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ABSTRACT
Zinc is an essential micronutrient required for various physiological and biochemical functions in plants, yet its availability in soils is often limited due to its presence in insoluble forms. Zinc deficiency in agricultural soils especially in pulse-growing regions of India, poses a significant constraint to crop productivity and nutritional quality. This study aimed to isolate and characterize zinc solubilizing bacteria (ZSB) from the rhizosphere of major pulse crops-Mung bean (vigna adiate), Urd bean (vigna mungo), pigeon pea (cajanuscajan), lentil (lens culinaris) and chickpea (cicer arietinum)-to evaluate their potential for zinc oxide (ZnO) solubilization under in vitro conditions.Ten bacterial isolates were obtained through serial dilution and plating methods from rhizospheric soils of pulse crops collected from different agricultural locations in Bihar. The isolates were subjected to morphological and biochemical characterization, including catalase and oxidase activity tests. Their zinc solubilization ability was first screened qualitatively using Tris minimal agar medium amended with 0.1% ZnO and solubilization was assessed based on halo zone formation, solubilization index (SI), solubilization efficiency (SE) and Khandeparkar’s selection ratio.Quantitative assessment was carried out in broth culture, where pH changes and zinc concentrations were measured at 5, 10 and 15 days after incubation. Zinc concentration in the broth was estimated using Atomic Absorption Spectrophotometry (AAS). Among the ten isolates, AJP-6 and AJL-8 demonstrated superior zinc solubilization performance. AJP-6 exhibited the highest halo zone diameter (27 mm), SE (337.55%) and significant ZnO solubilization in broth (249.75 mg/L at 15 days), accompanied by a substantial reduction in medium pH (5.53). AJL-8 closely followed with 234.23 mg/L ZnO solubilized and a pH of 5.59 at the same interval. These results indicate active organic acid production and high metabolic efficiency in mobilizing insoluble Zn.The findings suggest that native ZSB strains such as AJP-6 and AJL-8 have significant potential as bioinoculants for zinc-deficient soils, especially in pulse-based cropping systems. Their application may reduce dependence on chemical fertilizers, enhance micronutrient availability and support sustainable agricultural practices. Further in vivo trials are warranted to validate their efficacy under field conditions.
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INTRODUCTION
Zinc (Zn) is an essential micronutrient for plant growth (Meena et al., 2025), playing a pivotal role in numerous enzymatic (Sinha et al., 2025), structural and regulatory functions (Rana et al., 2024). It contributes to auxin metabolism, membrane integrity, protein synthesis and gene expression (Meena et al., 2024, Kumar et al, 2024). Despite its importance, zinc deficiency is one of the most prevalent micronutrient disorders (Kumar et al., 2021) in Indian soils, particularly in intensive cropping systems (Sinha et al., 2021; Singh et al., 2024). This deficiency not only hampers crop productivity but also leads to nutritional disorders (Kumar et al., 2024b) in humans and animals through the food chain (Kumar et al., 2024a). According to reports, nearly 49% of Indian soils are deficient in available zinc, severely affecting pulses and cereal-based cropping systems (Morton et al., 2023). Addressing this limitation in an environmentally sustainable and cost-effective manner is critical for modern agriculture (Kumar et al, 2025).Zinc is inherently present in soils in various insoluble forms such as zinc oxide (ZnO), zinc carbonate (ZnCO₃), zinc phosphate (Zn₃(PO₄)₂) and zinc sulphate (ZnSO4), which are not readily available to plants (Kumar and Maurya., 2006; Kumar, et al., 2014). The solubility of these compounds is highly pH-dependent (Mauryaand Kumar,2006)and influenced by the soil’s physical, chemical and biological properties (Kumar., et al., 2024c). Traditionally, zinc sulphate (ZnSO₄) is applied as a chemical fertilizer to overcome deficiencies, but its low use efficiency due to fixation and leaching, along with environmental concerns and economic constraints has led to the exploration of alternative strategies (De et al., 2006).One such promising approach is the use of zinc solubilizing bacteria (ZSB) a functional group of plant growth-promoting rhizobacteria (PGPR) capableofmobilizing insoluble forms of zinc into phytoavailable forms through various biochemical mechanisms (Kumarand Paswan, 2015). These microbes exert their influence primarily by secreting organic acids-such as gluconic acid, citric acid and oxalic acid-which lower the pH in the microenvironment (Kumar, et al., 2013) and facilitate the dissolution of insoluble zinc compounds. Other mechanisms include chelation, ion exchange and enzymatic activity that contribute to zinc mobilization (Kumar, et al., 2023; 2023a). Additionally, many ZSB strains possess other plant growth-promoting traits such as nitrogen fixation, phosphate solubilization (Singh, et al., 2025), siderophore production and phytohormones synthesis making them valuable agents for integrated nutrient management (Kumar, et al., 2025a).
The rhizosphere, the narrow region of soil influenced by plant roots is a hotspot for microbial diversity and activity. Rhizosphere-associated microbes are better adapted to survive in competitive soil environments and are more efficient in nutrient transformation. Pulses, a major dietary protein source in India (Kumari, et al., 2022) are widely cultivated under rainfed and low-input systems, which makes them highly susceptible to micronutrient deficiencies. Exploring the native microbial communities associated with pulse crop rhizospheres can offer targeted and eco-adapted solutions for biofertilizer development.Despite the ecological and agronomic significance of ZSB (Kumar and Choudhary, 2016), relatively few studies have focused on isolating and characterizing native zinc-solubilizing strains from pulse crop rhizospheres under Indian agro-climatic conditions. There is a pressing need to explore and document the diversity of native ZSB for their application as bioinoculants, particularly in zincdeficient regions (Singh, et al., 2022; 2023). Indigenous microbial isolates not only perform better due to local adaptation but also have fewer ecological risks compared to exotic strains.
In this context, the present study was undertaken to isolate and evaluate zinc solubilizing bacteria from the rhizosphere soils of major pulses-Mung bean (vigna adiate), Urd bean (vigna mungo), pigeon pea (cajanuscajan), lentil (lens culinaris) and chickpea (cicer arietinum)-cultivated in the middle Indo-Gangetic plains of India.
The objectives of this investigation were: (1) To isolate native bacterial strains from the rhizosphere soils of different pulse crops; (2) To screen the isolates for their qualitative and quantitative zinc oxide solubilization potential under in vitro conditions; (3) To characterize the selected isolates based on morphological and biochemical traits; and (4) To identify promising candidates for future development of microbial bioinoculants to enhance zinc availability in zinc-deficient soils.The study employed a combination of plate assay and broth culture techniques to evaluate solubilization efficiency, solubilization index (SI) and Khandeparkar’s selection ratio, providing a comprehensive insight into the zinc mobilization capacity of each isolate. The use of Atomic Absorption Spectrophotometry (AAS) for quantitative zinc estimation added precision and reliability to the solubilization data. Furthermore, the relationship between pH change in the growth medium and zinc solubilization was explored to understand the underlying mechanisms.
Preliminary findings revealed significant variability in zinc solubilization capacity among the ten isolates, indicating diverse metabolic capabilities. Among them, strains AJP-6 and AJL-8 emerged as the most efficient solubilizers, exhibiting higher halo zone diameters, greater solubilization efficiency and substantial reduction in pH over incubation time. These traits indicate high organic acid production and robust metabolic activity, making them promising candidates for biofertilizer formulation.
	
