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EFFICIENCY OF ZINC SOLUBILIZING BACTERIA AS PGPR AND THEIR BIOCHEMICAL CHARACTERISTICS

ABSTRACT

Thirty two (32) isolates of zinc solubilising bacterial inoculants were collected from the rhizosphere soil of paddy crop in Kurnool (Mandals of Atmakur, Kothapalle, Jupadu bungalow, Pamulapadu and Velugodu), Prakasam (Mandals of Tripuranthakam, Yerragondapalem, Dornala, Markapuram and Giddalur), Guntur (Mandals of Vinukonda, Narasaraopet, Chilakaluripet, Sattenapalle and Piduguralla) and Anantapur districts (Mandals of Guntakal, Gooty, Pamidi, Tadipatri and Uravakonda) of Andhra Pradesh by using insoluble source of zinc. These isolates were verified for PGPR activity and then subjected biochemical tests in the Department of Agricultural microbiology, Advanced Post Graduate Centre, ANGRAU, Lam, Guntur. Two isolates, ZnKJJ-4 (Zinc solubilizing isolate from soil sample - 4 of Kurnool Dist., Jupadubunglow village and Mandal) and ZnPGG-1 (Zinc isolate from soil sample - 1 of Prakasham Dist., Giddaluru village and Mandal) showed the highest efficiency with respect to zinc solubilization, phosphate solubilization, potassium release, exopolysaccharide production activity, indole acetic acid production activity, siderophore production activity and different biochemical tests like Starch hydrolysis, Hydrogen sulphide test, Indole production, Catalase test, Oxidase test, Gelatine liquification, Methyl red test, Vogues Proskauer test, Citrate Utilization and Ammonia production. Therefore, these two isolates (ZnKJJ-4, ZnPGG-1) were selected for further evaluation in direct sown paddy crop.
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INTRODUCTION 

Paddy (Oryza sativa L.) is one of the vital staple food crops for more than 50 % of the world’s population providing major source of food energy. In respect of consumption, it occupies major place in India’s cultivated land. In India Export value of rice in 2011 was 115.86 billion rupees now in 2022 it reached to 721.16 billion rupees (FAO, 2023). 

Plants require several essential macro and micro nutrients for their growth and development. These nutrients applied through inorganic or organic forms are absorbed by plant roots along with water. Zinc (Zn) is one of the most important micronutrients necessary for the normal healthy growth and reproduction of plants, animals and humans and when the supply of plant-available zinc is scarce, crop yields are reduced and the quality of crop products is impaired. In plants, zinc plays a crucial role as a structural constituent or regulatory co-factor of a wide range of different enzymes and proteins in many significant biochemical pathways and these are mainly concerned with carbohydrate metabolism, both in photosynthesis and in the conversion of sugars to starch, protein metabolism, auxin (growth regulator) metabolism, pollen formation, maintenance of the integrity of biological membranes, resistance to infection by certain pathogens (Manasa et al., 2019). 

In recent years importance of Zinc solubilizing bacteria (ZSB) has increased and these are probable candidates for improving bioavailable fraction of Zn to host plant for enhancing crop growth, yield and quality without affecting the environment, being adopted in the agriculture. Alternatively, several microorganisms, especially those associated with roots, have the ability to raise plant growth and productivity (Rodriguiz et al., 2004) by enhancing the supply of mineral nutrients of low mobility in the soil like P, Zn and Cu (Thompson, 1996). Among these microorganisms, a group of bacteria referred to as Plant Growth Promoting Rhizobacteria (PGPR) are involved in nutrient cycling (Glick, 1995). Hence this study was conducted for identification of efficient zinc solubilizing isolates through biochemical tests for field evaluation in direct sown paddy.
MATERIALS AND METHODS

2.1. Isolation of zinc and silica solubilizing bacteria from the collected rhizospheric soil samples 
zinc solubilising bacterial inoculants were collected from the rhizosphere soil of paddy crop  Kurnool (Mandals of Atmakur, Kothapalle, Jupadu bungalow, Pamulapadu and Velugodu), Prakasam (Mandals of Tripuranthakam, Yerragondapalem, Dornala, Markapuram and Giddalur), Guntur (Mandals of Vinukonda, Narasaraopet, Chilakaluripet, Sattenapalle and Piduguralla) and Anantapur districts (Mandals of Guntakal, Gooty, Pamidi, Tadipatri and Uravakonda) of Andhra Pradesh by using insoluble source of zinc.
2.1.1. Isolation of zinc solubilizing bacteria
Serial dilution method was used for isolating the Zinc Solubilizing Bacteria (ZSB) from the rhizosphere soil samples. One g of rice rhizosphere samples was suspended in 9.0 ml of saline distilled water in test tubes. From the first dilution 1 ml was transferred to test tube containing 9 ml of sterile distilled water to get 10-2 dilution. The same method was used for preparing up to 10-6 dilution. The tris-mineral salts medium was prepared containing dextrose - 10.0 g, (NH4)2 SO4 - 1.0 g, KCl - 0.2 g, K2HPO4 - 0.1 g, MgSO4 - 0.2 g in distilled water (1000 ml and pH was adjusted 7.0). The source of insoluble zinc compounds such as ZnO, ZnCO3 and Zn3 (PO4)2 was supplemented at 1% and 20 g agar was added into the medium individually and autoclaved at 121℃ for 30 min. The agar medium was poured into sterile Petri plates under aseptic condition. After solidification of media in Petri plates 0.1ml of sample from 10-1, 10-2, 10-3, 10-4, 10-5, 10-6 and 10-7 dilutions from paddy rhizosphere soil samples were taken by sterile pipette, transferred and spread on to respective Petri plates. The inoculated plates were incubated at 27 -30 ℃ for 48 h (Goteti et al., 2013).

