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Isolation and Screening of Zinc Solubilising Bacteria from Pulse Rhizosphere under Calcareous Soil Conditions

ABSTRACT
Zinc (Zn) deficiency is a widespread micronutrient disorder in Indian agricultural soils, particularly in calcareous regions where high pH and carbonate levels precipitate zinc into insoluble forms, limiting plant availability. This study aimed to isolate and evaluate efficient zinc solubilising bacteria (ZSB) from the rhizosphere soils of five major pulse crops-Mung bean (Vigna radiata), Urd bean (Vigna mungo), pigeon pea (Cajanus cajan), lentil (Lens culinaris) and chickpea (Cicer arietinum)-cultivated in calcareous soils of Bihar, India. Ten bacterial isolates (RJM-1 to RJC-10) were obtained via serial dilution plating and screened qualitatively on Tris minimal agar supplemented with 0.1% zinc oxide (ZnO). Zinc solubilization potential was assessed using halo zone diameter, solubilization index (SI), solubilization efficiency (SE) and Khandeparkar’s selection ratio. Quantitative assays in broth culture measured pH reduction and soluble zinc concentration at 5, 10 and 15 days of incubation. Results revealed significant variability among isolates in their ZnO solubilising capabilities. Isolate RJP-6 exhibited the highest performance with a halo zone diameter of 27 mm, SI of 4.37, SE of 337.55% and Khandeparkar’s ratio of 3.37, followed closely by RJL-8 with 26 mm, SI of 4.25 and SE of 325.00%. Both isolates showed substantial acidification of the broth, with RJP-6 lowering the pH to 5.53 and RJL-8 to 5.59 at 15 days, indicating strong organic acid production. These findings underscore the potential of RJP-6 and RJL-8 as efficient bioinoculants for enhancing zinc availability in pulse-based cropping systems, offering an eco-friendly and cost-effective alternative to chemical zinc fertilisers. Future research should validate the efficacy of RJP-6 and RJL-8 through multi-location trials and molecular characterisation to optimise their use as bioinoculants in pulse-based systems.
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INTRODUCTION
Zinc (Zn) is an essential micronutrient that plays a critical role in numerous physiological and biochemical processes in plants (Meena et al., 2024). This is an essential component of a wide range of physiological and metabolic pathways, which have implications for plant health (Sethi et al., 2025). Adequate zinc availability is crucial for maintaining membrane integrity, pollen viability and resistance to biotic and abiotic stresses (Rana et al., 2024). However, zinc deficiency is one of the most widespread micronutrient disorders in agricultural soils worldwide, particularly in the Indian subcontinent (Kumar., 2015). This deficiency severely limits crop productivity and quality, ultimately affecting human nutrition since zinc is vital for human immune function, enzyme activity and growth (Mishra et al., 2020; Kumari et al., 2025). The problem is especially severe in calcareous and alkaline soils, where high pH and carbonate content cause zinc to precipitate into insoluble forms, making it unavailable to plants (Kumar et al., 2014). In India, zinc deficiency is reported in more than 50% of cultivated soils, with acute shortages recorded in intensively farmed areas of the Indo-Gangetic plains (Meena et al., 2024). The issue is particularly relevant for pulse-based cropping systems, as pulses are often cultivated on marginal lands with low nutrient status (Das et al., 2025). Moreover, continuous cereal-pulse rotations without adequate micronutrient replenishment exacerbate zinc depletion. Conventional zinc fertilisation through chemical sources such as zinc sulfate can alleviate deficiency but has limitations, including low use efficiency due to fixation in soil, high cost and potential environmental risks from overuse (Singh et al., 2021; Kumar et al., 2025a). This scenario underscores the need for sustainable, cost-effective, and eco-friendly strategies to enhance zinc bioavailability in soils.
