


[bookmark: _dkn78lb892wc]Effect of Integrated Nutrient Management on Growth, Yield, and Quality of Papaya (Carica papaya L.) cv. Red Lady under  Semi-Arid Agro-Climatic Conditions of Central Telangana
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[bookmark: _GoBack]Abstract 
The present investigation was carried out at DDS Krishi Vigyan Kendra, Zaheerabad, Sangareddy District, Telangana, to evaluate the effect of integrated nutrient management (INM) on the growth, yield, and quality of papaya (Carica papaya L.) cv. Red Lady under lateritic soil conditions. The experiment was laid out in a Randomized Block Design (RBD) with ten treatments and three replications. Treatments included combinations of recommended chemical fertilizers (240 N: 240 P₂O₅: 480 K₂O g plant⁻¹ + 10 kg FYM) and bio-enriched vermicomposts using poultry manure, neem cake, Azospirillum, and PGPR mix-1. The results revealed that T₄ (NPK 25% as PGPR mix-1 enriched vermicompost + 75% of recommended NPK) significantly outperformed all other treatments in terms of fruit number (54.26), fruit weight (975.52 g), total yield (52.93 kg/plant), total soluble solids (15.64° Brix), and pulp percentage (90.28%), while recording the lowest acidity (0.10%). The study confirms that integrating microbial consortium-enriched vermicompost with reduced fertilizer doses not only enhances papaya productivity and fruit quality but also contributes to sustainable soil fertility management in tropical fruit systems. This approach offers a cost-effective, eco-friendly alternative for improving papaya cultivation efficiency in Telangana and similar agro-climatic regions.
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[bookmark: _ejyvr5p28ba]1. Introduction
Papaya (Carica papaya L.) is one of the most economically and nutritionally important fruit crops cultivated across tropical and subtropical regions of the world. Known for its fast growth, early bearing, and year-round fruiting, papaya holds immense promise for both small-scale and commercial growers. Globally, India ranks among the largest producers, contributing nearly 40% of the world’s papaya production. The fruit’s high nutritive value—rich in vitamin A, vitamin C, carbohydrates, minerals, and digestive enzyme papain—makes it valuable for human health, medicine, and industry. In Telangana, particularly in the semi-arid districts such as Sangareddy and Medak, papaya cultivation has gained prominence due to its short gestation period and adaptability to diverse soils and climatic conditions. However, productivity is often limited by poor nutrient management practices and soil degradation resulting from the excessive use of chemical fertilizers. Papaya is a heavy feeder of nutrients owing to its continuous vegetative and reproductive growth cycles. The crop requires a balanced and sustained supply of macronutrients (N, P, K) and micronutrients throughout its growing period. In India, the recommended dose of fertilizers for papaya (240:240:480 g NPK plant⁻¹ year⁻¹) is often applied in an unbalanced or excessive manner, leading to problems such as nutrient leaching, soil acidification, reduced microbial activity, and contamination of groundwater resources. Moreover, the availability of organic manures like farmyard manure (FYM) has declined over the years due to competing demands for livestock feed and fuel, creating a dependency on inorganic fertilizers. As a result, many papaya plantations experience yield stagnation, reduced fruit quality, and declining soil fertility. Integrated Nutrient Management (INM) is an ecologically balanced approach that combines organic, inorganic, and biological sources of nutrients to maintain soil fertility, enhance nutrient use efficiency, and sustain long-term productivity. INM seeks to minimize the dependence on chemical fertilizers by integrating locally available organic resources—such as FYM, vermicompost, poultry manure, neem cake, and biofertilizers—with recommended doses of inorganic nutrients. This approach not only improves crop yield and quality but also enhances soil microbial activity, structure, and nutrient cycling, thereby supporting sustainable agriculture. According to Bindu & Renjan (2024), the application of microbial consortium-enriched organic manures in papaya resulted in significant improvements in fruit number, fruit weight, and pulp quality, compared to conventional fertilizer use. Their study highlighted that enriching vermicompost with plant growth-promoting rhizobacteria (PGPR) and using 75% of the recommended chemical fertilizer dose produced superior results in yield and biochemical characteristics, including higher total soluble solids (TSS) and carotenoid content. This demonstrates that a judicious combination of bio-enriched composts and mineral fertilizers can enhance both productivity and quality in papaya cultivation systems.
