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Correlation Analysis of Soil Nutrient Dynamics in Mulberry (Morus indica L.) Enhanced by Multi-Strain Liquid Biofertilizer Consortia for Sustainable Sericulture Development

ABSTRACT
Aims:
The present study evaluates the effects of integrated organic formulations involving Azospirillum, phosphate-solubilizing bacteria (PSB), and arbuscular mycorrhizal fungi (AMF) on soil chemical properties and macronutrient availability in Morus indica var. V1, and to examine the correlation among soil pH, electrical conductivity (EC), and nutrient content under greenhouse conditions.
Study Design: Factorial randomized complete block design (RCBD) with ten treatment combinations of liquid biofertilizers each with four replications.
Place and Duration of Study: Conducted at the Department of Sericulture, Forest College and Research Institute, Tamil Nadu Agricultural University, Mettupalayam, India, during the 2024–2025 growing season.
[bookmark: _GoBack]Methodology:
Ten biofertilizer treatments, including both single-strain and multi-strain liquid formulations, were applied to Morus indica var. V1 under greenhouse conditions. Soil samples were collected post-treatment to assess pH, EC, and macronutrient levels (N, P, and K). Statistical analysis including correlation analysis was conducted to determine relationships among soil parameters.
Results:
Significant treatment effects were observed on all soil chemical parameters. The highest pH (7.12) and EC (0.40 dS m⁻¹) were recorded in T9 (Orgafol + NAA + Azospirillum + PSB + VAM). T9 also showed the maximum nitrogen (210.63 kg ha⁻¹) and phosphorus (13.75 kg ha⁻¹) availability, while potassium was highest in T7 (224.03 kg ha⁻¹). Correlation analysis indicated a strong positive association between soil pH and EC (r = 0.717*), and highly significant correlations between nitrogen and pH (r = 0.942**), and between nitrogen and phosphorus (r = 0.699*).
Conclusion:
Multi-strain biofertilizer consortia significantly enhance soil nutrient dynamics and chemical properties in mulberry cultivation. Correlation analysis confirms the interdependence of soil pH, EC, and nutrient availability. Such integrated bioformulations offer a sustainable, eco-friendly alternative to synthetic inputs, contributing to improved soil health and sericulture productivity.

Keywords: Mulberry (Morus indica), Biofertilizer consortia, Soil fertility, Nitrogen fixation, Phosphorus solubilization, Arbuscular mycorrhizal fungi (AMF), Plant Growth Regulators (PGRs), Rhizospheric interactions



