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Screening and Characterization of High Efficiency Phosphate Solubilizing Bacteria from the Rhizospheres of Sangareddy District, Telangana, India 

Abstract

This study investigated the potential of indigenous phosphate-solubilizing bacteria (PSB) to address phosphorus limitation in the semi-arid tropical soils of Sangareddy district of Telangana state. By isolating microbial strains from diverse rhizospheric environments and employing both qualitative and quantitative characterization—including the molybdenum blue method and multi-phasic biochemical analysis—we identified ten high-performing isolates from the Pseudomonas, Bacillus, and Micrococcus genera. A notable discrepancy was observed between solid-media halo zones and liquid-broth efficiency, confirming the "Nautiyal effect" and highlighting that acid diffusion rates in solid media may underestimate true phosphate solubilizing metabolic potential. Specifically, Isolate I47 (Pseudomonas strain) demonstrated an exceptional quantitative solubilization capacity, marking it as a superior candidate for agricultural application. These resilient, locally adapted bacteria represent a promising biological toolkit for developing cost-effective bio-fertilizers. By enhancing the bioavailability of mineral-locked phosphorus, these isolates offer a sustainable strategy to improve soil fertility and increase crop productivity in phosphorus-fixing tropical ecosystems.
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1.Introduction
Phosphorus (P) is a critical macronutrient essential for plant growth and development, playing a central role in biosynthesis and energy transfer (Marschner, 2012). It is a foundational component of nucleic acids, phospholipids, and phytic acid, and it drives key metabolic processes including photosynthesis, respiration, and signal transduction (Silva et al., 2021, Bechtaoui et al., 2021.). Beyond its role in energy metabolism, phosphorus acts as a vital intermediary in signal transduction and the regulation of the photosynthetic dark phase, enabling plants to adapt to environmental stressors and maintain physiological homeostasis (Odoom & Ofosu, 2024; Puttaswamy et al., 2024). Despite its biological importance, phosphorus (P) is frequently a growth-limiting factor in agricultural systems because it lacks a large atmospheric source and exists primarily in insoluble, fixed forms within the soil. While many agricultural soils contain high total phosphorus (P) reserves, the concentration of soluble, plant-accessible phosphorus (P) is often as low as 400–1260 mg kg⁻¹ (Puttaswamy et al., 2024). To meet the rising food demand of a growing global population, phosphorus fertilizer consumption has increased by approximately 2.5–3.0% annually (Chary et al.,2023). However, conventional chemical fertilizers—such as triple superphosphate and di-ammonium phosphate—suffer from rapid immobilization; a large portion of applied inorganic phosphate becomes unavailable to plants shortly after application (Dhiman et al., 2025). Furthermore, the industrial production of these fertilizers depletes finite global phosphorus(P) reserves and generates significant environmental waste (Odoom & Ofosu, 2024). Phosphate solubilizing bacteria (PSB) offer a sustainable biotechnological solution to these challenges. Dominant soil genera, including Pseudomonas and Bacillus, serve as biofertilizers by converting insoluble soil phosphorus into bioavailable forms (Pan, & Cai, 2023). These microorganisms employ diverse mechanisms to unlock P, most notably the secretion of low-molecular-weight organic acids that chelate cations bound to phosphate, and the production of enzymes like phosphatases and phytases (Pan, & Cai, 2023; Puttaswamy et al., 2024).
Beyond nutrient mobilization, PSB act as plant growth-promoting rhizobacteria (PGPR). They stimulate development through the production of phytohormones such as auxins, cytokinins, and gibberellic acid, while also contributing to nitrogen fixation and pathogen resistance (Sun et al.,2024, Bai et al.,2024). Additionally, recent studies highlight the role of PSB in mitigating environmental risks; increased phosphorus availability can reduce the assimilation of heavy metals like Cadmium (Cd) in plants, thereby protecting the food chain from toxic accumulation (Kan et al., 1989, Ma et al., 2025, Luo et al., 2026). Improving the effectiveness of phosphorus through PSB-mediated solubilization is therefore essential for reducing chemical fertilizer reliance and ensuring long-term agroecological sustainability (Rawat et al.,2020).
Unlocking phosphorus (P) from mineral-locked soils is a critical challenge for sustainable agriculture, particularly in the phosphorus-fixing semi-arid tropical ecosystems of India. While the role of phosphate-solubilizing bacteria (PSB) is well-documented, there is a significant research gap regarding the identification of indigenous, high-efficiency strains specifically adapted to the unique mineralogy of the Telangana region of southern India. Most commercial bio-fertilizers fail to perform under local soil stresses, necessitating the discovery of resilient, native isolates. This study addresses this gap by isolating and characterizing potent PSB from diverse local rhizospheres and provides a robust biotechnological framework for developing cost-effective, site-specific bio-fertilizers tailored for semi-arid tropical ecosystems.