2.2. Qualitative and quantitative assay for zinc solubilization
Zinc solubilizing ability of bacterial isolates were evaluated using zinc phosphate in both plate and broth media assays.
2.2.1. Qualitative estimation of zinc solubilization by plate assay
All the bacterial strains were screened for their ability to solubilize zinc in mineral salts agar medium amended with 0.1% of zinc phosphate [Zn3 (PO4)2]. The actively growing cultures (5μl) were spot inoculated onto the medium, incubated at 28 ℃ and the solubilization zone was measured after 5 days of inoculation and cleared zone was expressed as solubilization efficiency in percent and area in square millimetre (mm) (Premono et al., 1996). 

2.2.2. Quantitative estimation of zinc solubilization by broth assay
Analysis of insoluble zinc solubilized in liquid medium by the bacterial culture was determined quantitatively by following the protocol of Fasim et al. (2002) using Atomic Absorption Spectrophotometer (AAS). In the broth assay, the selected bacterial isolates were grown in 100 ml of mineral salts broth supplemented with insoluble source of zinc phosphate at 0.1% concentration and incubated for 48 hrs at 28°C in an orbital shaker at 120 rpm. Three replicates (n=3 for each treatment) were maintained for each bacterial isolate. The cultured broth was filtered through Whatman No. 42 filter paper and centrifuged at 10,000 rpm for 10 minutes. The culture supernatant was fed directly to the Atomic Absorption Spectroscopy (Varian Model SPECTRAA 220) for the determination of soluble zinc content. The amount of zinc solubilized was obtained by subtracting the soluble Zn of the inoculated sample from the un-inoculated control and expressed as ([image: image2.png]


g ml-1) culture.
2.3. Characterization of zinc and silica solubilizing bacterial isolates by morphological, cultural and biochemical characters
2.3.1. Morphological characterization

All the zinc and silica solubilizing bacterial isolates were checked for their purity and then studied for colony morphology and pigmentation. The cell shape and gram reaction were also recorded as per the standard procedures (Barthalomew and Mittewer, 1950).

2.3.1.1. Colony morphology 

Morphological characteristics of the colony of each isolate were examined on Nutrient agar and specialized medium and incubated according to the nature of isolate. Cultural characterization of isolates was recorded by appearance and development of colonies such as shape, size, elevation, surface, margin, colour, odour, pigmentation etc.
2.3.1.2. Gram’s staining

A drop of sterile distilled water was placed in the centre of glass slide. A loopful of inoculum from the young culture was taken, mixed with water and placed in the centre of the slide. The suspension was spread out on slide using the tip of inoculation needle to make a thin suspension. The smear was dried in air and fixed through mild heating by passing the slide 3 to 4 times over the flame. The smear was then flooded with crystal violet solution for 30 seconds and washed gently with flow of tap water. Then the slide was flooded with iodine solution. After incubation at room temperature for 30 seconds, Iodine solution was drained out by washing with 95% ethanol. After that, it was washed with water within 15 to 30 seconds and blotted carefully. The smear was incubated with safranin solution for 30 seconds. The slide was washed gently in flow of tap water and dried in air. The slide was examined under microscope at 100 X power with oil immersion and data was recorded (Barthalomew and Mittewer, 1950).

2.4. Biochemical and physiological characterization of zinc and silica solubilizing isolates

Different biochemical tests were performed and the protocols followed are briefly outlined below.

2.4.1. Starch hydrolysis 
Sterile starch agar plates were spotted with 10 µl overnight broth cultures of the isolates and incubated at 28 ± 2°C for 24-48 hours. After incubation, the plates were flooded with iodine solution. The formation of a transparent zone around the colony was considered as a positive reaction to the test (Macfaddin, 2000). 

2.4.2. Hydrogen sulfide test 
Sterilized Hydrogen Sulfide-Indole-Motility agar (SIM agar) stabs were inoculated along the wall of the tubes with overnight cultures of the isolates and incubated for 48 hours at 28 ± 2°C. Visualization of black colour along the line of inoculation indicated a positive reaction (Beishir,1991).

2.4.3. Indole production 
Sterilized hydrogen sulfide-indole-motility agar (SIM agar) slants were inoculated with the overnight cultures of the isolates and incubated for 48 hours at 28 ± 2°C. Following incubation, 10 drops of Kovac’s indole reagent was added to each tube. The isolates showing the production of red colour were recorded as positive for indole production (Isenberg and Sundheim, 1958). 

2.4.4. Catalase test 
This test was performed to verify the presence of catalase enzyme in bacterial colonies. Pure isolates (24 hours old) were taken on glass slides and one drop of H2O2 (30%) was added. The appearance of the gas bubble indicated the presence of catalase enzyme (Rangaswami G and Bagayaraj, 1993).

2.4.5. Oxidase test 
The overnight cultures of the test isolate were spotted on plates containing sterile Trypticase Soy Agar (TSA) and the plates were incubated for 24 hours at 28 ± 2°C. After incubation, 2-3 drops of N, N, N’, N’- tetramethyl-p-phenylene diamine dihydrochloride (Wurster’s reagent) was added onto the surface of growth of each test organism. The isolates showing the change of colour to maroon were noted as oxidase positive (Collins and Lyne, 1970).

