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Functional Screening of Zinc-Solubilizing Bacteria Isolated from the Rhizosphere Soil for In Vitro Zinc Carbonate Solubilization potential



ABSTRACT
Zinc (Zn) deficiency is a major constraint in crop production, particularly in calcareous and alkaline soils where zinc predominantly exists in insoluble forms such as zinc carbonate (Zn CO₃). To address this challenge, zinc-solubilizing bacteria (ZSB) offer an eco-friendly and sustainable strategy for enhancing zinc bioavailability in soil. This study aimed to isolate, screen and evaluate the zinc carbonate solubilization potential of bacterial strains obtained from the rhizosphere of pulse crops including mung bean, urd, pigeon pea, lentil and chickpea. A total of 10 bacterial isolates were recovered using serial dilution and plating techniques. Morphological and biochemical characterization (catalase and oxidase tests) were performed to identify functionally diverse ZSB strains. The qualitative assessment of zinc solubilization on Tris minimal agar medium containing 0.1% ZnCO₃ revealed the formation of clear halo zones around colonies. Among the isolates, AJP-6 and AJL-8 exhibited the highest solubilization indices (4.33 and 4.12, respectively) and solubilization efficiencies (333.34% and 312.50%, respectively), indicating robust solubilizing potential. Quantitative broth assays conducted over 5, 10 and 15-day intervals demonstrated progressive zinc carbonate solubilization and a concurrent decrease in pH, signifying organic acid production. Notably, isolate AJP-6 recorded the highest solubilized zinc concentration of 172.35 mg L⁻¹ on the 15th day, followed by AJL-8 (169.73 mg L⁻¹), while the control showed no significant solubilization. The study confirms that native ZSB isolates, particularly AJP-6 and AJL-8, possess significant capabilities to mobilize insoluble ZnCO₃ by acidifying their environment, thereby making zinc more accessible to plants. These findings highlight the potential of using these isolates as biofertilizers to improve zinc nutrition in crops and promote sustainable agricultural practices. Further field trials and consortia formulation may optimize their performance under real soil conditions.
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INTRODUCTION
Zinc (Zn) is an essential micronutrient required for the normal growth and development of plants, playing a pivotal role in a wide range of enzymatic and physiological processes such as photosynthesis, protein synthesis and hormonal regulation (Rana, et al., 2024). Despite its critical importance, zinc deficiency is one of the most widespread micronutrient deficiencies (Kumar, et al., 2025a) affecting agricultural soils globally (Singh et al., 2022; Singh et al., 2023), particularly in tropical and subtropical regions with calcareous and alkaline soils (Mishra, et al., 2020). In these soils, zinc primarily exists in insoluble forms such as zinc carbonate (Kumar, et al., 2013) and zinc phosphate (Kumar, et al., 2014) making it unavailable for plant uptake (Meena, et al., 2025). The traditional approach of applying chemical zinc fertilizers (Chattopadhyay, et al., 2021) is often inefficient due to their fixation in soil matrices (Sinha, et al., 2023), low bioavailability (Meena, et al., 2024) and environmental concerns associated with overuse (Kumar, et al., 2025). In this context, the application of zinc-solubilizing bacteria (ZSB) has emerged as an eco-friendly and sustainable alternative (Kumar et al., 2024a) to enhance zinc bioavailability (Kumar, et al., 2024). These beneficial soil microorganisms can solubilize insoluble zinc compounds by secreting organic acids (Kumar, et al., 2023) and other chelating agents (Kumar, et al., 2025a) that convert zinc into plant-available forms (Ajeet, et al., 2025). Their application not only improves zinc nutrition in crops but also promotes soil health (Kumar, 2016), microbial diversity (Meena, et al., 2024) and overall plant growth (Kumar and Jha., 2021). Several studies have demonstrated the efficacy of ZSB in solubilizing zinc from various insoluble compounds (Kumar et al., 2018); however, there is limited information available regarding their specific efficiency in solubilizing zinc carbonate, especially under in vitro conditions. Rhizosphere soil particularly that associated with pulse crops like Mung bean, Urd, Pigeon pea, Lentil and Chickpea -serves as a rich reservoir of plant growth-promoting microorganisms, including ZSB. Pulses are known for their nitrogen-fixing symbioses (Kumar and Paswan, 2014) and the ability to modulate the rhizosphere environment, potentially supporting diverse microbial communities. Isolation and characterization of native ZSB strains from these rhizospheric soils may offer valuable candidates for bioinoculant development targeted at site-specific zinc deficiencies.
[bookmark: _GoBack]The current study focuses on the in vitro solubilization potential of bacterial isolates obtained from the rhizosphere of various pulse crops, with particular emphasis on zinc carbonate as the insoluble zinc source. The investigation aims to screen, isolate and characterize effective ZSB strains capable of solubilizing Zn CO₃ through plate and broth assays. Morphological and biochemical analyses, including catalase and oxidase activity were conducted to identify functionally diverse bacterial isolates. In addition, solubilization indices such as halo zone formation, Khandeparkar’s ratio, solubilization index (SI) and solubilization efficiency (SE) were calculated to quantitatively and qualitatively assess zinc carbonate solubilization. The selected isolates were further evaluated in broth culture to monitor pH changes and the extent of Zn CO₃ solubilization over 5-, 10-and 15-day intervals. The pH reduction in the medium is indicative of organic acid production, which plays a crucial role in the solubilization mechanism. Among the isolates, certain strains such as AJP-6 and AJL-8 demonstrated significant solubilization potential and acidification of the medium, highlighting their efficiency in mobilizing insoluble zinc forms. This research offers important insights into the zinc-mobilizing capabilities of rhizobacteria isolated from pulse crop soils, especially with respect to zinc carbonate-a less studied but agronomically relevant compound. The findings could contribute to the development of biofertilizers aimed at sustainable crop production in zinc-deficient soils. Further in vivo testing and formulation of microbial consortia based on these efficient isolates could enhance nutrient-use efficiency and reduce dependency on synthetic fertilizers.
MATERIALS AND METHODS
Soil Sample collection 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.
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 culture tube containing 9.0 mL sterilized water (102), shaked and allowed to stabilize for 30 min. This was continued upto 107 to 108 dilution. Then, 0.1 ml of supernatant 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.
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 Characterization 
Morphological characterization of the isolates was carried out by examining colony characteristics on nutrient agar (NA) plates after 48 h of incubation at 28 ± 2 °C. Colony attributes, including size, shape, margin, elevation, surface texture, and pigmentation, were systematically recorded. Cellular morphology and Gram reaction were determined through Gram staining followed by microscopic observation under oil immersion (100× magnification). Endospore formation was evaluated using the Schaeffer–Fulton spore staining method, with malachite green as the primary stain and safranin as the counterstain.
Biochemical Characterization 
Biochemical characterization of the selected isolates was conducted using standard bacteriological protocols. The assays included Gram staining, siderophore production, starch hydrolysis, citrate utilization, catalase activity, nitrate reduction, chitinase production, and the methyl red test. All tests were performed in triplicate, and the results were interpreted and recorded according to established standard criteria (Kumar, et al., 2024; Kumar, et al., 2026)
Qualitative method of zinc carbonate solubilization potential of isolates in plate assay
The zinc solubilization capability of all bacterial strains was evaluated using Tris minimal agar medium supplemented with 0.1% of zinc carbonate compounds.
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Quantitative estimation of Zinc carbonate solubilization potential of isolates at different intervals in broth culture 
Change in pH of broth
The bacterial cultures were inoculated into broth supplemented with 0.1% Zn CO₃ and incubated at 28 ± 2 °C for 48 hours. The pH of the culture filtrates, along with uninoculated control samples, was measured at 5, 10, and 15 days after incubation. Prior to pH determination, the cultures were filtered through Whatman No. 1 filter paper, and the pH was recorded using a calibrated pH meter.