[bookmark: _Hlk225507865]This research study explores the potential of phosphate solubilizing bacteria (PSB) isolated from the rhizospheres of various crops such as cotton, pigeon pea, rice, brinjal, tomato fields from Irigipalle and Mubarakpur villages, Sangareddy mandal 17.655oN ,78.016oE to serve as sustainable bio-fertilizers. The novelty of this study stems from the isolation of indigenous rhizosphere bacteria that have evolved specifically within these phosphate-deficient, high-fixation environments. This research study highlights superior metabolic adaptation compared to commercial strains and addresses the "Nautiyal effect" by validating the discrepancy between liquid-broth solubilization and agar-based halo zones in assessing PSB efficiency. The research aims to isolate, identify, characterize, and evaluate these indigenous strains to refine criteria for selecting high-performance bio-fertilizers. 
2.Methodology
2.1. Chemicals and reagents
Pikovskaya’s agar, Pikovskaya’s broth from Himedia Laboratories India; Bionix Phosphate estimation kit, KH2 PO4, sodium hydroxide, phenolphthalein indicator, 
2.2. Collection of soil samples from crop fields
About 500 grams of soil was collected from fields such as cotton, pigeon pea, rice, brinjal, pepper, tomato fields located at Irigipalle and Mubarakpur villages of Sangareddy mandal with approximate coordinates of 17.655oN ,78.016oE by the students of Tara government college in clean polythene covers and stored at 4oC in refrigerator for experiments (Figure1).
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Figure1.  Sangareddy district is situated in the western part of Telangana. The district spans from approximately 17°27' to 18°19' North latitude and 77°28' to 79°10' East longitude and 536 m above sea level.
2.3. Isolation and screening of phosphate solubilizing bacteria
Initially, 10 g of soil is homogenized in 90 mL of sterile saline at 130–150 rpm to release soil-bound microbes, creating a 10-1 dilution. Using a serial dilution series up to 10-8, 0.1 mL aliquots are inoculated onto Pikovskaya’s agar by the spread plate technique and incubated at 30oC for up to seven days (Mengesha, & Legesse, 2024, Fatimah et al.,2021). The primary indicator of PSB activity is the formation of a halo zone (clearance zone) around a colony. This occurs when the bacteria secrete organic acids or enzymes that dissolve the suspended tri-calcium phosphate. The efficiency of this process is qualitatively measured using the phosphate solubilization index (PSI) (Geraldi, et al.,2024).