2.4.6. Gelatin liquefaction 
The overnight cultures of the test isolates were inoculated to sterilized nutrient gelatin deep tubes and incubated for 24 hours at 28 ± 2°C. Then the tubes were kept in the refrigerator for 30 minutes at 4°C. The isolates showing liquefied gelatin were taken as positive and those which resulted in the solidification of gelatin on refrigeration were recorded as negative for the test (Macfaddin, 2000). 

2.4.7. Methyl red test 
Sterilized glucose-phosphate broth tubes were inoculated with the test culture and incubated at 28 ± 2oC for 48 hours. After incubation five drops of methyl red indicator were added to each tube and gently shaken. Red colour development was taken as positive and yellow colour production was taken as negative for the test (Macfaddin, 2000).
2.4.8. Vogues Proskauer’s test 
To the pre-sterilized glucose-phosphate broth tubes, test cultures were inoculated and incubated at 37°C for 48 hours. After incubation ten drops of Barritt's reagent-A was added and gently shaken, followed by the addition of 10 drops of Barritt's reagent-B. The development of pink colour in the broth was taken as positive for the test (Macfaddin, 2000).
2.4.8. Citrate utilization 
Isolates were streaked on Simmon’s citrate agar slants and incubated at 28 ± 2°C for 24 hours. Change in colour from green to blue indicated the positive reaction for citrate utilization (Macfaddin, 2000).
2.4.9. Ammonia production 
The isolates were tested for ammonia production by inoculating the isolates into 10 ml of pre-sterilized peptone water in test tubes. The tubes were incubated for 48-72 hours at 36 ± 2°C. Afterwards Nessler’s reagent (0.5 ml) was added in each tube. Change in the colour of medium from brown to yellow colour was taken as a positive test for ammonia production (Juanda, 2005).

2.5. Screening of isolates for Plant Growth Promoting (PGP) properties
2.5.1. Exo Polysaccharide production (EPS)
Initially TSP broth with -0.30 Mpa osmotic stress, 15% PEG 6000 was prepared, then inoculated with test culture and incubated for 3 days. After incubation culture was centrifuged at 20,000 g in refrigerated centrifuge for 25 min. The supernatant was filtered through 0.45 µm nitro cellulose membrane, dialysed against 4°C and then centrifuged at 20,000 g for 25 min to remove any insoluble material; and mixed with 3 volumes ice cold absolute alcohol and kept overnight at 4°C. Precipitated EPS was obtained by centrifuging at 10,000 g for 15 min and then suspended in water (Sandhya et al., 2009).

2.5.2. Siderophore production

Siderophore production was estimated qualitatively by using Chrome Azurol S (CAS) Agar medium (Schwyn and Neilands, 1987). For the detection of siderophores, each isolate was grown in synthetic medium, containing 0.5 μM of iron and incubated for 24 h in a rotary shaker at room temperature. Chrome Azurol S (CAS) assay was used to detect the siderophores. The CAS plates were used to check the culture supernatant for the presence of siderophores. Culture supernatant was added to the wells made on the CAS agar plates and incubated at room temperature for 24 h. Formation of yellow to orange coloured zone around the well indicated the siderophore production. 

2.5.3. Indole Acetic Acid production

Indole Acetic acid Production was tested according to Gordon and Weber (1951). The active culture of each test isolate was raised in 5 ml respective broth tubes and incubated at determined temperature and time. After incubation these cultures were centrifuged at recommended rpm and time. Two drops of Orthophosphoric acid were added to 2 ml of supernatant and incubated for 30 min to develop the colour. Development of pink colour considered as positive for IAA production.

2.5.4. Phosphate solubilization

For this test sterilized Pikovskaya’s agar was poured as a thin layer on to the sterilized Petri plates and incubated for 24 h. After incubation the Pikovskaya’s plates were spot inoculated with isolates and incubated at 28 ± 1°C for 4-5 days (Pikovskaya, 1948). Formation of a clear zone around the colonies was considered as positive result for phosphate solubilization.

PSE (Phosphate Solubilization Efficiency) = Z / C x 100

Z = Clearance zone including bacterial growth

C = Colony diameter

2.5.5. Potassium solubilization

The isolates were inoculated on agar medium containing 0.5 percent insoluble potassium compounds viz., mica (potassium aluminium silicate) or Aleksandrov’s agar medium having 0.5 percent potassium aluminium silicate. The test organisms were inoculated on these media and incubated at 30°C for 48-72 hours. The diameter of the clearing zones around the colonies were measured (Prajapati and Modi, 2012). 

RESULTS AND DISCUSSION

3.1. SCREENING OF ZINC SOLUBILIZING BACTERIA 

3.1.1. Screening of zinc solubilizing bacteria for their zinc solubilization efficiency 

3.1.1.1. Qualitative method of zinc solubilizing efficiency in plate assay 
All the thirty two zinc solubilizing isolates were able to form clear zone of zinc solubilization in zinc solubilizing media plate in the range of 5.12-16.12 mm. Among them ZnKJJ-4 was found statistically superior to all other isolates with highest solubilization zone (16.12 mm) followed by ZnPGG-1 (15.32 mm) and the lowest solubilization zone was observed with ZnAUU-1 (5.12 mm). Zinc solubulization index were also highest for ZnKJJ-4 (4.91) followed by ZnPGG-1 (4.46) and the lowest solubilization index was observed with ZnAUU-1 (2.22). These results were correlated with Tensingh BN and Jemeema (2015) who identified the selected strains as Bacillus and Pseudomonas. The isolated strains were characterized under in vitro conditions. They showed solubilization zone of 2 - 5 mm at 28 - 30°C. The highest solubilization was observed with Pseudomonas putida (5 mm) followed by P. flourescens (4 mm) and the lowest solubilization in Bacillus megaterium (2 mm) (Table 1).
3.1.1.2. Quantitative method of zinc solubilizing efficiency in broth assay 

