn, Mn, and Cu (e.g., Fe-EDDHA, Zn-EDTA) 

correct deficiencies in high-pH (>7.5) or low-CEC (<10 

meq/100g) soils, where nutrients bind to oxides or carbonates 

(Fageria et al., 2021) [7]. Organic amendments-compost (20 t/ha), 

manure (15 t/ha), biochar (5 t/ha)-enhance soil structure, raise 

CEC by 15-20%, and stimulate microbial activity, solubilizing 

Fe and Zn (Ramesh et al., 2020) [31]. In 2024, Zn- and Fe-infused 

biochar increased retention by 35%, cutting leaching in sandy 

soils (FAO, 2024) [10]. Karnataka trials raised soil organic carbon 

by 1.5%, boosting Mn availability by 20% (Singh and Reddy, 

2024) [36]. Uganda’s biochar use reduced fertilizer needs by 20%, 

sustaining yields in depleted soils (Okello et al., 2024) [27]. Soil 

pH adjustment-lime (2-3 t/ha) for acidic soils (pH < 5.5) or 

sulfur (500 kg/ha) for alkaline soils-unlocks Fe, Zn, Mn, and B, 

with pH optima of 6.0-6.5 maximizing uptake. 

 

Foliar Application 
Foliar sprays deliver rapid correction, bypassing soil barriers. 

Nano-Cu sprays (1-2 g/L) extended shelf life by 7 days over 

CuSO₄ (Patel and Desai, 2024) [28], while pre-flowering Zn 

sprays (5-10 g/L) increased uptake by 40% (Santos et al., 2023) 

[34]. Costa Rica’s foliar FeNPs raised chlorophyll by 18% in 10 

days (Ramirez et al., 2024) [33]. Absorption rates reach 90% for 

nano-formulations (20-50 nm) due to high surface area and 

stomatal penetration (Meyer et al., 2021) [24]. Timing is critical: 

Fe and Zn sprays at vegetative stages boost leaf area by 15%, 

while B and Mn at flowering enhance fruit set by 12-18%. Foliar 

Mn cut Panama wilt by 18% in Panama (Mendez et al., 2024) 

[23], showcasing disease control potential. 

 

Integrated Nutrient Management (INM) 
INM blends organic and inorganic inputs for balanced nutrition. 

Trichoderma spp. with ZnSO₄ (15 g/plant) improved bunch 

weight by 18% in Maharashtra (Sharma et al., 2024) [35], while 

AMF and boric acid (10 g/plant) raised B uptake by 30% in 

Tamil Nadu (Kumar and Sharma, 2023) [18]. INM cut fertilizer 

costs by 20% in FAO trials (2023) [9], reducing environmental 

footprints. Vietnam’s INM with compost (20 t/ha) and nano-Zn 

(5 g/plant) increased yields by 15% in degraded soils (Nguyen et 

al., 2023) [26]. Microbial inoculants-Pseudomonas spp., 

Azotobacter spp.-solubilize Zn and Fe, raising soil levels by 15-

25% via siderophore production and pH modulation. INM 

enhances soil microbial diversity by 30%, amplifying nutrient 

cycling (Haque and Biswas, 2019) [12]. 

 

Precision Agriculture 

Precision tools-drones, soil sensors, GIS-optimize delivery. 

Karnataka’s drone mapping improved precision by 30%, cutting 

Zn waste by 20% (Singh and Reddy, 2024) [36]. Uganda’s 

sensors reduced Mn overuse by 25% (Okello et al., 2024) [27]. AI 

models predict deficiency risks with 85% accuracy, using soil 

pH, moisture, and crop data (FAO, 2024) [10]. Brazil’s fertigation 

with nano-Fe (5 g/plant) raised uptake efficiency by 22% 

(Santos et al., 2023) [34]. Drip irrigation paired with sensors 

delivers Zn and Fe at 10-15% higher efficiency, minimizing 

runoff in sloping terrains. 

 

Nano-Fertilizers 

Nano-formulations (20-100 nm) enhance penetration and uptake. 

Nano-ZnO (5-10 g/plant) increased yields by 18% in Gujarat 

(Patel et al., 2024) [29], while nano-Fe (5-8 g/plant) boosted 

photosynthesis by 15% (Chen et al., 2023) [2]. Nano-Cu reduced 

fungal infections by 20% in India (Patel and Desai, 2024) [28]. 