Microbial interventions, particularly through zinc solubilising bacteria (ZSB) have emerged as a promising solution for addressing micronutrient limitations (Kumar et al., 2024). ZSB is a particular group of microorganisms that can be used to convert the soil's insoluble zinc into soluble form can overcoming zinc deficiency, achieving the objective of nutrient management and sustainable agriculture (Panda et al., 2024). These beneficial microorganisms can transform insoluble zinc compounds-such as zinc oxide (ZnO), zinc carbonate (ZnCO₃) and zinc phosphate (Zn₃(PO₄)₂) into soluble forms through various mechanisms (Paswan et. al., 2014; Kumar et al., 2024a). Chief among these mechanisms is the secretion of low-molecular-weight organic acids, which chelate zinc ions and reduce the pH of the surrounding environment, thereby enhancing zinc dissolution (Kumar et. al., 2025). Other microbial activities, such as proton extrusion, siderophores production, and enzymatic action, also contribute to zinc mobilisation (Kumar et. al., 2024a). Several studies have documented the potential of ZSB in solubilising insoluble zinc compounds under laboratory and field conditions. Strains belonging to genera such as Pseudomonas, Bacillus and Enterobacter have been reported to possess strong zinc solubilising capacities (Sinha et al., 2024). The effectiveness of these bacteria, however, is highly strain-specific and influenced by soil type, crop rhizosphere environment and the form of zinc present (Kumar et al., 2024b). For this reason, the isolation and screening of efficient native strains from specific crop rhizospheres is critical to developing site-specific bioinoculants with optimal performance under local agro-ecological conditions (Sinha et al., 2025; Kumar et. al., 2025b). In calcareous soils, where zinc deficiency is prevalent, identifying ZSB from pulse rhizospheres can provide a targeted approach to improving micronutrient availability in these cropping systems. The rhizosphere-associated bacteria are well-adapted to the specific soil-plant environment and are more likely to survive, colonise roots effectively and exhibit consistent zinc-solubilising activity under field conditions (De et al., 2006). The evaluation of ZSB typically involves a qualitative approach. In qualitative assays, halo zone formation around bacterial colonies on media supplemented with insoluble zinc compounds serves as a visual indicator of solubilization. Parameters such as halo zone diameter, solubilization index (SI), solubilization efficiency (SE) and Khandeparkar’s selection ratio are commonly used to compare isolates. Additionally, quantitative assays in broth culture were conducted to measure soluble zinc content and pH changes at different days after incubation. The integration of these methods enables the identification of superior bacterial strains with high solubilization potential and acid production capacity. In the present study, soil samples were collected from the rhizospheres of five major pulse crops- Mung bean (Vigna radiata), Urd bean (Vigna mungo), pigeon pea (Cajanus cajan), lentil (Lens culinaris) and chickpea (Cicer arietinum) grown in calcareous soils of Bihar, India. The findings of this study are expected to provide valuable insights into the diversity and functionality of ZSB in pulse cropping systems and pave the way for their application in sustainable agriculture.
MATERIALS AND METHODS
Soil Sample from Rhizospheric Zones 
Soil samples were collected from the rhizosphere of various pulse crops, along with root hairs, using a spade. The selected crops considered Mungbean, Urd, Pigeon pea, Lentil and Chick pea respectively. The four soil samples from each crop rhizospheric area were collected and placed in plastic bags and quickly transported to the laboratory, stored in a refrigerator at 4°C (Kumar et al., 2024).
Isolation of Zinc Solubilising Bacteria
The ZSB was being isolated from the pulse crops using serial dilution and plating methods. This was done by 1.0 g of soil was transferred to a dilution tube containing 9.0 mL of sterilised water (101) and shaken for 10 min. After shaking, the dilution tubes were kept undisturbed for 30 min to allow the suspension to stabilise. Later, 1.0 mL of the bacterial suspension from 101 dilution was transferred to another dilution tube containing 9.0 mL of sterilised water (102), shaken and allowed to stabilise for 30 min. This was continued 107 to 108 dilution. Then, 0.1 ml of rhizosphere soil samples of 107 and 108 dilutions were transferred to Petri dishes containing Nutrient Agar (NA) medium and spread into the Petri dishes. After plating, the dishes were incubated at a temperature of 28±2 ºC for 4-6 days.
Qualitative method of zinc oxide solubilization potential of bacterial isolates in plate assay
The zinc solubilization capability of all bacterial strains was evaluated using Tris minimal agar medium supplemented with 0.1% zinc oxide compounds.
Khandeparkar’s selection ratio:

Solubilization index (SI):

Solubilization Efficiency (SE):
Solubilization Efficiency 
Change in pH of broth
The bacterial cultures were inoculated into the basal broth with 0.1% of ZnO and incubated at 28±2 ºC for 24-48 hours. Then, the pH of the ZSB culture filtrates and the uninoculated samples was measured at 5, 10 and 15 days after incubation. The culture was filtered through Whatman No. 1 filter paper and the pH was determined using a pH meter.

Statistical Analysis
Data recorded from in vitro study was statistically analysed using the SPSS package (Statistical Package for the Social Sciences) to draw valid conclusions.
RESULTS AND DISCUSSION
Collection of soil samples from different pulse crop rhizospheres
 The information regarding the collection of soil samples from different crop rhizospheres and isolates code of microbial strains are mentioned in Table 1. The four soil samples from each crop root area were collected from the selected crop rhizosphere. The selected crops are Mung bean, Urd, Pigeon pea, Lentil and Chick pea. The selected crops grown at different Geocordinates, viz., Latitude and Longitude, are highlighted in columns third and column fourth of Table 1. 
Isolation of Zinc Solubilising Bacteria
The bacterial isolates were designated with specific codes (RJM-1 to RJC-10), reflecting their respective crop origin and investigator identity. The isolation from crop-specific rhizospheres was based on the hypothesis that microbial diversity and function are significantly influenced by plant root exudates and soil physicochemical conditions. A total of 10 bacterial strains were isolated from the different rhizospheric soil samples by the serial dilution method (Kumar et al., 2024). The bacterial isolates RJM-1 and RJM-2 were isolated from Mung bean rhizosphere; RJU-3 was isolated from Urd rhizosphere; RJP-4, RJP-5 and RJP-6 were isolated from Pigeon pea rhizosphere; RJL-7 and RJL-8 were isolated from Lentil rhizosphere; RJC-9 and RJC-10 were isolated from Chick pea rhizosphere. The consistency in geo-coordinates for isolates from each crop highlights uniform sampling zones, reducing environmental variability (Kumar and Kumar, 2017) and supporting accurate microbial characterisation (Singh et al., 2024). Notably, Pigeon pea rhizosphere yielded the highest number of isolates (three), indicating a potentially rich microbial diversity or favourable soil-microbe interactions in its rhizosphere. The isolation of ZSB from these rhizospheres not only contributes to understanding the microbial dynamics of agro-ecosystems but also serves as a foundation for evaluating their potential role in enhancing zinc availability in soils, a key step toward improving plant nutrition and sustainable agriculture (Meena et al. 2024; Kumar et al. 2025a).
Table 1: Details of soil samples collected from different pulses rhizosphere and isolates code of microbial strains
	Sl. NO.
	Name of crop rhizosphere
	Location
	Geocordinates
	Isolates code

	
	
	
	Latitude
	Longitude
	

	1. 
	Mung bean 
( Vigna radiata)
	SRI premises, Pusa
	25.985548
	85.680885
	RJM-1

	2. 
	Mung bean 
( Vigna radiata)
	SRI premises, Pusa
	25.985548
	85.680885
	RJM-2

	3. 
	Urd 
( Vigna mungo)
	SRI premises, Pusa
	25.982638
	85.680605
	RJU-3

	4. 
	Pigeon pea
 (Ccajanus cajan )
	Seed multiplication farm Bihar government, Pusa
	25.982602
	85.7674944
	RJP-4

	5. 
	Pigeon pea 
( Cajanus cajan )
	Seed multiplication farm Bihar government, Pusa
	25.982602
	85.7674944
	RJP-5

	6. 
	Pigeon pea
 ( Cajanus cajan )
	Seed multiplication farm Bihar government, Pusa
	25.982602
	85.7674944
	RJP-6

	7. 
	Lentil 
( Lens culinaris )
	Research farm, Dholi 
	25.985696
	85.680362
	RJL-7

	8. 
	Lentil 
(Lens culinaris )
	Research farm, Dholi
	25.985696
	85.680362
	RJL-8

	9. 
	Chick pea 
( Cicer arietinum )
	Behind the centre of excellence, RPCAU
	25.986508
	85.68039
	RJC-9

	10. 
	Chick pea 
( Cicer arietinum )
	Behind the centre of excellence, RPCAU
	25.986508
	85.68039
	RJC-10



Qualitative method of zinc oxide solubilising efficiency in plate assay
Among the ten isolates tested, RJP-6 exhibited the highest zinc solubilization capability with a halozone diameter of 27 mm, SI of 4.37 and SE of 337.55% indicating strong extracellular activity in mobilising ZnO. This isolate also demonstrated the highest Khandeparkar’s selection ratio (3.37), suggesting superior adaptation and activity in zinc solubilization environments. Similarly, RJL-8 ranked second in performance with notable halo formation (26 mm), SI of 4.25 and SE of 325.00% highlighting its potential as a promising bioinoculant. Conversely, isolates RJC-10 and RJL-7 showed comparatively lower solubilization potential. The smaller halozone diameters and lower SI values for these isolates suggest limited organic acid or enzyme production necessary for ZnO solubilization (Babu et al., 2024). The variability observed in the solubilization parameters among the isolates may be attributed to genetic differences influencing metabolic capabilities (Kumar et al., 2018), such as acid production or zinc-mobilising enzymes. The work is in conformity with the work of Kumar et al. (2025a), Sinha et al. (2025).
Table 2: Diameter of bacterial colony growth and Halozone along with Khandeparkar’s selection ratio, solubilization index (SI) and solubilization efficiency (SE) of Zinc oxide.
	Isolates
	Diameter of Colony (mm)
	Diameter of Halozone (mm)
	Khandeparkar’s selection ratio
	Solubilization index (SI)
	Solubilization efficiency (SE)