All the thirty two zinc solubilizing isolates were able to solubilize the available zinc in zinc solubilizing broth with mineral salts supplemented with insoluble source of zinc phosphate at 0.1% concentration (Table 1). Among them ZnKJJ-4 recorded the highest available zinc content of 2.89 ug ml-1 followed by ZnPGG-1 (2.85 ug ml-1). The lowest of 1.01 ug ml-1 was observed in ZnAUU-1. Similar results were observed by Kajal and Desai (2015) who isolated zinc solubilizing bacteria from alkaline fields. Among 309 isolates, 141 isolates were positive for zinc solubilization. Quantitatively solubilization efficiency of different bacterial isolates ranged from (116-366%) in 0.1% zinc oxide incorporated medium. Based on solubilization efficiency five isolates with highest Zn solubilization efficiency were chosen for further tests related to multiple plant growth promoting traits.
Table 1. Quantitative and qualitative estimation of zinc solubilisation in different ZnSB isolates

	S. No.
	Isolate name
	Soluble Zn concentration ug ml-1
	Zinc solubilisation

	
	
	
	Zinc solubilization index (ZSI)
	Zone diameter (mm)

	
	
	
	
	Solubilization zone
	Culture diameter

	1.
	ZnKAA-1
	1.51
	3.85
	9.12
	3.20

	2.
	ZnKAA-2
	1.45
	3.03
	8.57
	4.23

	3.
	ZnKAA-3
	1.75
	3.37
	5.70
	2.41

	4.
	ZnKAA-4
	2.45
	4.03
	6.12
	2.02

	5.
	ZnKJJ-1
	1.54
	3.70
	9.22
	3.41

	6.
	ZnKJJ-2
	2.03
	4.29
	10.21
	3.10

	7.
	ZnKJJ-3
	1.61
	3.00
	6.00
	3.00

	8.
	ZnKJJ-4
	2.89
	4.91
	16.12
	4.12

	9.
	ZnPTT-1
	1.32
	2.95
	8.00
	4.10

	10.
	ZnPTT-2
	1.45
	2.73
	7.13
	4.12

	11.
	ZnPTT-3
	1.84
	3.33
	10.15
	4.35

	12.
	ZnPTT-4
	1.36
	3.26
	7.10
	3.14

	13.
	ZnPYY-1
	1.96
	3.85
	12.01
	4.21

	14.
	ZnPYY-2
	1.98
	3.90
	9.14
	3.15

	15.
	ZnPMM-1
	1.41
	3.43
	8.30
	3.41

	16.
	ZnPMM-2
	1.24
	3.28
	8.22
	3.60

	17.
	ZnPMM-3
	1.21
	3.25
	9.21
	4.10

	18.
	ZnPGG-1 
	2.85
	4.46
	15.32
	4.43

	19.
	ZnPGG-2 
	1.79
	3.99
	9.01
	3.01

	20.
	ZnPGG-3
	1.45
	3.36
	8.05
	3.41

	21.
	ZnGCC-1 
	1.22
	2.50
	6.20
	4.12

	22.
	ZnGCC-2
	2.32
	4.07
	9.52
	3.10

	23.
	ZnGCC-3
	1.78
	3.92
	12.01
	4.11

	24.
	ZnGPP-1 
	1.32
	3.43
	7.64
	3.14

	25.
	ZnGPP-2 
	1.13
	2.37
	5.48
	4.01

	26.
	ZnGPP-3
	1.96
	3.98
	9.31
	3.12

	27.
	ZnAPP-1 
	1.89
	3.43
	10.21
	4.21

	28.
	ZnAPP-2 
	1.42
	3.35
	9.41
	4.01

	29.
	ZnAPP-3
	1.65
	3.70
	8.12
	3.01

	30.
	ZnAUU-1 
	1.01
	2.22
	5.12
	4.21

	31.
	ZnAUU-2 
	1.48
	3.73
	9.44
	3.46

	32.
	ZnAUU-3
	1.26
	3.58
	8.50
	3.30

	SE(m)
	
	0.042
	
	0.064
	

	CD (p=0.05)
	
	0.126
	
	0.192
	

	CV (%)
	
	1.725
	
	1.341
	


3.1.2. Screening of zinc solubilizing bacteria for phosphate solubilization efficiency  
Bacterial isolates were screened for phosphate solubilization potential in Pikovskaya’s broth supplemented with 0.1 % tricalcium phosphate quantitatively; and qualitatively on Pikovskaya’s agar plate. Among all the isolates 32 zinc solubilizing bacterial isolates recorded positive for phosphate solubilisation qualitatively. Among these the highest solubilization was recorded with the isolate, ZnKJJ-4 (10.14 mm), followed by ZnPGG-1 (10.02 mm) and ZnGCC-3 (9.86 mm) which were statistically on par; the least solubilisation was by ZnAPP-1 (4.38 mm). 