[bookmark: _wzkjs3ka0aev]
Organic manures play an indispensable role in INM systems by improving soil organic carbon, enhancing water retention, and supplying slow-release nutrients. Vermicompost, produced through the decomposition of organic matter by earthworms, has been shown to enhance the availability of essential nutrients like nitrogen, phosphorus, potassium, calcium, and magnesium, while simultaneously promoting beneficial soil microbes. Studies have indicated that vermicompost enriched with bioinoculants such as Azospirillum, Azotobacter, Phosphate Solubilizing Bacteria (PSB), and PGPR can substantially improve nutrient uptake and fruit quality parameters in papaya (Singh & Tripathi, 2020). In papaya cv. ‘Red Lady’, Indian Journal of Ecology (2022) reported that the combination of 50% NPK with 20 kg FYM, 100 g Azospirillum, and 100 g PSB achieved the maximum fruit yield and improved physicochemical properties such as TSS, firmness, and sugar content. These results validate that partial substitution of chemical fertilizers with organic and biological inputs ensures sustained nutrient supply while improving soil biological activity. Similarly, Sethy & Tarai (2025) observed that the integrated application of 100% recommended fertilizer dose (RDF) along with PSB, Azospirillum, and Azotobacter enhanced foliar nutrient content, soil microbial population, and fruit yield in papaya cv. ‘Coorg Honey Dew’. They recorded the highest benefit-cost ratio (3.3) with a 75% RDF treatment integrated with biofertilizers, illustrating that balanced nutrient application through INM is both agronomically and economically advantageous.
The beneficial effects of INM on crop growth and yield are primarily attributed to the synergistic interactions between organic matter and microbial communities in the soil. Organic amendments improve soil structure and aeration, facilitating root proliferation and nutrient absorption. Microbial inoculants, such as PGPR and PSB, enhance nutrient availability by solubilizing phosphorus, fixing atmospheric nitrogen, and releasing growth-promoting hormones. For instance, Singh & Tripathi (2020) demonstrated that applying 75% RDF with Azotobacter, PSB, and vermicompost increased plant biomass, leaf number, fruit set, and yield, while improving soil organic carbon, nitrogen, and potassium availability. These interactions not only enhance nutrient efficiency but also restore degraded soils. In addition, microbial enrichment of vermicompost with PGPR strains has been shown to induce systemic resistance against certain diseases and enhance enzyme activity in the rhizosphere, leading to healthier root systems and better nutrient uptake (Bindu & Renjan, 2024). The microbial activity improves soil aggregation and reduces nutrient losses, a critical factor in lateritic soils of Telangana where leaching and erosion are common. Excessive dependence on chemical fertilizers has led to alarming environmental concerns including soil degradation, eutrophication of water bodies, and greenhouse gas emissions. INM, by contrast, reduces the overall chemical input requirement and improves fertilizer-use efficiency. The adoption of INM practices has been reported to reduce fertilizer application by 25–50% without compromising yield. In papaya, integrating 75% RDF with biofertilizers and vermicompost yielded 31% higher fruit production compared to conventional fertilization methods, while maintaining superior fruit quality (Manjunath & Gutam, 2023). This reduction in chemical input not only lowers production costs but also minimizes the carbon footprint of papaya cultivation, making it more sustainable in the long run. Moreover, Silva & Rodrigues (2019) found that combining organic amendments such as biochar and green manure with papaya cultivation improved soil fertility and nutrient retention, contributing to higher biomass accumulation and healthier plants. Such practices align with the principles of regenerative agriculture, promoting long-term soil productivity and ecological balance.
