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Influence of Integrated Organic, Inorganic and Biological Nutrient Sources with Phytosterols on Fruit Quality of Banana (Musa spp. cv. Poovan)


Abstract
A  study was carried out to evaluate the influence of integrated organic, inorganic and biological nutrient sources with phytosterols on fruit quality of banana (Musa spp. cv. Poovan). This study is with ten treatments which includes the combination of Bio NPK liquid consortia 5ml per litre with different levels of vermicompost (4kg, 8kg per plant), neem cake (1kg, 2 kg per plant), campesterol and stigmasterol (0.1%, 0.2%) and inorganic fertilizer at three different levels such as (RDF 100%, RDF 75%, RDF 50%) arranged in a randomized block design (RBD) with three replications. The results showed that (T9) 75% RDF + Vermicompost @ 4 kg plant⁻¹ + Neem cake @ 1 kg plant⁻¹ + Bio NPK liquid consortia 5ml per litre + Campesterol & Stigmasterol (SL) @ 0.2% demonstrated superior performance across all parameters such as TSS (23.59 ºBrix), Total sugars (22.39%), Reducing sugars (19.11 %), Non-reducing sugars (3.28%), Ascorbic acid (13.72 100mg per g) with reducing Titrable acidity (0.34 %), Sugar: acid ratio (65.85). T1 - RDF 100% (Control) exhibited the lowest performance.
Introduction
Banana (Musa spp.) is an important fruit crop belonging to the family Musaceae. It originated in Southeast Asia and the western Oceania region, where it was domesticated more than 7,000 years ago (Perrier et al., 2011). The documentation of bananas in early Indian treatises like the Ramayana (2000 BC), Arthasastra (250 BC), and Chilappthikaram (500 AD) demonstrates that banana domestication in India dates back several centuries (Yadav., 2021).  It is also known by names such as “Apple of Paradise,” “Fruit of Heaven,” “Adam’s Fig,” and “Tree of Wisdom.” Owing to its wide range of uses, with every part of the plant being valuable, it is referred to in Sanskrit as “Kalpataru – a plant with virtues.”(Taram et al., 2023). All parts of the plant, including the fruit, pseudostem, flower, leaf, sap, inner trunk, inner core and root, have been utilized in traditional medicine. Banana, particularly Musa acuminata, contains a range of bioactive compounds and has been studied for its antidiabetic and antimicrobial properties, while various plant parts are traditionally used in the treatment of diabetes, digestive ailments, and certain inflammatory conditions (Yadav., 2021). Banana is cultivated globally across an estimated area of about 5.9 million hectares, producing nearly 135 million tonnes in total, with an average yield of approximately 23 tonnes per hectare (NAB, 2024). India is the world’s largest producer of bananas, cultivating the crop over nearly 8.8 lakh hectares and producing around 324.54 lakh tonnes (NHB, 2022). Among Indian states, banana cultivation is most extensive in Andhra Pradesh, Karnataka, Tamil Nadu, Maharashtra, Gujarat, and Madhya Pradesh, thereby making these states the major producers of the crop (Dalavi, 2025). Bananas are a highly nutritious fruit that remains widely available and economically accessible throughout the year.
Poovan banana belongs to the Musa AAB genomic group and is widely cultivated across different regions because of its broad adaptability and high drought tolerance under perennial cropping systems, making it the leading commercial cultivar in Tamil Nadu. The quality characteristics of ripe fruits are largely determined by the genotype, while the nutritional status of the soil also has a significant influence. The continuous application of inorganic fertilizers as nutrient sources in imbalanced proportions poses a problem, leading to inefficiency, environmental degradation and in some cases, harm to the plants themselves as well as to humans who consume them. Several studies have reported that, when compared to inorganic nutrient sources, organic manures resulted in better fruit quality in banana (Patel et al., 2010). Many investigators studied the combined application of organic manures and biofertilizers can enhance the quality of fruit crops (Patel et al., 2012) in banana and (Akash Sharma et al., 2013) in Guava. Organic manures, such as vermicompost, and neem cake, served as a natural reservoir of essential nutrients, improving soil fertility and enhancing plant growth (Mir et al., 2015). These