2.4. Characterization of phosphate solubilizing bacterial isolates
To characterize the bacterial isolates, a multi-phasic approach involving colony morphology and cultural characteristics, microscopic and biochemical analyses was employed (Lakkannavar et al., 2024, Leiva-Mora et al., 2026). Morphological identification was conducted through Gram staining to differentiate cell wall types (purple for positive, red for negative) and the Schaeffer-Fulton method to detect resilient green endospores within red vegetative cells. Motility was confirmed via the hanging drop technique, distinguishing directed movement from Brownian motion. The metabolic profile of the isolates was established using the IMViC (indole, methyl red, Voges Proskauer, citrate utilization) tests, oxidase test., completing the diagnostic framework necessary for identifying the phosphate-solubilizing strains (Shakya et al.,2024).
2.5. Evaluation and quantification of phosphate solubilization efficiency of bacterial isolates in Pikovskaya’s broth
To evaluate phosphate solubilization efficiency, bacterial isolates were cultivated in Pikovskaya’s broth for seven days at 30oC on orbital shaker incubator. Cell-free filtrates were then analysed using the Ascorbic Acid (Molybdenum Blue) method using Bionix phosphate estimation kit. Solubilized phosphorus concentrations were quantified calorimetrically at 660 nm by comparing sample absorbance against a KH2PO4 standard curve (Murphy & Riley, 1962, Adibe et al., 2022).
2.6. pH change and titrable acidity
The change in pH of the Pikovskaya’s broth due to the growth of PSB after 7 days incubation period was measured with a pH paper and also by pH meter. Seven-day old cultures were filtered through multi-layered Whatman No.1 filter paper in order to examine the titrable acidity of the culture media. A 50 ml conical flask was filled with 10 ml of the culture filtrate. A few drops of phenolphthalein indicator were added, and the solution was titrated against a 0.1 N NaOH solution. The pink color was identified as the titration's end point (Eramma, et al.,2020). The titrable acidity was measured in terms of normality.
2.7. Statistical analysis
All experiments, including the determination of the phosphate solubilization index (PSI) and quantitative broth assays, were performed two times in triplicates. Data are expressed as mean values. Statistical significance and correlations between solid-media and liquid-broth quantification were analysed to ensure the reproducibility and reliability of the isolated strains performance.
3. Results
[bookmark: _Hlk223286441]3.1. Screening for phosphate solubilizing bacteria from different crop soils of Sangareddy district
The initial screening was conducted by observing the formation of clear "halo zones" around bacterial colonies on Pikovskaya’s Agar. This visual indicator confirms the production of organic acids by the bacteria to solubilize the tri-calcium phosphate (TCP) in the medium. Bacterial isolates from different crop soils in Sangareddy exhibited varying degrees of solubilization, with higher PSI values indicating superior efficiency. The percentage of different phosphate solubilizing bacteria in different crop fields of are given below.
Table 1. Screening for phosphate solubilizing bacteria from different crop soils of Sangareddy district

	S. No
	Crop Soil
	Number of Bacterial isolates observed
	Number of Phosphate solubilizing bacteria
	Percentage of Phosphate solubilizing bacteria in Rhizosphere of crop

	1
	Cotton
	130
	60
	46.15

	2
	Pigeon pea
	56
	34
	60.71

	3
	Paddy
	55
	28
	50.90

	4
	Tomato
	60
	20
	33.33

	5
	Brinjal
	60
	20
	33.00


* Values represent the mean of two independent experiments performed in triplicate (n=6)

Table.2. Bacterial isolates and their mean phosphate solubility index
	Isolate
	Rhizosphere soil  
	Colony Diameter in mm
	Halo Zone Diameter in mm
	PSI

	I1
	Cotton
	7
	20
	2.85

	I15
	Cotton
	6
	17
	2.83

	I45
	Pigeon pea
	10
	28
	2.8

	I46
	Pigeon pea
	10
	26
	2.6

	I47
	Pigeon pea
	7
	23
	3.28

	I48
	Brinjal
	19
	23
	1.21

	I53
	Tomato
	6
	8
	1.33

	I77
	Paddy
	5
	17
	3.4

	I78
	Paddy
	7
	17
	2.42

	I83
	 Paddy
	4
	20
	5


* Values represent the mean of two independent experiments performed in triplicate (n=6)
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Figure 2. Phosphate solubilizing bacterial colonies on Pikovskaya’s agar showing clear halo zones of phosphate solubilization due to dissolution of tricalcium phosphate by releasing organic acids into medium



3.2. Identification of bacterial isolates by colony morphology (cultural characters), microscopy and biochemical tests

Various bacterial isolates solubilizing phosphate from the Pikovskaya’s agar media are studied for colony   characteristics such as color, pigmentation, consistency, size, degree of growth on nutrient agar media, MacConkey agar media, Gram’s staining and for presence and absence of endospores etc. The PSB isolates, I1, I15, I45, I46, I47, I48, I77, I78 and I83 were Gram negative, motile, non-spore forming bacilli with indole negative, methyl red (MR) test negative, Voges Proskauer (VP) test negative and citrate utilization test positive and producing blueish yellow, yellow green, brown black pigments diffusing into nutrient agar medium and are positive to Oxidase test (Pseudomonas spp.). Whereas I48 was Gram positive spore forming bacilli producing large colorless colonies on nutrient agar and pink colonies on MacConkey agar (w/o crystal violet) and methyl red test positive and oxidase test positive (Bacillus spp.). The isolate I 53 was Gram positive cocci forming tetrads and irregular clusters, producing yellow colonies on nutrient agar and pink colonies on MacConkey agar (w/o crystal violet) and VP test positive and oxidase test positive (Micrococcus spp). The results colony morphology and microscopy of PSB isolates were summarized below in table 3 and results of biochemical tests were given in table 4.