1. INTRODUCTION
Sericulture is one of the oldest agro-based industries in India, with its origins tracing back to the early Christian era (Nath et al., 2024). Central to this industry is the cultivation of mulberry (Morus spp.), a deep-rooted, fast-growing, deciduous perennial shrub of the family Moraceae, renowned for its adaptability and high biomass yield (Nath et al., 2025a; Nath et al., 2025b).In particular, Morus indica L., commonly referred to as "Kalpavriksha" for its multifaceted utility, serves as the exclusive food source for the monophagous silkworm, Bombyx mori L. (Dutta et al., 2025; Nath et al., 2025c). The mulberry leaf provides not only water but also essential nutrients, including proteins, carbohydrates, lipids, vitamins, and minerals critical for larval growth, cocoon development, and silk production (Samamiet al., 2019; Hajam et al., 2024).
India is the world’s second-largest producer of silk, where mulberry cultivation, particularly of high-yielding varieties like Morus indica cv. V1, forms the backbone of sericultural practices (Gunashekharet al., 2024; Hawrameeet al., 2019). Although mulberry is known for its adaptability across diverse agro-climatic regions, its commercial cultivation is increasingly threatened by declining soil fertility, rising input costs, and environmental degradation stemming from excessive use of chemical fertilizers (Baqual& Das, 2006; Baciu et al., 2023).Conventional reliance on synthetic nitrogen (N) and phosphorus (P) fertilizers has been linked to soil health deterioration, water contamination, and microbial imbalance (Devi & Sakthivel, 2018; Nazar et al., 2019). Furthermore, the escalating cost and reduced availability of chemical fertilizers necessitate a shift toward more sustainable and eco-friendly nutrient management strategies (Narayanaswamy et al., 2006). In this context, organic amendments, especially when combined with beneficial microorganisms, offer a promising solution to enhance soil productivity and reduce dependence on synthetic inputs (Nath et al., 2025b).
Organic inputs are known to improve soil structure, water retention capacity, microbial activity, and overall soil fertility, thereby ensuring long-term sustainability of mulberry plantations (Kerenhapet al., 2007). Recent approaches emphasize Integrated Nutrient Management (INM) involving biofertilizers, which include beneficial microorganisms such as Azospirillum, phosphorus solubilizing bacteria (PSB), and arbuscular mycorrhizal fungi (AMF) (Nath et al., 2025a). These microbes facilitate enhanced nutrient uptake, phytohormone production, and improved rhizospheric interactions, leading to better plant vigor and productivity (Lucy et al., 2004; Glick, 2012; Pavankumar et al., 2020).
Numerous studies have demonstrated the positive effects of biofertilizer consortia on mulberry morphology and physiology, including improvements in shoot length, root development, leaf yield, and biomass accumulation (Baqual, 2013; Moorthiet al., 2016; Dinițăet al., 2023). Notably, vesicular arbuscular mycorrhizal (VAM) fungi such as Glomus mosseae and G. fasciculatumhave been shown to enhance both macro and micronutrient absorption, particularly phosphorus, thereby reducing the need for external P inputs (Begum et al., 2019; Chakraborty et al., 2015).Co-inoculation strategies involving PSB and nitrogen-fixing bacteria like Azospirillum and Azotobacter have also proven effective in stimulating shoot and root traits in mulberry (Baqualet al., 2005; Baqual& Das, 2006; Rao et al., 2007; Vikram, 2010). Among the various delivery methods, liquid biofertilizers have gained attention for their advantages over carrier-based formulations offering longer shelf life, higher microbial viability, ease of application, and uniform distribution in the rhizosphere (Nath et al., 2025b).
Despite their potential, limited research exists on the use of multi-strain liquid biofertilizer formulations in mulberry cultivation, particularly under field conditions. Therefore, there is a pressing need to evaluate the efficacy of such liquid bioformulations in improving soil fertility and plant growth while ensuring sustainability. The present study aims to investigate the impact of integrated organic treatments involving multi-strain biofertilizers on soil chemical properties and nutrient availability, with a view to developing eco-friendly and cost-effective nutrient management strategies for sustainable mulberry-based sericulture.
2. MATERIALS AND METHODS 
2.1 Isolation and Preparation of Microbial Inoculants
Azospirillum spp. were isolated by culturing surface-sterilized root segments of Morus spp. (mulberry) on nitrogen-free bromothymol blue (Nfb) semi-solid medium, following the method described by Dobereineret al. (1976). Phosphate-solubilizing bacteria (PSB) were isolated from soil samples collected from an undisturbed field at the Forest College and Research Institute, Mettupalayam, using Pikovskaya’s agar medium (Sundara Rao & Sinha, 1963). Arbuscular mycorrhizal fungi (AMF) spores were extracted from the rhizosphere soil of mulberry through wet sieving and decanting techniques as per Gerdemann& Nicolson (1963).
2.2 Formulation of Liquid Bio-inoculant
The isolated microbial cultures were mass-multiplied in a nutrient broth comprising yeast extract (20 g L⁻¹), beef extract (20 g L⁻¹), peptone (20 g L⁻¹), bone meal (20 g L⁻¹), and agar (1 g L⁻¹). For bioformulation, an emulsion was prepared by dissolving 50 g of beeswax in 250 mL of boiling water, followed by the addition of 2 g borax. This emulsion was blended into the microbial broth at a concentration of 100 mL L⁻¹ to improve shelf-life and field applicability.
[image: ]
Fig. 1. Bioformulation developed using Azospirillum, phosphate-solubilizing bacteria, and AMF cultures.
2.3 Experimental Setup
The pot experiment was conducted in a naturally ventilated greenhouse at the Department of Sericulture, Forest College and Research Institute, Tamil Nadu Agricultural University, Mettupalayam (11.20°N, 76.56°E; altitude: 320 m above mean sea level). Morus spp. var. V1 cuttings were planted in pots filled with pre-analyzed soil, and maintained under ambient greenhouse conditions (temperature: 31–42 °C; relative humidity: ~68%). Initial soil physicochemical properties were as follows: pH 6.97, electrical conductivity (EC) 0.38 dS m⁻¹, available nitrogen 188.06 kg ha⁻¹, phosphorus 10.27 kg ha⁻¹, and potassium 215 kg ha⁻¹.
2.4 Treatment Design
A total of ten treatment combinations were evaluated, each applied at a rate of 5 mL per plant. The experiment followed a factorial randomized complete block design (RCBD) with four replications. Treatment details are outlined in Table 1.
Table 1. Experimental treatment compositions
	Treatment No.
	Treatment Compositions