All the bacterial isolates recorded positive for phosphate solubilisation quantitatively, among these the highest solubilization was recorded with the isolate ZnKJJ-4 (7.65 % of Pi), followed by ZnPGG-1 (7.18 % of Pi) and least in ZnAPP-1 (4.01 % of Pi) (Table 2). Insoluble phosphate compounds can be solubilized by organic acids and phosphatase enzymes produced by plants and microorganisms. Phosphate solubilization was showed by most of the PGPR. Phosphorous is essential for plant health and is typically insoluble or poorly soluble in soils under salt stress conditions. Some of the bacteria improve the solubilization of unavailable phosphorous and applied phosphates, resulting in higher yields even under unfertilized conditions. 

Similar results were observed by Sengupta et al., 2018) where phosphate solubilizing index (PSI) of 17 isolates varied between 1.692-3.033, after seven days of incubation. Tricalcium phosphate solubilization by PSB (309.72-615.28 μg ml-1) was highest with isolate JCA-5. Saravanan et al. (2007) isolated 17 morphologically different bacterial isolates among which three isolates showed positive results for ammonia and phosphate solubilisation and nine isolates produced indole acetic acid. Five out of 30 isolates were found positive by producing clear zones on Pikovskaya’s media during evaluation of phosphate solubilizing potential (Singh et al., 2012).

Table 2. Phosphate solubilization efficiency of ZnSB isolates from different districts of Andhra Pradesh

	S. No.
	Isolate name
	% of Inorganic Phosphorus Released
	Phosphate solubilization

	
	
	
	P solubilization index (PSI)
	Zone diameter (mm)

	
	
	
	
	Solubilization zone
	Culture diameter

	1.
	ZnKAA-1
	4.32
	3.34
	8.23
	3.51

	2.
	ZnKAA-2
	5.41
	3.60
	8.14
	3.13

	3.
	ZnKAA-3
	4.58
	3.94
	9.12
	3.10

	4.
	ZnKAA-4
	5.16
	3.98
	6.02
	2.02

	5.
	ZnKJJ-1
	4.45
	3.59
	8.14
	3.14

	6.
	ZnKJJ-2
	4.26
	3.80
	9.13
	3.26

	7.
	ZnKJJ-3
	5.14
	3.52
	7.01
	2.78

	8.
	ZnKJJ-4
	7.65
	4.27
	10.14
	3.10

	9.
	ZnPTT-1
	5.01
	3.32
	7.23
	3.11

	10.
	ZnPTT-2
	5.62
	2.98
	7.85
	3.96

	11.
	ZnPTT-3
	4.98
	3.23
	9.33
	4.19

	12.
	ZnPTT-4
	4.85
	3.31
	8.36
	3.62

	13.
	ZnPYY-1
	5.12
	3.27
	9.36
	4.13

	14.
	ZnPYY-2
	6.14
	3.63
	9.13
	3.47

	15.
	ZnPMM-1
	4.68
	3.58
	8.14
	3.16

	16.
	ZnPMM-2
	5.40
	4.13
	7.69
	2.46

	17.
	ZnPMM-3
	4.62
	2.94
	8.37
	4.32

	18.
	ZnPGG-1 
	7.18
	4.18
	10.02
	3.15

	19.
	ZnPGG-2 
	4.28
	4.02
	8.63
	2.86

	20.
	ZnPGG-3
	4.60
	3.64
	8.13
	3.08

	21.
	ZnGCC-1 
	5.90
	3.32
	8.25
	3.56

	22.
	ZnGCC-2
	5.03
	4.14
	9.52
	3.03

	23.
	ZnGCC-3
	6.39
	3.28
	9.86
	4.32

	24.
	ZnGPP-1 
	4.60
	3.32
	8.25
	3.56

	25.
	ZnGPP-2 
	5.17
	3.04
	8.12
	3.98

	26.
	ZnGPP-3
	6.98
	4.10
	9.36
	3.02

	27.
	ZnAPP-1 
	4.01
	2.20
	4.38
	3.65

	28.
	ZnAPP-2 
	5.18
	3.63
	8.32
	3.16

	29.
	ZnAPP-3
	5.64
	4.12
	9.23
	2.96

	30.
	ZnAUU-1 
	5.38
	3.42
	5.18
	2.14

	31.
	ZnAUU-2 
	4.98
	3.28
	7.06
	3.10

	32.
	ZnAUU-3
	5.18
	3.88
	7.12
	2.47

	SE(m)
	
	0.159
	
	0.152
	

	CD (p=0.05)
	
	0.477
	
	0.456
	

	CV (%)
	
	1.675
	
	1.724
	


3.1.3. Screening of zinc solubilizing bacteria for Potassium releasing efficiency  

All the isolates recorded positively for potassium releasing activity both qualitatively and quantitatively. Significantly the highest solubilization zone was recorded in the isolate ZnKJJ-4 (11.01 mm), followed by the isolate ZnPGG-1 (10.46 mm) and the least was recorded by ZnPTT-4 (6.01 mm). Quantitatively highest amount of potassium releasing activity was recorded in the isolate ZnKJJ-4 (2.76 µg ml-1), followed by ZnPGG-1 (2.54 µg ml-1) and the least by ZnPTT-4 (1.01 µg ml-1) (Table 3).