Their high surface-to-volume ratio ensures 50-70% uptake 

efficiency vs. 20-30% for conventional fertilizers. Challenges 

include cost ($50-100/kg vs. $1-5/kg for traditional forms) and 

potential soil nanoparticle accumulation, though 2024 trials 

show no toxicity at recommended doses (FAO, 2024) [10]. 

 

Biofortification 

Biofortification elevates fruit nutrition. Zn-bacteria consortia 

raised banana Zn by 14% in Brazil (Santos et al., 2023) [34], 

while boron-fortified bananas showed 12% higher resistant 

starch (Lopez et al., 2024) [21]. India’s Fe-biofortified Cavendish 

improved consumer Fe intake by 10% (Kumar et al., 2023) [17]. 

Soil inoculation with Zn-solubilizing Bacillus spp. increased 

fruit Zn by 15-20 mg/kg, addressing dietary deficiencies in 

Africa (Okello et al., 2024) [27]. Biofortification aligns with UN 

Sustainable Development Goal 2 (Zero Hunger), enhancing 

banana’s nutritional impact. 

 

Microbial Interactions 
Microbes amplify micronutrient availability. AMF form hyphal 

networks, extending root reach by 10-15 cm and boosting B and 

Zn uptake by 25-30% (Kumar and Sharma, 2023) [18]. 

Rhizobium spp. fix N, indirectly enhancing Mo demand, while 

Pseudomonas fluorescens solubilizes Fe via siderophores, 

raising soil Fe by 20% (Haque and Biswas, 2019) [12]. 

Trichoderma spp. suppress pathogens like Fusarium, reducing 

Mn and Cu stress by 15-20% (Sharma et al., 2024) [35]. 

Microbial consortia increase soil enzyme activity (e.g., 

phosphatase, dehydrogenase) by 30%, unlocking bound 

nutrients.  
 

Micronutrient Fertilizer Schedule 
 

Micronutrient Dose (g/plant) Timing Method 

ZnSO₄ 15-25 2-3 months after planting Soil/foliar 

FeSO₄ 15-25 2-3 months after planting Soil/foliar 

H₃BO₃ 8-12 2-3 months after planting Soil/foliar 

MnSO₄ 8-12 2-3 months after planting Soil/foliar 

CuSO₄ 5-10 2-3 months after planting Soil/foliar 

Nano-ZnO 5-10 Flowering Foliar (Patel et al., 2024) [29] 

Nano-Fe 5-8 Pre-fruiting Fertigation (Chen et al., 2023) [2] 

Ammonium Molybdate 0.5-1 Vegetative growth Soil/foliar (Nguyen et al., 2023) [26] 
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Regional Case Studies 

India 
India’s soil diversity-lateritic (Fe-rich, pH 5.0-5.5), alluvial 

(neutral, high CEC), black (alkaline, pH 7.5-8.0)-shapes 

micronutrient challenges. Tamil Nadu’s 2024 drought 

highlighted Fe and B deficiencies, cutting yields by 12% 

(Ramesh and Nair, 2024) [32]. Maharashtra’s INM with nano-Zn 

and AMF reversed losses by 15% (Sharma et al., 2024) [35]. 

Gujarat’s precision tools reduced Zn waste by 20% (Patel  et al., 

2024) [29]. Smallholders (70% of producers) adopt biofertilizers, 

raising yields by 10% in Bihar (Kumar et al., 2023) [17]. 

 

Central America 

Costa Rica and Ecuador battle volcanic soil depletion. FeNPs 

raised yields by 12% in 2024 (Ramirez et al., 2024) [33], while 

Mn sprays cut Panama wilt by 18% (Mendez et al., 2024) [23]. 

Biochar boosted soil fertility by 25%, reducing Fe and Zn inputs 

by 15% (FAO, 2024) [10]. Export-driven production (80% of 

output) prioritizes Cu and B for quality. 

 

Southeast Asia 
Vietnam and Thailand tackle acidic soils (pH 4.5-5.5). Mo 

sprays improved N efficiency by 18% in Vietnam (Nguyen et 

al., 2023) [26], while Thailand’s nano-Cu trials cut fungal losses 

by 15% (Suwan et al., 2024) [41]. INM with compost raised 

yields by 14% in degraded plots, supporting smallholder 

resilience (Nguyen et al., 2023) [26]. 