Zinc carbonate solubilization
The zinc-solubilizing ability of the bacterial cultures in broth supplemented with 0.1% zinc carbonate was evaluated at 5, 10, and 15 days after incubation following the method described by Kumar et al. (2026). The concentration of solubilized zinc was quantified using an Atomic Absorption Spectrophotometer (AAS). For this purpose, selected bacterial isolates were cultured in 100 mL of Tris minimal broth amended with 0.1% insoluble zinc carbonate.
Statistical Analysis
Analyses of variance (ANOVA) and standard deviations were performed separately at individual incubation dates. All statistical analyses were performed using SPSS version 11.5.
RESULTS AND DISCUSSION
Collection of soil sample from different pulses crop rhizosphere
A total of 10 bacterial strains were isolated from various rhizospheric soil samples using the serial dilution method (Kumar et al., 2024). The isolates AJM-1 and AJM-2 were obtained from the mung bean rhizosphere; AJU-3 from urd; AJP-4, AJP-5 and AJP-6 from pigeon pea; AJL-7 and AJL-8 from lentil; AJC-9 and AJC-10 from chickpea. Notably, the pigeon pea rhizosphere yielded the highest number of isolates (three), suggesting a rich microbial diversity or favorable conditions for soil-microbe interactions in this environment (Kumar and Choudhary, (2016); Singh et al., 2024). The isolation of zinc-solubilizing bacteria (ZSB) from these rhizospheres enhances our understanding of microbial dynamics in agro-ecosystems and provides a basis for evaluating their potential in improving zinc availability in soils-a critical aspect of plant nutrition and sustainable agriculture Meena et al. (2024); Kumar et al. (2024).
Table: 1 Details of soil sample collected from different pulses crop rhizosphere and isolates code of microbial strains
	S. NO.
	Name of crop rhizosphere
	Location
	Geocordinates
	Isolates code