	
	

	T1 (Control)
	Orgafol

	T2
	Orgafol + NAA

	T3
	Orgafol + Azospirillum

	T4
	Orgafol + Phosphobacteria

	T5
	Orgafol + VAM

	T6
	Orgafol + NAA + Azospirillum

	T7
	Orgafol + NAA + Phosphobacteria

	T8
	Orgafol + NAA + VAM

	T9
	Orgafol + NAA + Azospirillum + Phosphobacteria+ VAM

	T10
	Orgafol + Azospirillum + VAM



2.5 Soil Sampling and Analytical Procedures
At the conclusion of the three-month experimental period, soil samples were collected from each pot to assess treatment effects on soil quality. Parameters measured included pH, EC, microbial load (log CFU g⁻¹), and available N, P, and K content. Soil pH and EC were determined using a pH meter and conductivity meter, respectively, following standard potentiometric procedures (Jackson, 1969). Available nitrogen was estimated using the alkaline permanganate method (Subbiah &Asija, 1956), phosphorus by Olsen’s method (Olsen et al., 1954), and potassium using neutral normal ammonium acetate extraction (Stanford & English, 1949).
2.6 Correlation Analysis
Correlation analysis was performed to know the direction and magnitude of association among the various traits. Calculated value was tested against table ‘r’ value at (n-2) degrees of freedom for both 0.05 and 0.01 probability level. Correlation values were computed by using the following formula given by Weber & Moorthy (1952). 