	RJM-1
	8
	21
	2.62
	3.62
	262.55

	RJM-2
	7
	20
	2.85
	3.85
	285.71

	RJU-3
	8
	21
	2.62
	3.62
	262.51

	RJP-4
	8
	23
	2.87
	3.87
	287.55

	RJP-5
	7
	19
	2.71
	3.57
	271.42

	RJP-6
	8
	27
	3.37
	4.37
	337.55

	RJL-7
	7
	18
	2.57
	3.57
	257.14

	RJL-8
	8
	26
	3.25
	4.25
	325.00

	RJC-9
	9
	25
	2.77
	3.77
	277.77

	RJC-10
	8
	19
	2.37
	3.37
	237.51

	SEm (±)
	-
	0.06
	4.75

	CD at 5%
	-
	0.19
	14.18



Change in pH of broth
The results of lowering of pH in broth at different incubation intervals of Zinc Oxide in broth culture are mentioned in Figure 1. The initial pH of the control was maintained 7.00. The lowering of broth pH at 5 days after incubation by the 10 isolates varied from 6.12 to 6.85. The extent of lowering the highest broth pH (6.85) was recorded by RJL-7, followed by 6.82 by RJM-2, while the lowest broth pH i.e., 6.12 was recorded by RJL-8 followed by 6.15 by RJP-6. The lowering of broth pH at 10 days after incubation by all 10 isolates varied from 5.78 to 6.72. The extent of lowering the highest broth pH i.e., 6.72 was recorded by RJM-2, followed by 6.58 by RJC-9, while the lowest broth pH i.e., 5.78 was recorded by RJP-6, followed by 5.82 by RJL-8. The lowering of pH at 15-day intervals in broth by all 10 isolates varied from 5.53 to 6.38. The extent of lowering the highest broth pH i.e., 6.38 was recorded by RJM-2, followed by 6.34 by RJU-3, while the lowest broth pH i.e., 5.53 was recorded by isolate number RJP-6, followed by 5.59 by RJL-8. The solubilization of ZnO by bacteria is primarily attributed to the secretion of organic acids (Paswan et al., 2014), which reduce the pH of the medium (Rekha et al., 2020) and enhance the dissolution of insoluble zinc compounds (Kumar et al., 2024a; Sinha et al., 2024).

Figure 1: Influence of different bacterial isolates on the lowering of pH
Conclusion	
The present study demonstrated that native zinc-solubilising bacteria isolated from the rhizospheres of pulse crops grown in calcareous soils possess significant potential to mobilise insoluble zinc compounds, particularly zinc oxide, into plant-available forms. Among the ten isolates evaluated, RJP-6 and RJL-8 consistently recorded the highest halo zone diameters, solubilization indices, efficiencies and lowest pH values in broth culture, indicating superior organic acid production and zinc solubilization capacity. These findings underscore their promise as efficient bioinoculants for enhancing zinc availability in pulse-based cropping systems, offering an eco-friendly and cost-effective alternative to chemical zinc fertilisers. Their large-scale application could improve crop productivity, grain nutritional quality and soil health, contributing to sustainable nutrient management in zinc-deficient calcareous soils.
Future Scope of Study
Future research should focus on validating the performance of promising isolates such as RJP-6 and RJL-8 under greenhouse and multi-location field trials to assess their effectiveness in enhancing zinc uptake, growth and yield of pulse crops across diverse agro-climatic conditions. Molecular characterisation and genomic profiling of these strains could elucidate the genetic determinants of zinc solubilization and other plant growth-promoting traits, enabling strain improvement and formulation optimisation. Additionally, studies on their compatibility with other beneficial microorganisms and integration into microbial consortia could broaden their application in sustainable farming systems. Long-term monitoring of their impact on soil health, nutrient cycling and economic returns will be essential to ensure their successful adoption as biofertilizers in integrated nutrient management programs.
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