	
	
	
	Latitude
	Longitude
	

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

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

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

	4. 
	Pigeon pea (Cajanus cajan)
	*SMFBGP
	25.982602
	85.7674944
	AJP-4

	5. 
	Pigeon pea (Cajanus cajan)
	*SMFBGP
	25.982602
	85.7674944
	AJP-5

	6. 
	Pigeon pea (Cajanus cajan)
	*SMFBGP
	25.982602
	85.7674944
	AJP-6

	7. 
	Lentil (Lens culinaris)
	#RFD
	25.985696
	85.680362
	AJL-7

	8. 
	Lentil (Lens culinaris)
	#RFD
	25.985696
	85.680362
	AJL-8

	9. 
	Chick pea (Cicer arietinum)
	$CEP
	25.986508
	85.68039
	AJC-9

	10. 
	Chick pea (Cicer arietinum)
	$CEP
	25.986508
	85.68039
	AJC-10


* Seed Multiplication Farm, Bihar Government, Pusa; #Research Farm Dholi; $Center of excellence, Pusa
Identification and characterization of Zinc Solubilizing Bacteria
Morphological colony characterization
The morphological characteristics of bacterial colonies under in vitro conditions are presented in Table 2. Colony sizes among the 10 isolates varied from small to large with shapes ranging from round to irregular. Colony colors included white, pale white, orange, Milky White and yellow, while colony margins were either entire or undulated and Serrated. Elevation patterns observed were either flat, raised, SlightlyRaised and Slightly convex. The variation in colony size suggests differences in growth rates and nutrient utilization efficiency with isolates such as AJP-5 and AJC-9 forming larger colonies, potentially due to faster growth or enhanced metabolic activity. Most isolates displayed round-shaped colonies, indicative of uniform bacterial growth and possibly single-species dominance. In contrast, irregular shapes observed in isolates AJU-3, AJP-6 and AJC-10 may reflect morphological plasticity or extracellular matrix production influencing colony borders. Color differences likely result from the synthesis of distinct pigments (Kumar et al., 2026), which may serve protective functions or be associated with specific metabolic pathways (Kumar et al., 2024). Undulated margins could indicate irregular expansion or filamentous growth, while raised colonies are often linked to high cell density exopolysaccharide production or altered surface tension (Kumar and Singh., 2025).
Table: 2 Morphological characterizations of bacterial isolates under in vitro condition
	Isolates
	Size
	Colony Shape
	Colour of colony
	Colony Margin
	Elevation