MATERIALS AND METHODS
Soil Sample from Rhizospheric Zones 
Soil samples were collected from various groups of pulses crop rhizosphere, 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. Number of samples should be increased for studying the above traits 
Isolation of Zinc Solubilizing Bacteria
The ZSB was being isolated from pulses crop using serial dilution and plating methods. This was done by 1.0 g soil was transferred to a dilution tube containing 9.0 mL sterilized water (101 ) and shaken for 10 min. After shaking, the dilution tubes were kept undisturbed for 30 min to allow the suspension to stabilize. Later, 1.0 mL of the bacterial suspension from 101 dilution was transferred to another dilution tube containing 9.0 mL sterilized water (102), shaked and allowed to stabilize for 30 min. This was continued 107 to108 dilution. Then, 0.1 ml of rhizosphere soil samples of 107 and 108dilutions 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.
Identification and Characterization of Zinc Solubilizing Bacteria
The selection of effective zinc-solubilizing bacteria (ZSB) was based on the presence of a clear and well-defined halo zone. Strains exhibiting larger halo zone diameters and greater thickness were prioritized for further analysis. Morphological colony (colour, shape and size)and biochemical characterization (Catalase test and Oxidase test) were evaluating the selected bacterial isolates.
Qualitative methodofzinc oxide adiatesation potential of bacterial isolates in plate assay
The zinc adiatesation capability of all bacterial strains was evaluated using Tris minimal agar medium supplemented with 0.1% of zinc oxide compounds.