Table 3. Potassium solubilization efficiency of ZnSB isolates from different districts of Andhra Pradesh

	S. No.
	Isolate name
	Soluble K concentration ug ml-1
	Potasium solubilization

	
	
	
	K solubilization index (PSI)
	Zone diameter (mm)

	
	
	
	
	Solubilization zone
	Culture diameter

	1.
	ZnKAA-1
	1.35
	3.28
	7.16
	3.14

	2.
	ZnKAA-2
	2.41
	4.40
	9.48
	2.79

	3.
	ZnKAA-3
	1.54
	4.32
	8.14
	2.45

	4.
	ZnKAA-4
	1.20
	3.69
	8.46
	3.14

	5.
	ZnKJJ-1
	1.16
	3.39
	7.45
	3.12

	6.
	ZnKJJ-2
	2.03
	3.68
	8.43
	3.14

	7.
	ZnKJJ-3
	2.11
	4.08
	7.42
	2.41

	8.
	ZnKJJ-4
	2.76
	4.85
	11.01
	2.86

	9.
	ZnPTT-1
	1.04
	3.34
	8.10
	3.46

	10.
	ZnPTT-2
	1.30
	3.59
	8.14
	3.14

	11.
	ZnPTT-3
	1.41
	3.27
	7.16
	3.16

	12.
	ZnPTT-4
	1.01
	2.73
	6.01
	3.48

	13.
	ZnPYY-1
	1.42
	3.34
	8.16
	3.49

	14.
	ZnPYY-2
	1.08
	3.77
	8.74
	3.16

	15.
	ZnPMM-1
	2.13
	3.95
	9.04
	3.06

	16.
	ZnPMM-2
	2.23
	3.85
	9.89
	3.47

	17.
	ZnPMM-3
	2.17
	3.60
	9.06
	3.49

	18.
	ZnPGG-1 
	2.54
	4.51
	10.46
	2.98

	19.
	ZnPGG-2 
	1.08
	3.34
	7.16
	3.06

	20.
	ZnPGG-3
	1.92
	4.04
	8.06
	2.65

	21.
	ZnGCC-1 
	1.04
	3.36
	7.42
	3.14

	22.
	ZnGCC-2
	2.04
	4.39
	8.16
	2.41

	23.
	ZnGCC-3
	2.41
	3.29
	9.46
	4.13

	24.
	ZnGPP-1 
	1.05
	3.65
	8.04
	3.03

	25.
	ZnGPP-2 
	2.10
	3.91
	9.14
	3.14

	26.
	ZnGPP-3
	2.47
	3.24
	9.45
	4.21

	27.
	ZnAPP-1 
	2.04
	3.57
	8.07
	3.14

	28.
	ZnAPP-2 
	1.30
	3.88
	10.01
	3.48

	29.
	ZnAPP-3
	1.42
	3.69
	8.45
	3.14

	30.
	ZnAUU-1 
	2.04
	3.90
	9.45
	3.26

	31.
	ZnAUU-2 
	2.42
	3.61
	7.46
	2.86

	32.
	ZnAUU-3
	2.06
	3.16
	7.03
	3.26

	SE(m)
	
	0.013
	
	0.064
	

	CD (p=0.05)
	
	0.039
	
	0.192
	

	CV (%)
	
	1.214
	
	1.567
	


Potassium releasing activity is the most important mechanism for the microorganisms to solubilize a fixed form of potassium in the soil. The main mechanism of potassium releasing bacteria is acidolysis, chelation, exchange reactions, complexolysis and production of organic acids. The utilization of potassium releasing bacteria to increase the soluble form of potassium and has been regarded as a desirable pathway to increase plant yields (Dong., 2019).

Kammar et al. (2016) selected 28 best isolates where the solubilization zone ranged from 0.30 cm to 1.40 cm after 72 hours of incubation. The isolate, KSBD-58 showed a maximum solubilization zone of 1.40 cm, followed by KSBR-41 (1.30 cm). Comparable results were observed by Parmar et al. (2016) who isolated potassium solubilizers using mica from the soil samples of maize rhizosphere, on Aleksandrov’s medium. Five out of 25 bacterial isolates were selected and categorized based on cultural and biochemical characteristics. The highest solubilization (46.52 μg ml-1) was observed in isolate KSB-1, identified as Bacillus licheniformis by the Biolog system which was followed by KSB-3 (42.37 μg ml-1), identified as Bacillus subtilis. Hu et al.  (2006) isolated two potassium solubilizing Bacillus spp. from the soils on the modified Aleksandrov medium.

3.1.4. Screening of zinc solubilizing bacteria for Exo Polysaccharide production (EPS) efficiency
The bacterial strains which are screened for zinc solubilization were also tested for EPS production. Exopolysaccharide was produced by all most all the zinc solubilizing bacterial isolates (Table 4). The bacterial isolates with the highest EPS production were further tested for biochemical characteristics and regarded as coherent bacteria.

Among thirty two isolates maximum amount of EPS production was observed in the isolate ZnKJJ-4 (8 mg ml-1) followed by ZnPGG-1 (7 mg ml-1). No EPS production was observed in the isolates, viz., ZnPTT-2, ZnPMM-1, ZnPMM-3, ZnPGG-2, ZnGCC-2 and ZnAPP-2 (Table 4). Exopolysaccharides possess unique cementing and water holding properties resulting in biofilm formation. 