	AJM-1
	Medium
	Round
	Yellow
	Undulated
	Flat

	AJM-2
	Small
	Round
	Milky White
	Undulated
	SlightlyRaised

	AJU-3
	Medium
	irregular
	Milky White
	Entire
	Slightly convex

	AJP-4
	Medium
	Round
	Pale White
	Undulated
	Raised

	AJP-5
	Large
	Round
	Yellow
	Undulated
	Raised

	AJP-6
	Small
	irregular
	Pale White
	Entire
	Flat

	AJL-7
	Small
	Round
	Creamy white
	Undulated
	Slightly convex

	AJL-8
	Medium
	Round
	Pale White
	Entire
	Flat

	AJC-9
	Large
	Round
	Orange
	Serrated
	SlightlyRaised

	AJC-10
	Small
	irregular
	Milky White
	Undulated
	Raised



Biochemical Characterization
The data related to catalase test is reported in column 1 of table 3. High intensity (++) was observed in Isolates number AJM-2, AJU-3, AJP-6 and AJL-8, while low intensity (+) were observed 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 (Kumar and Jha., 2021a).

Table: 3 Biochemical characterizations of bacterial isolates.

	Isolates
	Catalase 
production 
	Nitrate reduction
	Starch hydrolysis
	Citrate utilization
	Chitinase production
	Methyl red test
	Siderophore estimation
	Oxidase production

	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
+ = Low oxidase activity; ++ = High oxidase activity; - = No oxidase activity
Qualitative method of zinc carbonate solubilizing efficiency in plate assay
The potential of Zinc carbonate solubilization carried out by ten different bacterial isolates was evaluated through plate assay after incubation. The highest Diameter of Colony i.e., 9 mm was formed by AJP-6 and AJU-3, while the lowest Diameter i.e., 7 mm was produced by isolates number AJP-5. The highest Diameter of halozone i.e., 30 mm was formed by AJP-6 and 25 mm was formed by AJL-8 while the lowest Diameter of halozone i.e., 15 mm was produced by isolates AJP-5. The highest Khandeparkar’s selection ratio i.e., 3.37 was calculated for AJP-6 followed by 3.12 was calculated for AJL-8 while the lowest ratio i.e., 2.12 was calculated for isolates AJC-10. The highest solubilization index i.e., 4.33 was calculated for isolates AJP-6 followed by 4.12 for isolates AJL-8, while the lowest solubilization index 3.12 was calculated for isolates AJC-10 followed by 3.14 for isolates AJP-5. The highest solubilization efficiency i.e., 333.34 was calculated for isolates AJP-6 followed by 312.50 for isolates AJL-8, while the lowest solubilization efficiency 212.54 was calculated for isolates AJC-10 followed by 214.28 for isolates AJP-5. The solubilization of zinc carbonate (Zn CO₃) by rhizobacteria is a critical process for improving plant-available zinc in alkaline and calcareous soils where Zn often exists in insoluble forms (Kumar et al., 2023). The high SI and SE values of these isolates indicate their greater ability to secrete organic acids or other metabolites involved in zinc solubilization which is in similarity of the mechanism as ascribed by Maurya, and Kumar, (2006).
Table: 4 Diameter of bacterial colony and Halozone along with Khandeparkar’s selection ratio, solubilization index (SI) And solubilization efficiency (SE) of Zinc carbonate.
	Isolates
	Diameter of Colony (mm)
	Diameter of Halozone (mm)
	Khandeparkar’s ratio
	Solubilization Index (SI)
	Solubilization Efficiency (SE)