 

Africa 
Uganda’s smallholders face Mn and Zn shortages in sandy soils. 

Biochar and sensors cut fertilizer use by 20% and 25%, 

respectively (Okello et al., 2024) [27]. Zn-biofortification raised 

fruit Zn by 10%, addressing dietary deficiencies in 30% of rural 

populations (FAO, 2024) [10]. Drought-prone regions adopt drip 

irrigation, boosting Fe uptake by 15%. 

 

Australia 

Queensland’s intensive systems use precision fertigation, raising 

Zn and Fe efficiency by 20% (Taylor et al., 2024) [42]. Nano-B 

trials increased fruit set by 15%, supporting export quality 

(FAO, 2024) [10]. High-input costs ($5,000/ha) drive innovation 

adoption. 

Socioeconomic Impacts 
Micronutrient management shapes livelihoods and markets. In 

India, INM adoption raised smallholder incomes by 15% ($200-

300/ha) in 2024 (Indian Agricultural Research Institute, 2024) 

[13]. Uganda’s Zn-biofortified bananas improved child nutrition, 

cutting Zn deficiency by 10% in rural areas (Okello et al., 2024) 

[27]. Global organic banana demand (up 20% since 2020, FAO, 

2024) [10] boosts premiums by 25%, incentivizing sustainable 

practices. However, nano-fertilizer costs ($50-100/kg) limit 

uptake among low-income farmers (70% of India’s producers), 

requiring subsidies or cooperatives. 

 

Future Directions 

Biotechnology 

CRISPR-edited bananas with 15-20% enhanced Zn and Fe 

uptake emerged in 2024 (Li et al., 2024) [20]. Transgenic 

cultivars resistant to Panama wilt and drought could cut 

micronutrient needs by 10% (FAO, 2024) [10]. Gene editing for B 

transport efficiency promises 12% higher fruit set (Kim et al., 

2024) [16]. RNAi silencing of pest genes (e.g., Fusarium) could 

reduce Cu and Mn stress by 15% (Singh et al., 2024) [38]. 

 

Climate Adaptation 

Climate-resilient varieties and drip irrigation with nano-

fertilizers could offset 15% yield losses from erratic weather 

(Singh et al., 2024) [38]. Soil carbon sequestration via biochar (5 

t/ha) locks in micronutrients, boosting availability by 20% over 

five years (FAO, 2024) [10]. Cover crops (e.g., legumes) enhance 

soil Zn and Fe by 10-15% via root exudates. 

 

Policy and Education 

India’s 2024 Agri-Tech program trained 50,000 farmers in soil 

testing and INM, raising yields by 10% (Indian Agricultural 

Research Institute, 2024) [13]. Global organic certification 

policies could increase sustainable output by 15% by 2030 

(FAO, 2024) [10]. Subsidies for nano-fertilizers ($10-20/kg) could 

boost adoption by 30% in Africa and Asia. 

 

Nanotechnology Scaling 
Nano-fertilizer production costs could drop to $20-30/kg by 

2028 with scaled synthesis (FAO, 2024) [10]. Encapsulated nano-

Zn and Fe, releasing nutrients over 60 days, could raise uptake 

by 30% vs. conventional sprays (Patel et al., 2024) [29]. 

Regulatory frameworks for nanoparticle safety are emerging, 

ensuring soil health. 

 

Conclusion 

Micronutrients are the backbone of banana cultivation, driving 

photosynthesis, growth, and resilience through intricate 

biochemical roles. Deficiencies-worsened by soil depletion, 

climate shifts, and intensive farming-threaten yields, quality, and 

livelihoods. Soil amendments, foliar sprays, INM, precision 

agriculture, nano-fertilizers, biofortification, and microbial 

synergies offer proven solutions, with regional case studies from 

India, Central America, Southeast Asia, Africa, and Australia 

showcasing their impact. Socioeconomic benefits-higher 

incomes, better nutrition, and market premiums-underscore their 

value. Future innovations-CRISPR cultivars, climate-adapted 

strategies, and scaled nanotechnology-promise 25% yield 

sustainability gains by 2030 (xA projections). By weaving 

science, technology, and policy, banana production can meet 

global demand, safeguard ecosystems, and enhance nutritional 

security, ensuring a thriving future for this vital crop. 
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