Telangana’s lateritic soils are typically acidic and deficient in major nutrients, particularly nitrogen and phosphorus. The declining organic matter content due to continuous cropping and poor residue management further exacerbates the issue. The adoption of integrated nutrient management is particularly relevant for this region, as it addresses soil fertility constraints while maintaining economic viability for small and marginal farmers. The use of locally available organic sources such as poultry manure, neem cake, and FYM enriched with microbial consortia offers a feasible and low-cost alternative to sole reliance on synthetic fertilizers. In this context, the present study was conducted at DDS Krishi Vigyan Kendra, Zaheerabad (Sangareddy District, Telangana) to evaluate the comparative effects of different INM combinations on the growth, yield, and quality of papaya cv. Red Lady. This variety, being high-yielding and gynodioecious, is suitable for intensive cultivation systems but also requires precise nutrient management for optimal performance. The experiment sought to identify the most effective integration of chemical fertilizers with bio-enriched vermicomposts using microbial inoculants such as Azospirillum, PGPR mix, and neem cake.
[bookmark: _g92ujfbfsgmt]1.1 Objectives and Rationale
The overarching objective of the research is to determine the most efficient nutrient management strategy that enhances both yield and fruit quality of papaya while maintaining soil health and minimizing environmental impact. The specific aims are:
1. To assess the effect of different integrated nutrient combinations on the growth and yield attributes of papaya cv. Red Lady.
2. To evaluate the influence of enriched vermicomposts and microbial inoculants on fruit quality parameters such as TSS, pulp percentage, and acidity.
3. To analyze the potential of INM in improving soil nutrient status and overall productivity under lateritic soil conditions of Telangana.
By integrating scientific evidence from previous studies and regional challenges, this investigation contributes to the broader goal of developing a sustainable nutrient management protocol for tropical fruit crops in India. The outcomes are expected to benefit both researchers and farmers by demonstrating that eco-friendly nutrient management practices can simultaneously improve crop performance, soil health, and profitability.
[bookmark: _ws0rb3gaydkv]2. Materials and Methods
[bookmark: _8u7dy7ewa738]2.1 Experimental Site
The field experiment on Integrated Nutrient Management (INM) in papaya was conducted during 2022–2024 at DDS Krishi Vigyan Kendra (KVK), Zaheerabad, located in Sangareddy district, Telangana, India. The region lies at latitude 17°38'47'' N and longitude 77°38'47'' E, with an altitude of 622 m above mean sea level, and experiences a semi-arid tropical climate characterized by hot summers, mild winters, and an average annual rainfall of 680 mm. The soil at the experimental site was lateritic, acidic (pH 4.92), and low in available nitrogen (275 kg ha⁻¹), phosphorus (15 kg ha⁻¹), and potassium (165 kg ha⁻¹). The low organic carbon content (0.36%) indicated the need for organic and microbial interventions to sustain productivity. Such conditions are typical for Telangana’s dryland horticultural regions, where balanced nutrient management is vital for maintaining soil fertility (Shanu & Lakshminarayana, 2019).
[bookmark: _8o4eqb805q93]2.2 Experimental Design and Treatments
The experiment was conducted using a Randomized Block Design (RBD) with ten treatments and three replications. Each plot contained six plants, spaced at 2 m × 2 m, ensuring sufficient sunlight, aeration, and root expansion. The papaya cultivar ‘Red Lady’ (Carica papaya L.) was chosen due to its high yield potential, red-orange pulp, and adaptability to semi-arid climates. The treatments were formulated to study the impact of integrating organic manures, microbial inoculants, and inorganic fertilizers on papaya performance. The detailed treatment structure is presented below:

Chart 1: The detailed treatment structure
	Treatment Code
	Description

	T₁
	100% Recommended Dose of Fertilizers (RDF): 240 N : 240 P₂O₅ : 480 K₂O g plant⁻¹ + 10 kg FYM

	T₂
	N (25%) as Poultry Manure-enriched Vermicompost + N (75%), P, and K of T₁

	T₃
	N (25%) as Neem Cake-enriched Vermicompost + N (75%), P, and K of T₁

	T₄
	NPK (25%) as PGPR Mix-1-enriched Vermicompost + N, P, and K (75%) of T₁

	T₅
	N (25%) as Azospirillum-enriched Vermicompost + N (75%), P, and K of T₁

	T₆
	N (50%) as Poultry Manure-enriched Vermicompost + N (50%), P, and K of T₁

	T₇
	N (50%) as Neem Cake-enriched Vermicompost + N (50%), P, and K of T₁

	T₈
	NPK (50%) as PGPR Mix-1-enriched Vermicompost + N, P, and K (50%) of T₁

	T₉
	N (50%) as Azospirillum-enriched Vermicompost + N (50%), P, and K of T₁

	T₁₀
	Absolute Control (no fertilizers or manures applied)


This treatment structure mirrors the INM framework used in similar tropical fruit studies where microbial consortia were combined with graded fertilizer levels for higher efficiency.The experiment comprised ten treatments designed to evaluate the combined effects of organic, inorganic, and biofertilizer sources of nutrients on papaya growth and yield. The standard control treatment (T₁) followed the recommended dose of fertilizers (240:240:480 g NPK plant⁻¹ + 10 kg FYM), representing conventional nutrient management. Treatments T₂ to T₅ substituted 25% of the nitrogen requirement through bio-enriched vermicomposts prepared using different organic substrates and microbial inoculants—poultry manure (T₂), neem cake (T₃), PGPR mix-1 (T₄), and Azospirillum (T₅)—while supplying the remaining 75% N, P, and K through chemical fertilizers. Similarly, treatments T₆ to T₉ replaced 50% of the nitrogen through the same enriched vermicomposts and applied only 50% of the chemical fertilizers. The final treatment (T₁₀) served as the absolute control without any fertilizer or manure application to establish a natural baseline for soil fertility. Among these, T₄ (PGPR mix-1 enriched vermicompost + 75% RDF) was expected to perform best due to the synergistic effects of beneficial microorganisms enhancing nutrient solubilization and plant growth-promoting activity (Bindu & Renjan, 2024). In contrast, higher organic proportions in T₆–T₉ were aimed at improving soil microbial activity, organic carbon buildup, and long-term fertility sustainability, though possibly with slightly reduced yields compared to T₄. The control (T₁₀) was expected to produce the lowest yield due to severe nutrient limitations, confirming papaya’s heavy nutrient requirement .
[bookmark: _88b5j9pdizfk]2.3 Nutrient Sources and Application
The Recommended Dose of Fertilizers (RDF) applied was 240 g N, 240 g P₂O₅, and 480 g K₂O per plant per year, split into four equal applications at 60-day intervals starting from 30 days after planting (DAP). Nitrogen, phosphorus, and potassium were supplied through urea, single superphosphate, and muriate of potash, respectively. Organic inputs — FYM, poultry manure, neem cake, and vermicompost — were analyzed for NPK content prior to application. The bio-enriched vermicomposts were prepared by inoculating vermicompost with Azospirillum lipoferum, Phosphate Solubilizing Bacteria (Bacillus megaterium), Pseudomonas fluorescens, and Bacillus subtilis (PGPR mix). Each microbial inoculant was applied at the rate of 1 kg culture per 100 kg compost and incubated for 15 days before use. Manures were incorporated into the top 15 cm of soil during pit preparation, while chemical fertilizers were applied as per treatment schedule. Drip irrigation was employed for efficient water and nutrient delivery.
[bookmark: _ap801lw4c0nd]2.4 Crop Establishment and Maintenance
Seeds of papaya cv. Red Lady were germinated in polythene bags and transplanted at 45 days of age. A total of six plants per plot were maintained, with standard horticultural practices like weeding, hoeing, and pruning conducted uniformly. Organic pest management measures included neem oil spray (0.2%) and cow urine extract (10%), applied fortnightly to prevent leaf curl and aphid infestation. Mulching with dry grass helped conserve soil moisture and suppress weeds. The crop was maintained for two full years to record comprehensive data on vegetative and reproductive stages.
[bookmark: _7rah5wrvmtl9]2.5 Observations and Characters Studied
[bookmark: _6fcch4kbnrq9]2.5.1 Growth Attributes
Growth parameters were recorded at 12 and 24 months after planting (MAP):
· Plant height (cm): measured from the soil surface to the apex.
· Stem girth (cm): measured 20 cm above ground level using digital calipers.
· Number of functional leaves: counted on the main stem.
· Leaf area (cm²): calculated using the formula 𝐿=𝐿×𝐵×0.75L=L×B×0.75, where L = leaf length, B = leaf breadth.
These indicators provide insight into vegetative vigor, which is directly related to nutrient uptake and fruiting potential (Dwivedi & Agnihotri, 2018).
[bookmark: _h58pua1d1656]2.5.2 Yield and Fruit Attributes
Yield-related traits were recorded at harvest:
· Number of fruits per plant: counted manually.
· Average fruit weight (g): determined using an electronic balance.
· Fruit length and girth (cm): measured using vernier calipers.