	AJM-1
	8
	20
	2.50
	3.50
	250.00

	AJM-2
	8
	21
	2.62
	3.62
	262.50

	AJU-3
	9
	21
	2.33
	3.33
	233.33

	AJP-4
	8
	22
	2.75
	3.75
	275.00

	AJP-5
	7
	15
	2.14
	3.14
	214.28

	AJP-6
	9
	30
	3.33
	4.33
	333.34

	AJL-7
	8
	18
	2.25
	3.25
	225.15

	AJL-8
	8
	25
	3.12
	4.12
	312.50

	AJC-9
	8
	19
	2.37
	3.37
	237.55

	AJC-10
	8
	17
	2.12
	3.12
	212.54

	SEm (±)
	-
	0.06
	4.16

	CD at 5%
	-
	0.17
	12.26



Quantitative estimation of Zinc carbonate solubilization potential of bacterial isolates at different intervals in broth culture 
Change in pH of broth
The pH reduction in broth culture by 10 bacterial isolates was monitored over 15 days with the control maintained at pH 7.00. At 5, 10 and 15 days of incubation, AJP-6 consistently exhibited the greatest acidification, reducing pH to 6.12, 5.65 and 5.42, respectively, followed closely by AJL-8. In contrast, AJU-3 showed the least pH reduction across all intervals, maintaining higher pH values of 6.80, 6.48, and 6.21, respectively. Overall, the data indicate a progressive drop in pH over time, reflecting the acidifying ability of the isolates, particularly AJP-6 and AJL-8. These results clearly indicate the strong acidification potential of both isolates likely due to high organic acid production which directly correlates with enhanced zinc release (Kumar and Paswan, 2015; Das, et al., 2025).
Zinc carbonate solubilization 
The Zn CO₃ solubilization efficiency of 10 bacterial isolates was evaluated at 5-day intervals in broth culture containing 0.1% insoluble ZnCO₃. Solubilization ranged from 118.28 to 142.70 ppm at 5 days, 133.50 to 163.30 ppm at 10 days and 142.60 to 172.35 ppm at 15 days of incubation. Among the isolates, AJP-6 consistently showed the highest solubilization across all time points, followed by AJL-8, while AJC-10 exhibited the lowest solubilization throughout the study. The solubilization efficiency showed a steady increase over time, indicating the progressive ability of the isolates to mobilize zinc from Zn CO₃. The work is in conformity with the work of several researchers like Kumar and Maurya (2006); Sinha, et al., 2025; Singh, et al., 2026; Kumar, et al., 2026.
Table: 5 Influence of different bacterial isolates on lowering of pH and extent of Zinc carbonate solubilization.
	Isolates
	Lowering of pH 
(Initial broth pH 7.00)
	Zinc carbonate 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
	6.38
	6.15
	5.85
	126.53
(12.65)
	136.40
(13.64)
	144.10
(14.40)

	AJM-2
	6.45
	5.93
	5.65
	123.58
(12.35)
	137.43
(13.74)
	154.80
(15.28)

	AJU-3
	6.80
	6.48
	6.21
	128.70
(12.87)
	148.92
(14.89)
	159.37
(15.93)

	AJP-4
	6.43
	6.28
	6.05
	124.15
(12.40)
	149.70
(14.97)
	154.88
(15.48)

	AJP-5
	6.25
	6.00
	5.82
	119.65
(11.96)
	135.54
(13.35)
	143.76
(14.37)

	AJP-6
	6.12
	5.65
	5.42
	142.70
(14.27)
	163.30
(16.33)
	172.35
(17.23)

	AJL-7
	6.26
	6.01
	5.73
	128.74
(12.87)
	134.57
(13.45)
	152.60
(15.26)

	AJL-8
	6.18
	5.73
	5.49
	139.50
(13.95)
	159.74
(15.97)
	169.73
(16.97)

	AJC-9
	6.46
	6.24
	5.91
	122.56
(12.25)
	136.60
(13.66)
	153.48
(15.34)

	AJC-10
	6.55
	6.28
	6.10
	118.28
(11.98)
	133.5
(13.35)
	142.60
(14.26)

	SEm (±)
	0.10
	0.10
	0.10
	2.14
	2.42
	2.61

	CD at 5%
	0.31
	0.29
	0.28
	6.30
	7.13
	7.70



*Data in parenthesis () shows the percentage (%) solubilization of Zinc carbonate over control.


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

Figure 2: Extent of Zinc Carbonate solubilization by different bacterial isolates at 5, 10 and 15 days.
CONCLUSION
The present study highlights the significant potential of zinc-solubilizing bacteria (ZSB) isolated from the rhizosphere of pulse crops in mobilizing insoluble zinc carbonate under in vitro conditions. Among the ten isolates tested, strains AJP-6 and AJL-8 demonstrated superior zinc solubilization efficiency, evidenced by larger halo zones, higher solubilization indices and greater acidification of the medium over time. The consistent reduction in pH and increased zinc concentration in broth culture confirm the role of organic acid secretion in enhancing zinc bioavailability. These findings underscore the potential application of efficient native ZSB strains as biofertilizers to improve zinc nutrition in crops, particularly in zinc-deficient calcareous soils, thereby contributing to sustainable and nutrient-efficient agricultural practices.
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