Table 3. Identification of bacterial isolates by colony morphology and microscopy
	Isolate
	Crop field
	Pigmentation on Nutrient Agar
	Growth on MacConkey Agar
	Gram Reaction
	Morphology
	Endospores
	Motile/ Nonmotile

	I1
	Cotton
	Pyocyanin, Pyorubin, pyomelanin
	Non-Lactose fermenting pale colonies
	Gram Negative
	Bacilli
	No
	Motile

	I15
	Cotton
	Pyocyanin, Pyorubin, pyomelanin
	Non-Lactose fermenting pale colonies
	Gram Negative
	Bacilli
	No
	Motile

	I45
	Pigeon pea
	Pyocyanin, Pyorubin, pyomelanin
	Non-Lactose fermenting pale colonies
	Gram Negative
	Bacilli
	No
	Motile

	I46
	Pigeon pea
	Pyocyanin, Pyorubin, pyomelanin
	Non-Lactose fermenting pale colonies
	Gram Negative
	Bacilli
	No
	Motile

	I47
	Pigeon pea
	Pyocyanin, Pyorubin, pyomelanin
	Non-Lactose fermenting pale colonies
	Gram Negative
	Bacilli
	No
	Motile

	I48
	Brinjal
	No pigment
	Lactose fermenting pink colonies
	Gram Positive
	Bacilli
	Yes
	Motile

	I53
	Tomato
	No pigment
	Lactose fermenting pink colonies
	Gram positive
	Cocci
	No
	Non motile

	I77
	Paddy
	Pyocyanin, Pyorubin, pyomelanin
	Non-Lactose fermenting pale colonies
	Gram Negative
	Bacilli
	No
	Motile

	I78
	Paddy
	Pyocyanin, Pyorubin, pyomelanin
	Non-lactose fermenting pale colonies
	Gram Negative
	Bacilli
	No
	Motile

	I83
	Paddy
	Pyocyanin, Pyorubin, pyomelanin
	Non-lactose fermenting pale colonies
	Gram Negative
	Bacilli
	No
	Motile


  

Table.4. Biochemical tests for identification of isolates of phosphate solubilizing bacteria
	Isolate
	Indole test
	Methyl red test
	Voges Proskauer test
	Citrate utilization test
	Oxidase test
	Identified bacterial isolate

	I1
	-
	-
	-
	+
	+
	Pseudomonas

	I15
	-
	-
	-
	+
	+
	Pseudomonas

	I45
	-
	-
	-
	+
	+
	Pseudomonas

	I46
	-
	-
	-
	+
	+
	Pseudomonas

	I47
	-
	-
	-
	+
	+
	Pseudomonas

	I48
	-
	+
	-
	-
	+
	Bacillus

	I53
	-
	-
	+
	-
	+
	Micrococcus

	I77
	-
	-
	-
	+
	+
	Pseudomonas

	I78
	-
	-
	-
	+
	+
	Pseudomonas

	I83
	-
	-
	-
	+
	+
	Pseudomonas


                     *Two independent experiments performed in triplicate (n=6)
3.3. Determination of titrable acidity of Pikovskaya’s broth
The titrable acidity of the culture medium after 7 days incubation at 30°C (Celsius) on orbital shaker at 120rpm was measured. The titrable acidity of Pikovskaya’s broth was expressed as normality and results were given below in table.5. The pH values of culture filtrate of all 10 isolates were between pH 5 to pH 6. 
	S. No
	Bacterial isolate
	Normality of Phosphate Broth 

	1
	I1
	0.027

	2
	I15
	0.026

	3
	I45
	0.02

	4
	I46
	0.03

	5
	I47
	0.026

	6
	I48
	0.023

	7
	I53
	0.022

	8
	I77
	0.022

	9
	I78
	0.023

	10
	I83
	0.021


Table 5. Titrable acidity of Pikovskaya's broth after seven days culture at 30°C (Celsius) on Orbital Shaker at 120rpm






* Values represent the mean of two independent experiments performed in triplicate (n=6)
3.4. Colorimetric determination of solubilized phosphate in Pikovskaya’s broth using the molybdate method
[bookmark: _Hlk225004999]A linear standard calibration curve was prepared using known concentrations of potassium dihydrogen phosphate ranging from 0 µg/mL to 1800 µg/mL and measuring their absorbance at 660 nm on colorimeter. Finally, the concentration of released phosphorus is determined by plotting the absorbance values against the standard calibration curve equation (y = 0.0007x + 0.0038) and adjusting for any dilution factors (Figure 3 and Figure 4). The amount of solubilized phosphate by each isolate was calculated and given below in table.6.