biofertilizers not only sustain long-term soil health but also contribute to the production of fruits with superior taste, texture and nutritional quality. On the other hand, PGPRs, including beneficial microbes like Azotobacter, pseudomonas fluorescens, PSB, KSB are known for their role in nitrogen fixation, phosphate solubilization, and production of plant growth-promoting substances improve the quality (Sushmitha et al.,2025). Phytosterols such as campesterol and stigmasterol play an important role in regulating plant physiological processes that influence fruit quality. Campesterol is involved in brassinosteroid biosynthesis, while stigmasterol contributes to membrane stability and growth regulation. Their application has been reported to improve quality attributes. Hence, there is a need to evaluate sustainable nutrient management strategies involving organic manure, inorganic fertilizer, beneficial microorganisms, campesterol and stigmasterol to enhance productivity and fruit quality in Poovan banana.
Materials and methods
[bookmark: _Hlk218767426]The study was conducted during 2023-2024 at farmer’s field in Ramanayaganpatti Village, Batlagundu, Tamil Nadu, India. The sword suckers were procured from farmer’s field at Kulithalai, Tiruchirappalli. The suckers were treated to prevent from fungal disease, nematode infestation and planted in the pits size of 45 cm x 45 cm x 45 cm with the spacing of 2.1 m × 2.1 m. Then pits were filled with topsoil and 10 kg FYM per pit. The experimental field was maintained weed-free through regular hand weeding. Irrigation was applied in the interval of 7–8 days in winter and 4–5 days interval in summer. The experiment was laid out using a Randomized Block Design (RBD) consisting of ten treatments with three replications. The treatment details are T1- 100% recommended dose of fertilizers (RDF), T2- 75% RDF + Vermicompost @ 4 kg plant⁻¹ + Neem cake @ 1 kg plant⁻¹ + Bio NPK liquid consortia 5ml per litre, T3- 50% RDF + Vermicompost @ 8 kg plant⁻¹ + Neem cake @ 2 kg plant⁻¹ + Bio NPK liquid consortia 5ml per litre, T4- 100% RDF + Bio NPK liquid consortia 5ml per litre + Campesterol & Stigmasterol (SL) @ 0.1%, T5- 75% RDF + Bio NPK liquid consortia 5ml per litre + Campesterol & Stigmasterol (SL) @ 0.1%, T6- 50% RDF + Bio NPK liquid consortia 5ml per litre + Campesterol & Stigmasterol (SL) @ 0.1%, T7- 75% RDF + Vermicompost @ 4 kg plant⁻¹ + Neem cake @ 1 kg plant⁻¹ + Bio NPK liquid consortia 5ml per litre + Campesterol & Stigmasterol (SL) @ 0.1%, T8- 50% RDF + Vermicompost @ 8 kg plant⁻¹ + Neem cake @ 2 kg plant⁻¹ + Bio NPK liquid consortia 5ml per litre + Campesterol & Stigmasterol (SL) @ 0.1%, T9- 75% RDF + Vermicompost @ 4 kg plant⁻¹ + Neem cake @ 1 kg plant⁻¹ + Bio NPK liquid consortia 5ml per litre + Campesterol & Stigmasterol (SL) @ 0.2%, T10- 50% RDF + Vermicompost @ 8 kg plant⁻¹ + Neem cake @ 2 kg plant⁻¹ + Bio NPK liquid consortia 5ml per litre + Campesterol & Stigmasterol (SL) @ 0.2%. The recommended dose of fertilizers (RDF) of 110:35:330 g NPK per plant was applied at three levels. Nitrogen and potassium fertilizers were applied in three equal splits during the 2nd, 4th and 6th months after planting, while the entire phosphorus dose was applied as a basal treatment. Vermicompost and neem cake were applied at two levels in two splits: First split as a basal application and the second split at 4th  month after planting. Bio NPK liquid consortia 5ml per litre applied as basal dose. Campesterol and Stigmasterol were applied as foliar spray at three levels in three splits at 4th, 6th and 8th month after planting. Different quality parameters such as TSS, Total sugars, Reducing sugars, Non-reducing sugars, Ascorbic acid, Titrable acidity, Sugar: acid ratio obtained during the study were subjected to statistical analysis by using Randomized Block Design (RBD) as per procedure given by Panse and Sukhatme (1978). Further, OPSTAT 2.0 was used for statistical analysis. 
Results and discussion
TSS 
The data pertaining to the influence of integrated organic, inorganic and biological nutrient sources with phytosterols on fruit quality of banana (Musa spp. cv. Poovan) are presented in the Table 1. Among the treatments, T9 -75% RDF + Vermicompost @ 4 kg plant⁻¹ + Neem cake @ 1 kg plant⁻¹ + Bio NPK liquid consortia 5ml per litre + Campesterol & Stigmasterol (SL) @ 0.2% recorded Maximum TSS (23.59 ºBrix ). The minimum TSS were observed in T1- 100% recommended dose of fertilizers (RDF) (20.42 ºBrix).   