Minah et al. (2015) isolated 74 exopolysaccharide producing bacteria including 15 isolates with dry weight (0.10 to 2.24 mg ml-1). Highest was recorded with P3.69 (2.24 mg ml-1) followed by P2.60 (1.96 mg ml-1), P2.37 (1.79 mg ml-1) and P2.57 (1.75 mg ml-1). Similar results were obtained by Vardharajula et al. (2011) while testing the ability of three Bacillus sp to tolerate matric stress and produce EPS under different water potentials. EPS production in all three Bacillus sp. strains increased with increasing water stress. Among the isolates, strain HYD-17 showed the highest production of EPS.
Table 4. Plant growth promoting characteristics of ZnSB bacterial isolates
	S. No.
	Isolate code
	Exopolysacharide production (mg ml-1)
	Siderophore production
	Indole acetic acid production (IAA)

	1.
	ZnKAA-1
	1.0
	+
	*

	2.
	ZnKAA-2
	2.0
	+
	*

	3.
	ZnKAA-3
	2.0
	-
	**

	4.
	ZnKAA-4
	4.0
	-
	-

	5.
	ZnKJJ-1
	2.0
	+
	*

	6.
	ZnKJJ-2
	2.0
	-
	*

	7.
	ZnKJJ-3
	6.0
	-
	-

	8.
	ZnKJJ-4
	8.0
	+
	**

	9.
	ZnPTT-1
	2.0
	+
	**

	10.
	ZnPTT-2
	0.0
	+
	*

	11.
	ZnPTT-3
	1.0
	+
	*

	12.
	ZnPTT-4
	5.0
	+
	**

	13.
	ZnPYY-1
	5.0
	-
	*

	14.
	ZnPYY-2
	1.0
	+
	*

	15.
	ZnPMM-1
	0.0
	-
	*

	16.
	ZnPMM-2
	4.0
	-
	-

	17.
	ZnPMM-3
	0.0
	+
	*

	18.
	ZnPGG-1 
	7.0
	+
	**

	19.
	ZnPGG-2 
	0.0
	-
	-

	20.
	ZnPGG-3
	1.0
	+
	*

	21.
	ZnGCC-1 
	3.0
	-
	-

	22.
	ZnGCC-2
	0.0
	+
	**

	23.
	ZnGCC-3
	2.0
	+
	*

	24.
	ZnGPP-1 
	1.0
	+
	**

	25.
	ZnGPP-2 
	2.0
	-
	*

	26.
	ZnGPP-3
	1.0
	-
	-

	27.
	ZnAPP-1 
	2.0
	+
	*

	28.
	ZnAPP-2 
	0.0
	+
	**

	29.
	ZnAPP-3
	2.0
	+
	**

	30.
	ZnAUU-1 
	1.0
	-
	-

	31.
	ZnAUU-2 
	2.0
	-
	*

	32.
	ZnAUU-3
	1.0
	+
	**


*: Weak; **: Strong 

3.1.5. Screening of zinc solubilizing bacteria for Siderophore production efficiency  

Siderophore production was observed in ZnKAA-1, ZnKAA-2, ZnKJJ-1, ZnKJJ-4, ZnPTT-1, ZnPTT-2, ZnPTT-3, ZnPTT-4, ZnPYY-2, ZnPMM-3, ZnPGG-1, ZnPGG-3, ZnGCC-2, ZnGCC-3, ZnGPP-1, ZnAPP-1, ZnAPP-2, ZnAPP-3 and ZnAUU-3 (Table 4). Siderophores are produced and utilized by bacteria as iron (Fe)-chelating agents which are produced in response to iron deficiency, normally in neutral to alkaline pH soils. Although siderophore production is mainly achieved under iron deficiency, other factors such as carbon source, nitrogen source, pH, and temperature are essential for the synthesis of siderophores.  

Siderophores of pseudobacin and pyoverdin represent antimicrobial activity and affinity to trivalent iron (Maksimov et al., 2011). Isolates from sugarcane rhizosphere produced more than 85 % siderophore units (Tailor and Joshi, 2012). Out of seven, S-11 was the most efficient siderophore producer (96 % SU). Physico-chemical parameters were evaluated for the optimum production of siderophores by P. fluorescens strain. DAPG is a low-molecular-weight polyketide known to inhibit many pathogenic fungi and is responsible for the biocontrol ability of many P. fluorescens isolates (Weller et al., 2007).

3.1.6. Screening of zinc solubilizing bacteria for Indole Acetic Acid (IAA) Production efficiency 

The results for IAA test revealed that all the 32 bacteria were positive for IAA production. Among all the isolates ZnKAA-3, ZnKJJ-4, ZnPTT-1, ZnPTT-4, ZnPGG-1, ZnGCC-2, ZnGPP-1, ZnAPP-2, ZnAPP-3 and ZnAUU-3 exhibited strong (**) IAA production activity, remaining isolates showed weak (*) IAA production. IAA production varied with different physiological parameters such as pH, temperature, carbon and nitrogen sources of culture media that the intended conditions at which the IAA production is maximized (Table 4). 

Zinc solubilizing bacterial isolates were found to produce IAA which is the most physiologically active auxin in plants that influences root and shoot elongation by cell wall extension. Similar results were observed by Saravanan et al. (2007) with 17 morphologically different bacterial isolates. Among 17 isolates, 5, 9 and 11 showed positive results for ammonia and phosphate solubilization and 9 isolates produced indole acetic acid.