                    Figure 3.  Estimation of Phosphate by Molybdate Method 

    Table 6. Estimation of solubilized phosphate by molybdate method using Bionix phosphate estimation kit
	Bacterial isolate
	Y
	m
	C
	Y-C
	x=Y-c/m µg/ml
	DF(x20) µg/mL
	Rank

	I1
	0.22
	0.0007
	0.0038
	0.2162
	308.85
	6177
	9

	I15
	0.38
	0.0007
	0.0038
	0.3762
	537.42
	10748.4
	5

	I45
	0.28
	0.0007
	0.0038
	0.2762
	394.57
	7891.4
	7

	I46
	0.41
	0.0007
	0.0038
	0.4062
	580.28
	11605.6
	3

	I47
	0.51
	0.0007
	0.0038
	0.5062
	723.14
	14462.8
	1

	I48
	0.26
	0.0007
	0.0038
	0.2562
	366
	7320
	8

	I53
	0.33
	0.0007
	0.0038
	0.3262
	466
	9320
	6

	I77
	0.4
	0.0007
	0.0038
	0.3962
	566
	11320
	4

	I78
	0.38
	0.0007
	0.0038
	0.3762
	537.42
	10748.4
	5

	I83
	0.46
	0.0007
	0.0038
	0.4562
	651.71
	13034.2
	2


* Values represent the mean of two independent experiments performed in triplicate (n=6)
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Figure 4. Estimation of solubilized phosphate by molybdate method using Bionix phosphate estimation kit
4. Discussion
The ten bacterial isolates obtained from the soil samples exhibited a wide range of phosphate-solubilizing efficiencies, with PSI values ranging from 1.21 to 5.0. These results are consistent with, and in several cases exceed, findings reported in previous studies of rhizosphere-dwelling phosphate-solubilizing bacteria (PSB). We identified three different categories of phosphate solubilizers in our study. These are 
Superior Solubilizers (PSI > 3.0): The I83 Isolate, with a PSI of 5.0, I77, with a PSI of 3.4 and I47 with a PSI of 3.28 demonstrated exceptional solubilization potential. These values are significantly higher than the maximum PSI reported in several studies, such as Jahangir et al. (2019) and Eramma et al. (2020), and Darvis suleman et al. (2019).  The PSI of 5.0 of our isolate I83 is comparable to elite strains like those identified by Pande et al. (2017), who observed indices as high as 5.8.
High-Efficiency Isolates (PSI 2.42–2.85): Six of the isolates (Isolates I1, I15, I45, I46, I47 and I78) showed PSI values between 2.42 and 3.28. These results align closely with the findings of Abdelaziz et al. (2019), that PSI ranges from 1.2 to 2.3 for potent soil isolates from Egyptian calcareous soils on NBRIP (National Botanical Research Institute's Phosphate) medium. Similarly, Banerjee et al. (2017) identified a potent Pseudomonas aeruginosa strain with an PSI of 2.85, matching our Isolate I1. 
Low to Moderate Solubilizers (PSI < 2.0): Isolates, I48 (PSI 1.21) and I53 (PSI 1.33) exhibited lower solubilization efficiency. These values are typical for moderate solubilizers often found in environmental samples, similar to those reported by Karpagam and Nagalakshmi (2014), where several isolates fell within the 1.13 to 2.23
Siddiq et al.  (2013) in their study evaluated PSB by measuring solubilization zones but not by calculating their phosphate solubilizing indices (PSI). Their isolates produced solubilization zones ranging from 1.52 cm to 2.23 cm within 7 days of incubation. By moving beyond simple zone measurements to include both PSI and quantitative spectrophotometric analysis, this research offers a more precise evaluation of microbial metabolic efficiency in phosphorus-fixing soils.
Variations in the phosphate solubilization Index (PSI) among the isolates suggest a diverse range of metabolic efficiencies. Isolates with a higher PSI indicate a more aggressive secretion of organic acids or a more efficient proton exchange mechanism. However, it is important to note that while Pikovskaya’s agar is an excellent qualitative primary screen, the halo zone diameter does not always perfectly correlate with the total amount of phosphorus solubilized in a liquid medium. Some organic acids may diffuse more slowly through agar, potentially masking the true efficiency of certain strains.
Interestingly, a general correlation was observed between the agar-based PSI and the broth-based quantification. Isolate I83, which exhibited the highest phosphate solubilization Index (PSI 5.0), also demonstrated one of the highest solubilization capacities in the quantitative assay (13,034 µg/mL). However, isolate I47, showed the maximum quantitative solubilization (14462.8 µg/mL) despite having a moderate PSI of 3.28. This discrepancy supports the findings of Nautiyal et al. (1999) and Baig et al., 2010, who argued that agar-based methods may underestimate the potential of certain strains due to differences in acid diffusion rates and the physical constraints of the agar matrix. This discrepancy was further supported by the studies of Liu et al., (2015) that, some bacterial strains exhibiting phosphate solubilization in liquid medium or sandy soil medium did not produce solubilization of halo zones when tested on agar plates containing Ca3(PO4).