The higher total soluble solids (TSS) content of fruits recorded under treatment T9 could be attributed to the application of biofertilizer consortia. This increase in TSS might be associated with the activity of plant growth–promoting microorganisms, which improve nutrient uptake and enhance enzymatic functions involved in plant physiological processes, ultimately leading to greater accumulation of sugars, amino acids, organic acids, and other soluble components in the fruits (Dutta and Kundu., 2012). It also facilitated the rapid metabolic conversion of starch and pectin into soluble compounds, along with the efficient translocation of sugars from leaves to developing fruits (Kumar and Tripathi., 2020). These findings agree with the result of (Shubham Gupta et al., 2025). The enhancement in TSS content may be attributed to the breakdown of starch and other insoluble carbohydrates into soluble sugars by hydrolytic enzymes during the ripening process (Sushmitha et al., 2025). In addition to that Total soluble solids (TSS) content showed a significant increase in treatments receiving Campesterol & Stigmasterol (SL) in combination with integrated nutrient management. The enhancement in TSS may be attributed to the role of sterol compounds in regulating carbohydrate metabolism and assimilate partitioning. Campesterol, being a key sterol involved in the brassinosteroid biosynthetic pathway, may contribute to brassinosteroid-mediated regulation of photosynthesis and sugar metabolism, thereby enhancing the accumulation of soluble solids. These observations are supported by the findings of Luo et al., (2025), who reported a significant increase in TSS following pre-harvest application of 24-epibrassinolide, which was attributed to enhanced sugar metabolism regulated by brassinosteroids. In the present study, the increase in TSS observed with campesterol and stigmasterol application may therefore be linked to their indirect role in brassinosteroid biosynthesis and associated metabolic processes, rather than a direct brassinosteroid-like effect.
Total sugars  
Among the treatments, T9 -75% RDF + Vermicompost @ 4 kg plant⁻¹ + Neem cake @ 1 kg plant⁻¹ + Bio NPK liquid consortia 5ml per litre + Campesterol & Stigmasterol (SL) @ 0.2% recorded maximum Total sugars (22.39%). The minimum Total sugars were observed in T1- 100% recommended dose of fertilizers (RDF) (17.26%) represented in Table 1.    
The higher total sugars content recorded under T₉ (75% RDF + Vermicompost @ 4 kg plant⁻¹ + Neem cake @ 1 kg plant⁻¹ + Bio NPK liquid consortia 5ml per litre + Campesterol & Stigmasterol (SL) @ 0.2%) may be attributed to the synergistic effect of integrated nutrient management combined with sterol application. The incorporation of vermicompost and biofertilizer consortia likely improved nutrient availability and uptake, thereby enhancing overall metabolic activity, carbohydrate synthesis, and assimilate translocation from source leaves to developing fruits. Improved nutritional status may have facilitated the conversion of starch and other complex polysaccharides into soluble sugars, leading to increased total sugar accumulation, as also reported by Athani et al., (2005) and Sushmitha et al., (2025). Since nutrient management practices were otherwise comparable among treatments, the additional increase in total sugar content under T₉ may be attributed to the application of campesterol and stigmasterol. Phytosterols are integral components of plant cell membranes and play a key role in maintaining membrane structure and regulating related physiological functions. Their application before harvest may have improved metabolic efficiency, photosynthetic activity and the translocation of assimilates during the growth period. In climacteric fruits such as banana, sugar accumulation during ripening mainly results from starch breakdown followed by carbohydrate conversion. The sterol treatment may therefore have promoted enhanced carbohydrate synthesis during fruit development and facilitated a more efficient conversion of starch to sugars during ripening, ultimately leading to increased total sugar content. These findings are supported by Luo et al., (2025). Similar improvements in fruit quality parameters have been documented by Ghosh et al., (2009) in pomegranate, Kaseem et al., (2011) in ber, and Chaudhari et al., (2016) in custard apple.