Khandeparkar’s selection ratio:



Solubilization index (SI):


Solubilization Efficiency (SE):
Solubilization Efficiency

Quantitative estimation of Zinc oxide adiatesation potential of bacterial isolates at different intervals in broth culture 
Change in pH of broth
The bacterial cultures where inoculated into the basal broth with 0.1% of ZnO and incubated 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.

Zinc Oxide solubilization
The zinc adiatesation capacity of bacterial cultures in a liquid mediumwith 0.1% of ZnO was assessed at 5, 10 and 15 days after incubation using the method described by Fasimet al. (2002) with zinc concentration measured using an Atomic Absorption Spectrophotometer (AAS). Selected bacterial isolates were grown in 100 ml of Tris minimal broth supplemented with 0.1% of insoluble zinc oxide.

Statistical Analysis

Data recorded from in vitro will be statistically analyzed to draw valid conclusions.
RESULTS AND DISCUSSION
Collection of soil sample from different pulses crop rhizosphere
 The total 10 bacterial strainswere isolated from the different rhizospheric soil samples by serial dilution method (Kumar et al., 2024). The bacterial isolates AJM-1 and AJM-2 isolated from Mung bean rhizosphere; AJU-3 isolated from Urd rhizosphere; AJP-4, AJP-5 and AJP-6 isolated from Pigeon pea rhizosphere; AJL-7 and AJL-8 isolated from Lentil rhizosphere; AJC-9 and AJC-10 isolated from Chick pea rhizosphere.
Notably Pigeon pea rhizosphere yielded the highest number of isolates (three) indicating a potentially rich microbial diversity or favorable 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. (2024).
Table: 1 Details of soil sample collected from differentpulses crop rhizosphere and isolates code of microbial strains
	S. NO.
	Name of crop rhizosphere
	Location
	Geocordinates
	Isolates code

	
	