· Fruit volume (cc): determined via water displacement.
· Total yield per plant (kg): calculated by multiplying fruit number and mean fruit weight.
Previous studies demonstrated that INM treatments with 75% RDF + biofertilizers significantly enhanced fruit weight, yield, and total soluble solids (TSS) in papaya (Bindu & Renjan, 2024).
[bookmark: _c2u8qcub1uh1]2.5.3 Fruit Quality Parameters
Fruit quality was assessed using standard protocols (Mukherjee & Tripathi, 2019):
· Total Soluble Solids (°Brix): measured using a digital refractometer.
· Titratable Acidity (%): estimated by titration against 0.1N NaOH.
· Ascorbic Acid (mg/100 g pulp): determined by 2,6-dichlorophenol indophenol dye method.
· Pulp Percentage (%): ratio of pulp weight to total fruit weight.
· Flesh Thickness (cm): measured at the fruit equator.
· Sugar Content (%): reducing and total sugars were analyzed using Lane and Eynon’s method.
Integrated nutrient application is known to improve papaya fruit sweetness and biochemical composition by enhancing nutrient uptake and enzyme activity (Zala & Dadarwal, 2024).
[bookmark: _4hca9cysm09i]2.6 Soil and Microbial Analysis
After harvest, composite soil samples (0–30 cm depth) were collected to evaluate changes in:
· Available Nitrogen (kg ha⁻¹) – alkaline permanganate method.
· Available Phosphorus (kg ha⁻¹) – Olsen’s method.
· Available Potassium (kg ha⁻¹) – flame photometric method.
· Organic Carbon (%) – Walkley-Black wet oxidation.
· Soil pH and EC (1:2.5 soil:water ratio) – digital pH meter and conductivity bridge.
· Microbial population (cfu g⁻¹) – enumerated for Azospirillum, PSB, and PGPR by serial dilution plate technique.
Enhanced microbial activity under INM treatments has been linked to increased soil enzyme activity, nutrient mineralization, and humus formation (Chutia & Bhagawati, 2017).
[bookmark: _27c5206vn050]2.7 Statistical Analysis
Data were analyzed using Analysis of Variance (ANOVA) as per the method of Gomez and Gomez (1984). Treatment means were compared using the Critical Difference (CD) at the 5% significance level (p ≤ 0.05). Correlation and regression analyses were performed to examine relationships between fruit yield and quality parameters. All analyses were conducted using OPSTAT and SPSS (Version 26).
[bookmark: _ljxkykydu3gh]2.8 Experimental Rationale
The experimental design integrates organic and microbial nutrient sources with varying fertilizer doses to evaluate synergistic effects on papaya growth and quality. Similar strategies in other horticultural crops such as guava, strawberry, and carrot—have proven that microbial-enriched organic amendments significantly enhance plant vigor, fruit quality, and soil microbial health.
Therefore, this investigation aims to provide region-specific insights into sustainable papaya production under Telangana’s lateritic soil conditions.
[bookmark: _30tt1xvnbcaz]3. RESULTS AND DISCUSSION
[bookmark: _9vfiofirnqpq]3.1 Effect of Integrated Nutrient Management on Growth Parameters
The data revealed that the application of integrated nutrient management significantly influenced the vegetative growth of papaya plants, indicating that the balanced supply of nutrients from both organic and inorganic sources is critical for achieving optimal plant vigor (Table 1). Among the ten treatments, T₄ (25% NPK as PGPR mix-1 enriched vermicompost + 75% RDF) recorded the maximum plant height (246.75 cm), stem girth (42.8 cm), and number of functional leaves (50.6) at 24 months after planting. Treatments T₆ (50% poultry manure-enriched vermicompost + 50% RDF) and T₈ (50% PGPR-enriched vermicompost + 50% RDF) were statistically at par with T₄, whereas the absolute control (T₁₀) recorded the minimum growth performance.
The superior vegetative growth under T₄ may be attributed to the synergistic effects of PGPR (Plant Growth-Promoting Rhizobacteria), which enhance root architecture, nutrient solubilization, and hormone production such as auxins and gibberellins (Bindu & Renjan, 2024). The microbial enrichment in vermicompost increases nitrogen mineralization and microbial biomass, contributing to higher nutrient uptake efficiency and enhanced chlorophyll content (Sethy & Tarai, 2025). Furthermore, partial substitution of chemical fertilizers by organic and biofertilizer sources creates a more stable nutrient release pattern, ensuring continuous nutrient supply throughout the crop growth cycle.
Similar observations were reported by Singh and Tripathi (2020), who found that the combined application of 75% RDF with Azotobacter, PSB, and vermicompost significantly improved papaya plant height, girth, and number of leaves compared to full RDF or unfertilized control. Chawla and Sadawarti (2020) also concluded that integrated nutrient management enhances microbial proliferation and improves soil structure, promoting better vegetative growth. The lowest growth under control (T₁₀) was expected due to nutrient deficiency and reduced microbial activity, confirming the heavy nutrient requirement of papaya (Kirad & Barche, 2010).
[bookmark: _y43lccz2poby]Table 1. Effect of Integrated Nutrient Management on Growth Parameters of Papaya cv. Red Lady
	Treatment
	Plant Height (cm)
	Stem Girth (cm)
	No. of Functional Leaves
	Leaf Area (cm²)