3.2. Biochemical and Physiological Characterization of zinc solubilizing bacterial
Isolates

All the thirty two zinc solubilizing bacterial isolates were subjected to biochemical characterization in terms of starch hydrolysis, hydrogen sulphide test, Indole production, catalase test, oxidase test, gelatine liquification, methyl red test, Vogues Proskauer test, citrate utilization and ammonia production. 
The zinc solubilizing bacterial isolates other than ZnKAA-4, ZnPYY-1 and ZnGPP-3 were found positive for starch hydrolysis (Table 5). In hydrogen sulphide test, except ZnGCC-1 and ZnAPP-2, all other isolates resulted positive. Other than ZnKAA-1, ZnKJJ-4, ZnPTT-3, ZnPYY-2 and ZnAPP-2 isolates were positive for indole production. Isolates ZnKJJ-2, ZnPMM-3 and ZnGCC-3 were negative and all other isolates showed positive reaction in catalase test. Similarly, ZnKAA-2, ZnPTT-1, ZnPMM-1 and ZnAUU-3 isolates expressed negative reaction and others were positive in oxidase test. All the isolates were found positive for gelatine liquefaction expect ZnKJJ-1, ZnPYY-1, ZnGCC-2 and ZnGPP-2. Isolates, ZnKAA-2, ZnKAA-3, ZnPTT-1, ZnPGG-3 and ZnAUU-1 were negative while the remaining isolates showed the positive reaction in methyl red test. With respect to Vogues Proskauer test, other than ZnKAA-1, ZnKJJ-1, ZnPYY-1, ZnPGG-1 and ZnGPP-1 isolates registered positive reaction. Twenty nine isolates recorded positive for citrate utilization and ZnKJJ-3, ZnPMM-2 and ZnAPP-2 were negative. Except ZnKAA-3, ZnPMM-3 and ZnGCC-3, all other isolates were positive in ammonia production test (Table 5). These results are in agreement with findings of Anitha 
Table 5. Biochemical and physiological characterization of Zinc solubilizing bacterial (ZnSB) isolates collected from different districts of Andhra Pradesh
	S. No.
	Isolate code
	Starch hydrolysis
	Hydrogen sulphide test
	Indole production
	Catalase test
	Oxidase test
	Gelatine liquification
	Methyl red test
	Vogues Proskauer test
	Citrate Utilization
	Ammonia production

	1.
	ZnKAA-1
	+
	+
	-
	+
	+
	+
	+
	-
	+
	+

	2.
	ZnKAA-2
	+
	+
	+
	+
	-
	+
	-
	+
	+
	+

	3.
	ZnKAA-3
	+
	+
	+
	+
	+
	+
	-
	+
	+
	-

	4.
	ZnKAA-4
	-
	+
	+
	+
	+
	+
	+
	+
	+
	+

	5.
	ZnKJJ-1
	+
	+
	+
	+
	+
	-
	+
	-
	+
	+

	6.
	ZnKJJ-2
	+
	+
	+
	-
	+
	+
	+
	+
	+
	+

	7.
	ZnKJJ-3
	+
	+
	+
	+
	+
	+
	+
	+
	-
	+

	8.
	ZnKJJ-4
	+
	+
	-
	+
	+
	+
	+
	+
	+
	+

	9.
	ZnPTT-1
	+
	+
	+
	+
	-
	+
	-
	+
	+
	+

	10.
	ZnPTT-2
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+

	11.
	ZnPTT-3
	+
	+
	-
	+
	+
	+
	+
	+
	+
	+

	12.
	ZnPTT-4
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+

	13.
	ZnPYY-1
	-
	+
	+
	+
	+
	-
	+
	-
	+
	+

	14.
	ZnPYY-2
	+
	+
	-
	+
	+
	+
	+
	+
	+
	+

	15.
	ZnPMM-1
	+
	+
	+
	+
	-
	+
	+
	+
	+
	+

	16.
	ZnPMM-2
	+
	+
	+
	+
	+
	+
	+
	+
	-
	+

	17.
	ZnPMM-3
	+
	+
	+
	-
	+
	+
	+
	+
	+
	-

	18.
	ZnPGG-1 
	+
	+
	+
	+
	+
	+
	+
	-
	+
	+

	19.
	ZnPGG-2 
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+

	20.
	ZnPGG-3
	+
	+
	+
	+
	+
	+
	-
	+
	+
	+

	21.
	ZnGCC-1 
	+
	-
	+
	+
	+
	+
	+
	+
	+
	+

	22.
	ZnGCC-2
	+
	+
	+
	+
	+
	-
	+
	+
	+
	+

	23.
	ZnGCC-3
	+
	+
	+
	-
	+
	+
	+
	+
	+
	-

	24.
	ZnGPP-1 
	+
	+
	+
	+
	+
	+
	+
	-
	+
	+

	25.
	ZnGPP-2 
	+
	+
	+
	+
	+
	-
	+
	+
	+
	+

	26.
	ZnGPP-3
	-
	+
	+
	+
	+
	+
	+
	+
	+
	+

	27.
	ZnAPP-1 
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+

	28.
	ZnAPP-2 
	+
	-
	-
	+
	+
	+
	+
	+
	-
	+

	29.
	ZnAPP-3
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+

	30.
	ZnAUU-1 
	+
	+
	+
	+
	+
	+
	-
	+
	+
	+

	31.
	ZnAUU-2 
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+

	32.
	ZnAUU-3
	+
	+
	+
	+
	-
	+
	+
	+
	+
	+


and Kumudini, 2014) who isolated and characterized Pseudomonas in fifteen rhizospheric samples from different regions of India, based on morphological and biochemical characteristics.
CONCLUSION

Based on the results it is concluded that two isolates, viz., ZnKJJ-4 and ZnPGG-1 were identified and characterized as efficient zinc solubilizing bacteria based on zinc solubilizing efficiency, PGPR and biochemical activity. Thus, these two efficient isolates will be evaluated as biofertilizer by mass multiplication in using suitable carrier material in direct sown paddy crop.
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