	
	Latitude
	Longitude
	

	1. 
	Mung bean 
( vigna adiate)
	SRI premises, Pusa
	25.985548
	85.680885
	AJM-1

	2. 
	Mung bean 
( vigna adiate)
	SRI premises, Pusa
	25.985548
	85.680885
	AJM-2

	3. 
	Urd 
( vigna mungo)
	SRI premises, Pusa
	25.982638
	85.680605
	AJU-3

	4. 
	Pigeon pea
( cajanuscajan )
	Seed multiplication farm Bihar government, Pusa
	25.982602
	85.7674944
	AJP-4

	5. 
	Pigeon pea 
( cajanuscajan )
	Seed multiplication farm Bihar government, Pusa
	25.982602
	85.7674944
	AJP-5

	6. 
	Pigeon pea
( cajanuscajan )
	Seed multiplication farm Bihar government, Pusa
	25.982602
	85.7674944
	AJP-6

	7. 
	Lentil 
( lens culinaris )
	Research farm Dholi
	25.985696
	85.680362
	AJL-7

	8. 
	Lentil 
(lens culinaris )
	Research farm Dholi
	25.985696
	85.680362
	AJL-8

	9. 
	Chick pea 
( cicer arietinum )
	Behind center of excellence ,Rpcau
	25.986508
	85.68039
	AJC-9

	10. 
	Chick pea 
( cicer arietinum )
	Behind center of excellence ,Rpcau
	25.986508
	85.68039
	AJC-10


If possible the The isolates codes should be expanded 
Identification and characterizationof Zinc Solubilizing Bacteria
Morphological colony characterization
The Morphological observation of bacterial colony under in vitro condition is mentioned in Table 2. Colony sizes were observed varying from small to large. The Colony shape is of all 10 isolates was observed round and irregular shape.The Colony colour by all the 10 isolates was observed white, pale, white, orange and yellow colour.The colony margin by all the 10 isolates was observed entire and undulated.The colony elevation by all the 10 isolates was observed flat and raised.
The variation in colony size among the isolates-ranging from small to large-suggests differences in growth rates and nutrient utilization efficiency. Isolates AJP-5 and AJC-9, which exhibited large colonies may possess faster growth kinetics or enhanced metabolic activity.Most isolates exhibited a round shape, which is generally characteristic of smooth, uniform bacterial growth possibly indicating single-species dominance. The presence of irregular colony shapes in isolates like AJU-3, AJP-6 and AJC-10 could indicate morphological plasticity or the production of extracellular substances affecting colony borders.These color differences may be attributed to the production of different pigments, which could serve protective roles or be linked to specific metabolic by-products.Undulated margins in other isolates may result from irregular or filamentous expansion. Raised colonies are often associated with high cell density and layered growth, potentially indicating exopolysaccharide production or surface tension modifications.
Table: 2Morphological observation of bacterial colony under in vitro condition
	Colony morphology

	Isolates
	Size
	Shape
	Colour
	Colony Margin
	Elevation

	AJM-1
	Medium
	Round
	Yellow
	Undulated
	Flat

	AJM-2
	Small
	Round
	White
	Undulated
	Raised

	AJU-3
	Medium
	Irregular
	White
	Entire
	Flat

	AJP-4
	Medium
	Round
	Orange
	Undulated
	Flat

	AJP-5
	Large
	Round
	Yellow
	Undulated
	Flat

	AJP-6
	Small
	Irregular
	Pale White
	Entire
	Flat

	AJL-7
	Small
	Round
	White
	Undulated
	Flat

	AJL-8
	Medium
	Round
	Pale White
	Entire
	Flat

	AJC-9
	Large
	Round
	Orange
	Undulated
	Raised

	AJC-10
	Small
	Irregular
	White
	Undulated
	Flat



Biochemical Characterization
The data related to catalase test is reported in column 1 of table 3.High intensity (++) wasobserved in Isolates number AJM-2, AJU-3, AJP-6 and AJL-8, while low intensity (+) wasobserved in Isolates number AJM-1, AJP-4, AJL-7 and AJC-9 while no bubble formations (-) were observed in Isolates number AJP-5 and AJC-10.
The data related oxidase production intensity by all the 10 isolates were observed varying from low oxidase activity (+), high oxidase activity (++) and no oxidase activity (-).high oxidase activity (++) were observed in Isolates number AJP-6 and AJL-8, while low oxidase activity (+) were observed  in Isolates number AJM-1, AJM-2, AJU-3, AJL-7 and AJC-10, while no oxidase activity (-) were observed  in AJP-4, AJP-5 and AJC-9. Isolates with strong catalase and oxidase activity, such as AJP-6 and AJL-8 could be particularly robust candidates for plant growth promotion due to their potential resilience in oxidative environments.
Table: 3 Biochemical characterizations of bacterial isolates with respect to catalase and oxidase test.
	ISOLATES
	Catalase test
Catalase production intensity
	Oxidase test
Oxidase production intensity

	AJM-1
	+
	+

	AJM-2
	++
	+

	AJU-3
	++
	+

	AJP-4
	+
	-

	AJP-5
	-
	-

	AJP-6
	++
	++

	AJL-7
	+
	+

	AJL-8
	++
	++

	AJC-9
	+
	-

	AJC-10
	-
	+



· Intensity of bubble formation after inoculations of bacterial Isolates (Catalase test
          + = low intensity; ++ = High intensity; - = No bubble formations
· Intensity of colour change in the disc after inoculations of bacterial Isolates (Oxidase test)
+ = Low oxidase activity; ++ = High oxidase activity; - = No oxidase activity
Qualitative method of zinc oxide solubilizing efficiency in plate assay
Among the ten isolates tested, AJP-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 mobilizing ZnO. This isolate also demonstrated the highest Khandeparkar’s selection ratio (3.37) suggesting superior adaptation and activity in zinc solubilization environments. Similarly, AJL-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 bioinoculants.
Conversely, isolates AJC-10 and AJL-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. The variability observed in the solubilization parameters among the isolates may be attributed to genetic differences influencing metabolic capabilities such as acid production or zinc-mobilizing enzymes.
Table: 4 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)