Where, 
Cov (x y) = covariance of x and y 
σx = standard deviation of x 
σy = standard deviation of y
2.7 Experimental Design and Statistical Analysis
Data were statistically analyzed using a factorial RCBD framework with four replications to evaluate treatment effects and interactions. Statistical analysis was performed using OPSTAT and SPSS software (version 23). Correlation analysis was conducted using SPSS software (version 23). Treatment effects were considered statistically significant at p < 0.05.
3. RESULTS AND DISCUSSION
3.1 Effect of organic formulations on Soil chemical properties 
The application of different organic formulations significantly influenced the soil chemical properties, particularly electrical conductivity (EC) and soil pH.Table 2 shows the results of the study which indicate significant (p < 0.05) variations in EC and pH across different treatmentsTheEC values ranged from 0.30to 0.40 dS m⁻¹, while soil pH values varied from 6.51 to 7.12, indicating only minimal yet meaningful variations across treatments. The highest EC (0.40 dS m⁻¹) and pH (7.12) were recorded in Treatment 9 (Orgafol + NAA + Azospirillum + Phosphobacteria+ VAM), followed by Treatment 8 and Treatment 7, which also showed elevated pH and EC levels compared to the control. The lowest EC and pH were observed in Treatment 3 (Orgafol + Azospirillum). Despite the narrow range of fluctuations, the significant differencesin both parameters suggest that the type and combination of biofertilizers play a role in modulating soil chemical behavior, potentially influencing nutrient mobility and microbial activity in the rhizosphere. The observed moderate shifts in soil pH and electrical conductivity underscore the influence of biofertilizer treatments on soil chemical dynamics. The comparatively higher values recorded in Treatment 9 suggest a synergistic effect of the combined microbial consortia in enhancing nutrient solubility and soil buffering capacity. Such changes are likely mediated through microbial processes in the rhizosphere, which alter the proton and ion exchange equilibrium, as reported by Rao et al. (2007). Additionally, the increase in EC across several treatments may be indicative of accelerated decomposition and nutrient mineralization, particularly following the application of liquid organic amendments. These outcomes are in concordance with the findings of Gulseret al. (2010), who demonstrated that organic fertilizers contribute to elevated EC levels due to enhanced nutrient release and microbial turnover. Furthermore, Ramalakshmi et al. (2008) reported that biofertilizer application slightly reduced soil alkalinity, resulting in a measurable shift in pH compared to untreated soils supporting the current observations of pH modulation under different organic formulations.
Table 2. Effect of different organic formulations on Soil Electrical Conductivity (EC) and pH under greenhouse condition
	Treatments	
	Electrical Conductivity (d Sm-1)
	Soil reaction (pH)

	
	
	