The morphological and biochemical characterization of the ten potent isolates from the rhizosphere soil of Sangareddy identified them as belonging to the genera Pseudomonas, Bacillus, and Micrococcus. The use of the hanging drop method confirmed the motility of the Pseudomonas and Bacillus strains, while Endospore staining positively identified the resilient, spore-forming nature of the Bacillus species. The IMViC tests provided a definitive biochemical profile, distinguishing the Gram-negative Pseudomonas (typically Citrate positive) from the Gram-positive isolates.
The dominance of Pseudomonas and Bacillus in the rhizosphere samples is consistent with the findings of Gupta et al., (2022) and Rawat et al., (2022), Janati et al., (2023) who identified these genera as the most prevalent phosphate-solubilizing bacteria (PSB) globally. The rhizosphere is a nutrient-rich zone where root exudates (sugars and organic acids) provide the carbon source necessary for these bacteria to fuel the energy-intensive process of phosphate solubilization. The presence of Micrococcus, while less frequently reported than Bacillus, aligns with studies by Karpagam and Nagalakshmi (2014), who highlighted Micrococcus as an effective, though often overlooked, phosphorus-mobilizing genus in semi-arid tropical soils.
[bookmark: _Hlk225089288][bookmark: _Hlk224896049]While the genera identified are common, the efficiency of these specific isolates from Sangareddy is extraordinary. Pseudomonas isolate (I47) achieved a maximum phosphate solubilization of 14.46 mg/L. Our phosphate solubilizing isolates of Pseudomonas strains solubilized 6.1 to 14.46 mg/L tricalcium phosphate in Pikovskaya’s broth at 30oC after 7 days incubation. In comparison, Goteti (2014) reported strains isolates ranged between 2.11 and 15.19 mg/L after 10 days incubation at 28oC. The high potency of these isolates may be an evolutionary adaptation to the soil chemistry of the Sangareddy region. Soils in this part of Telangana often face phosphorus fixation due to their mineral composition. Local microbes, particularly Pseudomonas, due to their remarkable ability to tolerate, adapt to, and thrive under drastic environmental conditions, such as high salinity, drought, temperature extremes (up to 45°C), and heavy metal contamination, probably developed enhanced acid-production mechanisms to unlock bound phosphorus under these challenging conditions.
6. Conclusion
 In conclusion, this study identifies a potent microbial consortium comprising Bacillus, Micrococcus, and Pseudomonas strains with exceptional phosphorus-solubilizing capabilities. By validating the 'Nautiyal effect,' our findings demonstrate that indigenous isolates possess specialized metabolic adaptations to phosphorus-fixing mineralogy that are often underestimated by standard screening protocols. These resilient microbes offer a robust biotechnological framework for transitioning from generic to site-specific bio-fertilizers. Practically, integrating these high-performing isolates into regional nutrient management strategies provides a cost-effective and sustainable alternative to chemical fertilizers, ultimately enhancing food security and soil health in semi-arid tropical ecosystems.

Limitations and Future Perspectives
[bookmark: _GoBack]While this study identifies potent functional isolates, certain limitations must be acknowledged. Primarily, characterization was based on morphological and biochemical assays; future research using 16S rRNA gene sequencing is required for definitive molecular identification. Additionally, the geographic sampling was concentrated in specific soil types, and the absence of field validation means that the competitive survival of these strains under fluctuating environmental conditions remains to be tested in subsequent agronomic trials.
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Estimation of Phosphate by molybdate method
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