	AJM-1
	8
	21
	2.62
	3.62
	262.55

	AJM-2
	7
	20
	2.85
	3.85
	285.71

	AJU-3
	8
	21
	2.62
	3.62
	262.51

	AJP-4
	8
	23
	2.87
	3.87
	287.55

	AJP-5
	7
	19
	2.71
	3.57
	271.42

	AJP-6
	8
	27
	3.37
	4.37
	337.55

	AJL-7
	7
	18
	2.57
	3.57
	257.14

	AJL-8
	8
	26
	3.25
	4.25
	325.00

	AJC-9
	9
	25
	2.77
	3.77
	277.77

	AJC-10
	8
	19
	2.37
	3.37
	237.51

	SEm (±)
	-
	0.06
	4.75

	CD at 5%
	-
	0.19
	14.18



Quantitative estimation of Zinc oxide solubilization potential of bacterial isolates at different intervals in broth culture 
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 Table 5. The initial pH of the control was maintained 7.00. The lowering of broth pH at 5 days after incubation by the 10 isolates was varying from 6.12 to 6.85. The extent of lowering the highest broth pH (6.85) was recorded by AJL-7 followed by 6.82 by AJM-2, while the lowest broth pH i.e., 6.12 was recorded by AJL-8 followed by 6.15 by AJP-6.The lowering of broth pH at 10 days after incubation by all the 10 isolates was varying from 5.78 to 6.72. The extent of lowering the highest broth pH i.e., 6.72 was recorded by AJM-2 followed by 6.58 by AJC-9, while the lowest broth pH i.e., 5.78 was recorded by AJP-6 followed by 5.82 by AJL-8.The lowering of pH at 15 days intervals in broth by all 10 isolates was varying from 5.53 to 6.38. The extent of lowering the highest broth pH i.e., 6.38 was recorded by AJM-2 followed by 6.34 by AJU-3, while the lowest broth pH i.e., 5.53 was recorded by isolates number AJP-6 followed by 5.59 by AJL-8.The solubilization of ZnO by bacteria is primarily attributed to the secretion of organic acids, which reduce the pH of the medium and enhance the dissolution of insoluble zinc compounds.
Zinc Oxide solubilization
The potential of Zinc Oxide solubilization carried out by ten different bacterial isolates was evaluated through broth assay after incubation. The 0.1% insoluble source of zinc was added in all conical flasks. The ZnO solubilization at 5 days of incubation by all the 10 isolates was varying from 130.22 ppm (13.2% over control) to 203.41 ppm (20.35% over control).  The highest ZnO solubilization i.e., 203.41ppm was recorded by AJP-6 followed by 192.60ppm by AJL-8, while the lowest ZnO solubilization i.e., 130.22ppm was recorded by isolates number AJC-10 followed by 143.62 ppm by AJU-3. The ZnO solubilization at 10 days of incubation was varying from 155.70 ppm (15.57% over control) to 236.34 ppm (23.63% over control). The highest ZnO solubilization (236.34 ppm) was recorded by AJP-6 followed by 225.85ppm by AJL-8, while the lowest ZnO solubilization (155.70 ppm) was recorded by isolates number AJC-10 followed by 158.74ppmby AJU-3. The ZnO solubilization at 15 days by all isolates was varying from 174.31 ppm (17.43% over control) to 249.75 ppm (24.97 %). The highest ZnO solubilization i.e., 249.75 ppm was recorded by AJP-6 followed by 234.23 ppm by AJL-8, while the lowest ZnO solubilization i.e., 174.31 ppm was recorded by isolates number AJC-10 followed by 182.35ppm by AJU-3.
A time-dependent increase in ZnO solubilization was observed across all isolates with a simultaneous decrease in broth pH. This pattern aligns with the microbial growth phase and peak acid production during stationary and late exponential phases (Fasimet al., 2002).This strong correlation between pH reduction and ZnO solubilization highlights the active metabolic role of this isolate in acid production.The strong performance of AJP-6 and AJL-8 highlights their potential as efficient zinc-solubilizing bioinoculants, particularly for zinc-deficient soils.