	T1 (Orgafol) (Control)
	0.31±0.004
	6.56±0.012

	T2 (Orgafol + NAA)
	0.33±0.007
	6.57±0.013

	T3 (Orgafol + Azospirillum)
	0.30±0.004
	6.51±0.013

	T4 (Orgafol + Phosphobacteria)
	0.32±0.004	
	6.55±0.007

	T5 (Orgafol + VAM)
	0.37±0.005
	6.76±0.018

	T6 (Orgafol + NAA + Azospirillum)
	0.31±0.004
	6.97±0.009

	T7 (Orgafol + NAA + Phosphobacteria)
	0.36±0.006
	7.00±0.007

	T8 (Orgafol + NAA + VAM)
	0.39±0.004
	6.96±0.011

	T9 (Orgafol + NAA + Azospirillum + Phosphobacteria+ VAM)
	0.40±0.004
	7.12±0.007

	T10 (Orgafol + Azospirillum + VAM)
	0.36±0.004
	6.77±0.009

	Mean
	0.35
	6.78

	CD @ 0.05%
	0.013
	0.021


3.2 Effect of organic formulations on Soil NPK level 
The results (Table 3) demonstrate that the application of different organic formulations had a significant effect (p < 0.05) on the availability of nitrogen (N), phosphorus (P), and potassium (K) in the soil. The available nitrogen content ranged from 184.62 to 210.63 kg ha⁻¹, with the highest nitrogen observed in Treatment 9 (Orgafol + NAA + Azospirillum + Phosphobacteria), followed closely by Treatment 6 and Treatment 7. Similarly, available phosphorus varied from 12.05 to 13.75 kg ha⁻¹, with Treatment 9 again showing the highest level, indicating enhanced phosphorus solubilization due to synergistic microbial activity. Potassium availability ranged from 215.13 to 224.03 kg ha⁻¹, with the highest value recorded in Treatment 7 (Orgafol + NAA + Phosphobacteria). Overall, all treatments showed improvement over the control (T1), confirming the beneficial role of combined biofertilizer applications in enhancing soil fertility. The statistically significant increases across all three macronutrients affirm the effectiveness of integrating NAA, Azospirillum, Phosphobacteria, and VAM in promoting nutrient availability.
Organic amendments are well-documented for their ability to enhance soil structure, microbial community richness, and nutrient cycling efficiency (Sun et al., 2014; Ling et al., 2016). In the present study, notable increases in available nitrogen, phosphorus, and potassium were observed following the application of biofertilizers, underscoring their role in improving soil fertility. These enhancements are likely attributed to the increased microbial diversity and activity in the rhizosphere, which facilitates more efficient nutrient mobilization and cycling (Zhu et al., 2013; Lee et al., 2004).
The superior performance of Treatment 9 in terms of N and P availability, and Treatment 7 in K availability, highlights the synergistic interactions between multiple microbial inoculants. These findings are supported by Harishkumar et al. (2019), who observed elevated phosphorus levels with formulations containing Azospirillum, Azotobacter, PSB, and VAM. Likewise, Baldaniet al. (1983) and Harley (1989) demonstrated the capacity of Azospirillum and VAM to significantly enhance nitrogen and phosphorus uptake in crops. The combined application of Azospirillum and VAM, as shown by Barea et al. (1983), further amplified nitrogen uptake beyond plant requirements, consistent with the current results.
Ramalakshmi et al. (2008) also reported substantial increases in available NPK in soils inoculated with biofertilizers such as Azospirillum, Phosphobacteria, and Mycorrhiza, aligning closely with the trends observed in this study. Similarly, Mertens and Hess (1984) found increased soil nitrogen in wheat following Azospirillum application, due to enhanced biological nitrogen fixation. The present increase in soil phosphorus corroborates with Sundaravadivelet al. (1999), who documented improved P availability with phosphobacteria inoculation. Further, Ramalakshmi et al. (2008) also found elevated potassium levels in treatments involving Azophos and mycorrhiza, which agrees with the current findings.
In addition, Yadav & Kumar (1993) emphasized the robust nitrogen-fixing ability of Azospirillum, contributing to soil fertility enhancement, consistent with the present observations. Similar outcomes have been reported by Rashmi et al. (2007) and Murali et al. (2006), who noted improved NPK availability when biofertilizers were used in combination with organic amendments. The findings are further substantiated by Chikkaswamy (2015), reaffirming that integrated bio-organic strategies substantially enhance nutrient status and promote sustainable soil health.
Table 3. Effect of different organic formulations on Available Soil Nitrogen, Phosphorus, and Potassium Levels (kgha-1) under greenhouse condition
	Treatments
	Available Soil Nitrogen (kgha-1)
	Available Soil Phosphorus (kgha-1)
	Available soil Potassium (kgha-1)

	T1 (Orgafol) (Control)
	188.90±0.521
	12.79±0.071
	217.38±0.473

	T2 (Orgafol + NAA)
	188.92±0.552
	12.72±0.085
	215.13±0.515

	T3 (Orgafol + Azospirillum)
	184.62±0.688
	12.72±0.063
	216.38±0.473

	T4 (Orgafol + Phosphobacteria)
	186.31±0.572	
	12.13±0.085
	222.48±0.625

	T5 (Orgafol + VAM)
	191.90±0.793	
	12.05±0.096
	223.15±0.436

	T6 (Orgafol + NAA + Azospirillum)
	208.38±0.512
	12.97±0.048
	220.98±0.612

	T7 (Orgafol + NAA + Phosphobacteria)
	202.11±0.429
	13.08±0.085
	224.03±0.410

	T8 (Orgafol + NAA + VAM)
	200.85±0.488	
	12.48±0.085
	223.45±0.334

	T9 (Orgafol + NAA + Azospirillum + Phosphobacteria+ VAM)
	210.63±0.625
	13.75±0.087
	221.25±0.520