Reducing sugars 
Among the treatments, T9 -75% RDF + Vermicompost @ 4 kg plant⁻¹ + Neem cake @ 1 kg plant⁻¹ + Bio NPK liquid consortia 5ml per litre + Campesterol & Stigmasterol (SL) @ 0.2% recorded maximum Reducing sugars (19.11 %). The minimum Reducing sugars was observed in T1- 100% recommended dose of fertilizers (RDF) (15.25%) represented in Table 1.      
T9 which includes the combined application of vermicompost and biofertilizer consortia enhanced carbohydrate metabolism through improved enzymatic activity and nutrient absorption. This treatment also improved moisture retention, stimulated microbial populations, and increased metabolic activity, thereby leading to a higher accumulation of reducing sugars (Pratap and Tripathi., 2025). These findings agree with those reported by (Perween and Hasan., 2019). In addition to that Phytosterols are integral components of plant cell membranes and play a crucial role in maintaining membrane structure, fluidity and permeability. By regulating membrane organization, sterols influence the activity of membrane-bound proteins, transporters and enzymes involved in nutrient uptake and assimilate translocation. Campesterol serves as a biochemical precursor in the brassinosteroid biosynthetic pathway (Clouse, 2011). Brassinosteroids are known to regulate key physiological processes such as cell elongation, vascular differentiation, photosynthetic performance and carbohydrate metabolism (Vriet et al., 2013). These hormones influence the expression and activity of enzymes associated with carbon assimilation and sugar metabolism, thereby affecting the synthesis and conversion of carbohydrates within plant tissues. Therefore, changes in campesterol availability may indirectly influence these brassinosteroid-mediated metabolic processes. In climacteric fruits like banana, reducing sugars (glucose and fructose) accumulate during ripening primarily through degradation of stored starch and subsequent carbohydrate transformation. Therefore, sterol-mediated regulation of membrane function and associated metabolic pathways may indirectly support enhanced starch-to-sugar conversion, leading to increased reducing sugar content during fruit development and ripening. Similar increases in glucose and fructose accumulation have been reported by Luo et al. (2025) following brassinosteroid application in tomato fruits; however, the mechanism in the present study is likely indirect and not due to direct brassinosteroid-mediated enzyme regulation.
Non-reducing sugars
Among the treatments, T9 -75% RDF + Vermicompost @ 4 kg plant⁻¹ + Neem cake @ 1 kg plant⁻¹ + Bio NPK liquid consortia 5ml per litre + Campesterol & Stigmasterol (SL) @ 0.2% recorded maximum non-reducing sugars (3.28%). The minimum non-reducing sugars was observed in T1- 100% recommended dose of fertilizers (RDF) (2.01%) represented in Table 1.   
Treatment T9, which included organic manure and biofertilizer consortia, improved nutrient assimilation and promoted the conversion of stored starch into non-reducing sugars during fruit maturation (Pratap and Tripathi., 2025). These findings align with studies by (Bhadauria and Tripathi., 2023). In addition to that non-reducing sugar (mainly sucrose) in banana accumulates during ripening through starch degradation and carbohydrate conversion. The higher non-reducing sugar content under campesterol and stigmasterol application may be associated with sterol-mediated regulation of membrane organization and metabolic efficiency, as phytosterols are key structural components of plant membranes. Campesterol serves as a precursor in brassinosteroid biosynthesis (Clouse, 2011), and brassinosteroids are reported to influence carbohydrate metabolism and assimilate partitioning (Vriet et al., 2013). Thus, sterol treatment may have supported enhanced starch-to-sucrose conversion during ripening, resulting in increased non-reducing sugar content. These findings are supported by Luo et al., (2025), reported an increase in sucrose content in tomato fruits following brassinosteroid application. The enhanced accumulation of sucrose was attributed to the regulation of enzymes associated with sucrose synthesis and metabolism, leading to higher non-reducing sugar content during fruit development.