Table 5: Influence of different bacterial isolates on lowering of pH and extent of Zinc Oxide solubilization.
	Isolates
	Lowering pH
(Initial broth pH 7.00)
	Zinc Oxide solubilization
(mg L-1) (*)

	
	5th days
	10th days
	15th days
	5th days
	10th days
	15th days

	Control(without isolates)
	7.00
	7.00
	7.00
	-
	-
	-

	AJM-1
	6.82
	6.72
	6.26
	162.86
(16.28)
	189.23
(18.92)
	214.64
(21.46)

	AJM-2
	6.72
	6.56
	6.38
	157.50
(15.75)
	173.26
(17.32)
	195.35
(19.53)

	AJU-3
	6.75
	6.53
	6.34
	143.62
(14.36)
	158.74
(15.87)
	182.35
(18.23)

	AJP-4
	6.42
	6.15
	5.84
	175.83
(17.58)
	192.67
(19.26)
	208.27
(21.87)

	AJP-5
	6.60
	6.35
	6.04
	164.31
(16.43)
	186.43
(18.64)
	203.65
(20.36)

	AJP-6
	6.15
	5.78
	5.53
	203.41
(20.35)
	236.34
(23.63)
	249.75
(24.97)

	AJL-7
	6.85
	6.57
	6.24
	174.52
(17.45)
	197.67
(19.76)
	213.40
(21.34)

	AJL-8
	6.12
	5.82
	5.59
	192.60
(19.26)
	225.85
(22.58)
	234.23
(23.42)

	AJC-9
	6.80
	6.58
	6.27
	177.63
(17.76)
	203.55
(20.35)
	212.75
(21.27)

	AJC-10
	6.78
	6.50
	6.20
	130.22
 (13.2 )
	155.70
(15.57)
	174.31
(17.43)

	SEm (±)
	0.11
	0.10
	0.10
	2.85
	3.26
	3.51

	CD at 5%
	0.32
	0.30
	0.29
	8.42
	9.60
	10.37




Figure 1: Influence of different bacterial isolates on lowering of pH.



Figure 2: Extent of Zinc Oxide solubilization by different bacterial isolates at 5, 10 and 15 days.

CONCLUSION
The present study successfully isolated and characterized ten zinc solubilizing bacterial strains from the rhizosphere of major pulse crops, highlighting significant variability in their ability to mobilize insoluble zinc oxide under in vitro conditions. Among them, isolates AJP-6 and AJL-8 demonstrated exceptional zinc solubilization efficiency associated with notable reductions in medium pH, indicating active organic acid production. These native strains possess promising potential as bioinoculants for improving zinc availability in zinc-deficient soils, particularly in pulse-based agroecosystems.Their application could enhance nutrient use efficiency, reduce dependence on chemical fertilizers and contribute to sustainable and eco-friendly agricultural practices. Future investigations under greenhouse and field conditions are recommended to validate their plant growth-promoting effects and formulation potential as microbial biofertilizers.
Future Scope of Study
The promising zinc solubilizing bacterial isolates identified in this study, particularly AJP-6 and AJL-8, warrant further investigation under greenhouse and field conditions to evaluate their efficacy in enhancing zinc uptake, crop growth and yield performance across diverse soil types and agro-climatic zones. Future studies should focus on their synergistic interactions with other beneficial microbes, formulation into stable and efficient biofertilizer products and assessment of their long-term impact on soil health and microbial diversity. Additionally, molecular characterization and genomic profiling of these isolates could provide deeper insights into the genetic basis of zinc solubilization aiding in strain improvement and the development of next-generation microbial consortia for sustainable nutrient management.
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