	T₁
	210.45
	35.25
	43.4
	6,200

	T₂
	223.50
	37.18
	45.6
	6,880

	T₃
	229.60
	38.24
	46.8
	7,040

	T₄
	246.75
	42.80
	50.6
	7,890

	T₅
	235.22
	39.76
	48.1
	7,320

	T₆
	238.42
	40.25
	48.8
	7,480

	T₇
	232.48
	39.18
	47.6
	7,210

	T₈
	241.72
	41.65
	49.2
	7,650

	T₉
	236.44
	39.88
	47.9
	7,310

	T₁₀
	189.85
	32.42
	38.6
	5,980

	SEm±
	4.31
	0.72
	0.84
	122.4

	CD (5%)
	8.57
	1.45
	1.68
	245.8



[bookmark: _qfvu4u80miz6]3.2 Effect on Yield and Yield Attributes
Integrated nutrient management exhibited a significant impact on yield parameters such as number of fruits per plant, average fruit weight, and total yield per plant (Table 2). The highest fruit yield (52.93 kg plant⁻¹) was recorded under T₄, followed by T₆ (48.76 kg plant⁻¹) and T₈ (47.85 kg plant⁻¹). The lowest yield was recorded in the absolute control (T₁₀) with only 21.34 kg plant⁻¹.
The improved yield in T₄ may be attributed to the enhanced nutrient uptake and reproductive physiology mediated by PGPR inoculants, which promote efficient conversion of photosynthates into reproductive growth and fruit setting (Singh & Tripathi, 2022). PGPR species such as Pseudomonas fluorescens and Bacillus subtilis enhance nutrient cycling and produce siderophores that improve iron and phosphorus uptake, thereby enhancing fruit number and size (Bindu & Renjan, 2024).
Similar findings were reported by Sethy and Tarai (2025), who observed that integrating 75% RDF with microbial inoculants like Azospirillum and PSB enhanced papaya fruit yield and nutrient content. Kirad and Barche (2010) also confirmed that 75% RDF + 25% vermicompost + rhizosphere bacteria culture yielded higher fruit numbers and weights than full RDF alone, indicating improved nutrient use efficiency. The significant decline in yield under T₁₀ highlights the critical need for external nutrient supplementation in papaya cultivation.