Ascorbic acid content
Among the treatments, T9 -75% RDF + Vermicompost @ 4 kg plant⁻¹ + Neem cake @ 1 kg plant⁻¹ + Bio NPK liquid consortia 5ml per litre + Campesterol & Stigmasterol (SL) @ 0.2% recorded maximum Ascorbic acid content (13.72 100mg per g). The minimum Ascorbic acid content was observed in T1- 100% recommended dose of fertilizers (RDF) (11.58 100mg per g) represented in Table 1.
 The increase in ascorbic acid content observed in T9 may be attributed to the enhanced ability of microbial inoculants to fix atmospheric nitrogen and produce growth-promoting substances, which stimulate physiological processes such as carbohydrate synthesis (Tripathi et al., 2015). Similar result was found in the finding of (Zothansiami and Mandal., 2021). In addition, brassinosteroids are known to regulate antioxidant metabolism by enhancing antioxidant enzyme activity and modulating the ascorbate–glutathione cycle. Campesterol serves as a precursor in the brassinosteroid biosynthetic pathway, while stigmasterol contributes to membrane stability and overall sterol homeostasis. Although exogenously applied campesterol and stigmasterol primarily function as metabolic sterols rather than hormones, their involvement in sterol metabolism may indirectly influence antioxidant-related physiological processes. Consequently, sterol application may have supported enhanced antioxidant metabolism and contributed to higher ascorbic acid accumulation in banana fruits. Similar findings were reported by Babalık et al. (2020).
Sugar: Acid ratio
Among the treatments, T9 -75% RDF + Vermicompost @ 4 kg plant⁻¹ + Neem cake @ 1 kg plant⁻¹ + Bio NPK liquid consortia 5ml per litre + Campesterol & Stigmasterol (SL) @ 0.2% recorded maximum Sugar: Acid ratio (65.85 ). The minimum Sugar: Acid ratio was observed in T1- 100% recommended dose of fertilizers (RDF) (41.10) represented in Table 1.
The increase in the sugar: acid ratio observed in T9 may be attributed to the combined application of organic manure and biofertilizer, which improved nutrient uptake, enhanced photosynthetic activity and promoted uniform fruit ripening. These factors collectively contributed to a higher sugar: acid ratio in the fruits. During the developmental stages, sugar levels remain low while acidity is high; however, as the fruits mature, sugar content increases and acid levels decline, resulting in an increased sugar: acid ratio (Sushmitha et al., 2025). The results of the present study agree with those reported by (Priyanka Katara et al., 2021).
Titratable acidity
Among the treatments, T9 -75% RDF + Vermicompost @ 4 kg plant⁻¹ + Neem cake @ 1 kg plant⁻¹ + Bio NPK liquid consortia 5ml per litre + Campesterol & Stigmasterol (SL) @ 0.2% recorded minimum titratable acidity (0.34 %). The maximum titratable acidity was observed in T1- 100% recommended dose of fertilizers (RDF) (0.42 %) represented in Table 1.
The decrease in titratable acidity observed in T9, which received organic manures, inorganic fertilizers, and Bio NPK liquid consortia, may be attributed to the activity of beneficial microorganisms. These microorganisms are known to promote the utilization of organic acids through respiration and their conversion into sugars and related compounds (Gupta et al., 2025). Similar observations were reported by Kumar and Tripathi (2020). A reduction in titratable acidity was also observed in treatments receiving integrated nutrient management along with campesterol and stigmasterol application. This reduction may be due to increased utilization of organic acids and a shift in the carbohydrate–acid balance toward sugar accumulation. Lower acidity together with higher sugar content is considered desirable for improved fruit quality. Comparable reductions in organic acid content following brassinosteroid application have been reported by Luo et al. (2025). In the present study, however, the decrease in acidity under campesterol and stigmasterol treatment appears to be related to indirect metabolic effects rather than a direct brassinosteroid response.
Table 1: Effects of organic, inorganic and biological nutrient inputs with phytosterols on quality of banana (Musa spp., cv. Poovan).
	Treatments
	TSS
(ºBrix)
	Reducing sugars (%)
	Non-reducing sugars (%)
	Total sugars (%)
	Titrable acidity (%)
	Total sugar: Acid ratio
	Ascorbic acid (mg per 100g)