	T10 (Orgafol + Azospirillum + VAM)
	188.90±0.501
	12.23±0.085
	221.48±0.334

	Mean
	195.15
	12.69
	220.57

	CD @ 0.05%
	1.026
	0.145
	0.691


3.3 Correlation between Soil Chemical Properties and Nutrient Availability
The correlation analysis among soil chemical properties and nutrient availability revealed several statistically significant relationships that highlight the interactive effects of pH, electrical conductivity (EC), and macronutrient dynamics (Table 4). A strong positive correlation was observed between soil pH and EC (r = 0.717*), suggesting that increases in soluble salt concentration are associated with a rise in soil pH. This finding aligns with the results of Ranjbar and Jalali (2016), who reported a similar trend in agricultural soils, attributing it to increased base saturation in the rhizosphere due to nutrient accumulation. Available nitrogen (N) exhibited a very strong and significant positive correlation with pH (r = 0.942**), indicating that nitrogen availability is highly responsive to changes in soil reaction, particularly as the soil approaches a neutral pH range. These results are consistent with the findings of Watroset al. (2019) and Jatav & Mishra (2012), who noted enhanced nitrogen availability under near-neutral conditions. This relationship is largely attributable to increased microbial activity and enzymatic processes that promote nitrogen mineralization. Similar patterns have also been reported by Jain (1997) and Kumar et al. (2009) across various soil types.
Available phosphorus (P) showed a positive correlation with both EC (r = 0.194) and pH (r = 0.560), suggesting that phosphorus availability is enhanced in soils with improved ionic balance and moderately acidic to neutral pH levels. This supports the findings of Singh and Singh (1985), who observed greater phosphorus solubility in neutral to slightly acidic Inceptisols due to reduced fixation by iron and aluminum oxides and enhanced microbial solubilization. Potassium (K) availability was positively correlated with both EC (r = 0.607) and pH (r = 0.639*), indicating that potassium mobility improves under conditions of moderate salinity and optimal pH. These results are corroborated by Behera and Shukla (2015) and Li et al. (2007), who reported that such conditions enhance the cation exchange capacity and reduce potassium adsorption, making it more available to plants.
The interrelationships among nutrients further revealed a moderate positive correlation between N and P (r = 0.699*), while P and K exhibited a weak negative correlation (r = -0.154), possibly due to competitive uptake or nutrient antagonism under certain treatments. Overall, the significant positive correlations among N, P, and K emphasize a synergistic interaction among major nutrients, wherein biofertilizer-mediated improvements in soil chemical conditions simultaneously enhance the availability of multiple essential nutrients. These findings are consistent with those of Sharma et al. (2008) and reinforce the importance of managing soil pH and microbial diversity as a strategy to optimize nutrient cycling and support sustainable crop production.
Table 4. Pearson’s Correlation Matrix Showing the Relationship Between Soil Physicochemical Properties and Available Macronutrients
	
	EC
	pH
	N
	P
	K

	EC
	1
	
	
	
	

	pH
	       0.717*
	1
	
	
	

	N
	       0.519
	0.942**
	1
	
	

	P
	       0.194
	0.560
	0.699*
	1
	

	K
	       0.607
	 0.639*
	0.456
	-0.154
	1


	*. Correlation is significant at the 0.05 level (2-tailed).

	**. Correlation is significant at the 0.01 level (2-tailed).


4. CONCLUSION
The results of this study demonstrate that integrated application of multi-strain liquid biofertilizers, comprising Azospirillum, phosphorus-solubilizing bacteria (PSB), and arbuscular mycorrhizal fungi (AMF) significantly improves the chemical properties of soil and enhances the availability of major nutrients (N, P, K) essential for mulberry growth. The highest nutrient availability and optimal soil pH and EC were recorded in treatments receiving combinations of all three microbial inoculants along with organic stimulants such as Orgafol and NAA. Correlation analysis further highlighted the pivotal role of soil pH in regulating nutrient dynamics, particularly nitrogen and phosphorus availability. These findings validate the synergistic effects of beneficial microbes in mobilizing nutrients through enhanced microbial activity, improved rhizospheric interactions, and greater enzymatic transformation of soil-bound nutrients. Compared to traditional reliance on chemical fertilizers, the use of liquid biofertilizer consortia presents a promising, eco-friendly alternative that supports sustainable soil management and long-term productivity in mulberry cultivation. This integrated nutrient management approach aligns with the goals of environmentally sustainable sericulture by minimizing chemical input dependency, improving soil health, and enhancing nutrient-use efficiency.
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