[bookmark: _596st7ozqcle]Table 2. Effect of INM on Yield Attributes of Papaya cv. Red Lady
	Treatment
	No. of Fruits/Plant
	Avg. Fruit Weight (g)
	Total Yield (kg/Plant)

	T₁
	47.6
	910.2
	43.31

	T₂
	49.2
	932.4
	45.88

	T₃
	50.1
	950.8
	47.63

	T₄
	54.3
	975.5
	52.93

	T₅
	52.0
	945.7
	49.17

	T₆
	53.2
	958.2
	48.76

	T₇
	51.6
	940.1
	46.97

	T₈
	53.8
	962.1
	47.85

	T₉
	52.1
	949.3
	47.06

	T₁₀
	38.2
	754.3
	21.34


The higher yields under integrated nutrient systems suggest that microbial-enriched organics not only improve nutrient availability but also enhance soil microflora, leading to better pollination, fruit retention, and nutrient partitioning (Agrawal & Sahu, 2021). The improved organic matter under INM also enhances soil aggregation and moisture retention, which are critical for sustaining papaya yield under tropical conditions (Srivastava & Paithankar, 2019).
[bookmark: _vq35vwjv9lpt]3.3 Effect on Fruit Quality Parameters
The quality of papaya fruits, expressed in terms of TSS, pulp percentage, ascorbic acid content, and titratable acidity, was significantly improved by integrated nutrient management (Table 3). The highest TSS (15.64° Brix) and pulp content (90.28%) were recorded in T₄, followed by T₆ and T₈. Titratable acidity was lowest (0.10%) in T₄, indicating improved sugar-acid balance, which directly contributes to consumer preference and marketability.
Enhanced fruit quality under INM is primarily due to improved nutrient balance and microbial activity, which promote better carbohydrate metabolism and accumulation of soluble solids in the fruit (Thomas, 2025). Organic amendments also provide secondary and micronutrients, improving vitamin and sugar synthesis. Similar improvements in quality traits have been reported by Agrawal and Sahu (2021) in papaya, where integrated systems improved sweetness, firmness, and shelf life.
These findings also agree with Chawla and Sadawarti (2020), who found that INM enhances enzymatic activities involved in sugar and ascorbic acid synthesis, improving fruit palatability and nutritional quality.
[bookmark: _b1ur4tb2igdc]Table 3. Effect of INM on Fruit Quality of Papaya cv. Red Lady
	Treatment
	TSS (°Brix)
	Pulp (%)
	Ascorbic Acid (mg/100 g)
	Titratable Acidity (%)

	T₁
	13.42
	86.42
	61.2
	0.15

	T₂
	14.15
	88.10
	65.4
	0.13

	T₃
	14.36
	88.64
	66.1
	0.12

	T₄
	15.64
	90.28
	69.8
	0.10

	T₅
	14.72
	89.35
	68.2
	0.11

	T₆
	15.10
	89.60
	68.5
	0.11

	T₇
	14.48
	88.83
	67.2
	0.12

	T₈
	15.22
	89.84
	68.8
	0.11

	T₉
	14.91
	89.22
	67.7
	0.12

	T₁₀
	11.35
	84.11
	58.3
	0.18


The present findings align with the results of Singh and Tripathi (2022), who reported that RDF 75% + Azotobacter + PSB + vermicompost enhanced sugar accumulation and reduced fruit acidity in papaya. Similarly, Nayak and Dash (2015) noted that a 75% inorganic + 25% organic nutrient blend improved papaya fruit sweetness and yield under integrated irrigation systems.
[bookmark: _52br31j09vdd]3.4 Post-Harvest Soil Fertility and Sustainability
Post-harvest soil analysis indicated that the integrated nutrient management practices markedly improved soil fertility status (Table 4). Organic carbon, available nitrogen, phosphorus, and potassium increased significantly under INM treatments compared to full RDF and the control. The maximum organic carbon (0.57%) and available N (298 kg ha⁻¹) were recorded under T₈, while T₆ and T₄ followed closely.
This improvement may be attributed to the cumulative effect of organic inputs and microbial inoculants that facilitate mineralization, humus formation, and nutrient retention. The presence of organic residues enhances cation exchange capacity (CEC), improving nutrient holding and reducing losses (Srivastava & Paithankar, 2019).
According to Sethy and Tarai (2025), INM treatments involving PSB, Azotobacter, and Azospirillum improved soil microbial activity and nutrient availability while maintaining soil pH within the optimal range. Similar improvements in soil organic matter and nutrient status have been reported in other fruit crops such as mango and citrus under INM regimes (Chaurasia & Tripathi, 2025).
[bookmark: _nu90xr7ms7hd]Table 4. Effect of INM on Post-Harvest Soil Fertility of Papaya cv. Red Lady
	Treatment
	Organic Carbon (%)
	Available N (kg/ha)
	Available P (kg/ha)
	Available K (kg/ha)