	T1
	20.42
	15.25
	2.01
	17.26
	0.42
	41.10
	11.58

	T2
	21.82
	16.96
	2.57
	19.53
	0.38
	51.39
	12.52

	T3
	22.16
	17.4
	2.72
	20.12
	0.37
	54.38
	12.77

	T4
	21.45
	16.5
	2.43
	18.93
	0.39
	48.54
	12.28

	T5
	21.09
	16.08
	2.29
	18.37
	0.39
	47.10
	12.05

	T6
	20.76
	15.65
	2.15
	17.8
	0.4
	44.50
	11.81

	T7
	22.87
	18.28
	3
	21.28
	0.36
	59.11
	13.24

	T8
	22.51
	17.88
	2.86
	20.74
	0.37
	56.05
	13.01

	T9
	23.59
	19.11
	3.28
	22.39
	0.34
	65.85
	13.72

	T10
	23.24
	18.7
	3.14
	21.84
	0.35
	62.40
	13.49

	S.Ed
	0.15
	0.18
	0.07
	0.24
	0.005
	1.18
	0.11

	CD @ 5%
	0.32
	0.39
	0.13
	0.51
	0.01
	2.48
	0.21



Conclusion
The present investigation demonstrated that integrating organic manures with campesterol, stigmasterol and reduced inorganic fertilizer levels significantly enhanced quality attributes of banana cv. Poovan. Among the thirteen treatments, T9 - 75% RDF + Vermicompost @ 4 kg plant⁻¹ + Neem cake @ 1 kg plant⁻¹ + Bio NPK liquid consortia 5ml per litre + campesterol and stigmasterol (SL) @ 0.2% consistently recorded superior performance in all quality parameters including TSS, Total sugars, Reducing sugars, Non-reducing sugars, Sugar: acid ratio, Ascorbic acid with reduced Titrable acidity. The application of inorganic fertilizer alone T1 - 100% RDF resulted in the lowest quality. These results conclude that the combined use of organic inputs with reduced chemical fertilizer, campesterol and stigmasterol is more effective in enhancing quality of banana. Therefore, the treatment T9 can be recommended for achieving improved quality in Poovan banana cultivation.
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