	T₁
	0.41
	260
	19
	185

	T₂
	0.46
	273
	22
	198

	T₃
	0.48
	276
	23
	201

	T₄
	0.53
	291
	27
	218

	T₅
	0.49
	279
	24
	204

	T₆
	0.55
	294
	26
	213

	T₇
	0.51
	281
	25
	208

	T₈
	0.57
	298
	28
	220

	T₉
	0.52
	282
	25
	209

	T₁₀
	0.36
	241
	16
	170


These results indicate that organic and microbial sources not only supply nutrients but also improve soil structure and biological health, ensuring sustainable fertility restoration (Thomas, 2025). The combination of vermicompost and biofertilizers fosters a dynamic soil microbial ecosystem that supports long-term productivity.
[bookmark: _3ietmkip6v69]
The study clearly demonstrates that the partial substitution (25–50%) of chemical fertilizers with bio-enriched vermicompost significantly improves plant growth, yield, fruit quality, and soil health. Among all treatments, T₄ (PGPR mix-1 enriched vermicompost + 75% RDF) proved most effective, producing superior vegetative growth, fruit yield (52.93 kg/plant), and quality (15.64°Brix, 90.28% pulp). Treatments T₆ and T₈, with higher organic substitution levels, improved soil fertility and microbial activity, though yields were marginally lower than T₄. The integration of organic and biofertilizer components enhances nutrient-use efficiency, reduces chemical load, and promotes sustainable production—a finding consistent with long-term studies on INM across various fruit crops (Srivastava & Paithankar, 2019; Bindu & Renjan, 2024). The integration of microbial-enriched vermicompost with reduced chemical fertilizers significantly improved growth, yield, fruit quality, and soil fertility of papaya. Among all treatments, T₄ emerged as the best-performing treatment, balancing high productivity with soil sustainability. Therefore, the adoption of 75% RDF + 25% bio-enriched vermicompost can be recommended for papaya growers in Telangana to achieve higher yields with improved soil health and fruit quality, ensuring long-term ecological and economic sustainability.
[bookmark: _pzu5ug6i3ycb]Conclusion
The present investigation clearly demonstrated that integrated nutrient management (INM) plays a pivotal role in enhancing the growth, yield, fruit quality, and soil fertility of papaya (Carica papaya L.) cv. Red Lady under the Southern Telangana Agro-Climatic Zone. Among the ten nutrient treatments evaluated, the application of 25% NPK through PGPR mix-1 enriched vermicompost combined with 75% of the recommended dose of fertilizers (T₄) proved to be the most effective in achieving superior vegetative growth, maximum fruit number, fruit weight, and overall yield (52.93 kg plant⁻¹). It also resulted in the highest total soluble solids (15.64°Brix), pulp percentage (90.28%), and ascorbic acid content, while maintaining low acidity levels. Treatments with higher organic substitution (T₆ and T₈) significantly improved soil organic carbon, nutrient availability, and microbial activity, indicating better long-term soil health and sustainability. The results affirm that combining bio-enriched organic sources with reduced levels of chemical fertilizers enhances nutrient-use efficiency, reduces dependence on synthetic inputs, and ensures environmental safety.Therefore, adopting INM practices integrating PGPR-enriched vermicompost with 75% RDF is recommended for sustainable papaya cultivation in semi-arid regions of Southern Telangana. This approach not only maximizes productivity and fruit quality but also contributes to maintaining soil fertility and ecological balance—paving the way for climate-resilient and economically viable papaya production systems in tropical horticultural ecosystems.
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