


Isolation and characterization of plant growth promoting rhizobacteria from agricultural soils of North Telangana region

ABSTRACT:
Plant growth–promoting rhizobacteria (PGPR) constitute a diverse group of beneficial soil microorganisms that colonize the rhizosphere and enhance plant growth through multiple direct and indirect mechanisms, including nutrient mobilization and suppression of phytopathogens. In the present study, rhizospheric soil samples were collected from agricultural crop fields across four districts of North Telangana State to isolate and characterize potential PGPR strains. Bacterial populations were isolated using the serial dilution technique, and aliquots (0.1 mL) of diluted soil suspensions were spread onto nutrient agar plates and incubated at 25–30 °C for 24–48 hours to ensure optimal bacterial growth. The isolated strains were subsequently screened on selective media for key plant growth–promoting traits, including phosphate solubilization, indole-3-acetic acid (IAA) production, hydrogen cyanide (HCN) production, and siderophore synthesis. Among the isolates obtained, ten strains exhibited superior plant growth–promoting activities, evidenced by prominent halo zones and clear inhibition zones surrounding the bacterial colonies. These promising isolates were preserved and further characterized based on colony morphology for future studies. Given their eco-friendly nature and potential to enhance crop productivity and soil fertility, the identified PGPR isolates demonstrate strong potential for development as biofertilizers suitable for the agro-climatic conditions of Telangana State.
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Introduction:
Soil is a fundamental and dynamic natural resource that sustains terrestrial life and plays a [{vital role in plant growth, development, and productivity. In agrarian economies such as India, soil health directly underpins agricultural sustainability and food security. However, during recent decades, rapid urbanization and industrial expansion have significantly reduced cultivable land area. Concurrently, intensive agricultural practices - characterized by the excessive and indiscriminate application of synthetic fertilizers and chemical pesticides - have resulted in severe soil degradation. These practices have adversely affected soil physicochemical properties, leading to a decline in soil fertility, disruption of microbial communities, and a marked reduction in microbial diversity and activity (Das et al.,2013).[1]
The progressive deterioration of soil ecosystems has raised serious concerns regarding the long-term sustainability of conventional farming systems. Consequently, there is an urgent need to transition from chemically intensive agricultural practices to environmentally benign, sustainable, and biologically driven approaches. Sustainable agriculture emphasizes the integrated use of plant-derived inputs, organic amendments, and beneficial microorganisms to restore soil health, enhance nutrient cycling, and improve crop productivity while maintaining ecological balance (Govind et al., 2015).[2]
Among the biological components of soil, microorganisms play a crucial role in maintaining soil fertility and promoting plant growth. A diverse group of beneficial soil microorganisms, collectively referred to as plant growth-promoting microorganisms (PGPM), naturally inhabit the rhizosphere and exert positive effects on plant growth and development. These microorganisms enhance plant performance through multiple direct and indirect mechanisms, including nutrient solubilization, phytohormone production, suppression of phytopathogens, and improvement of soil structure. The exploitation of PGPM represents a promising and eco-friendly strategy for sustainable crop production and soil health management.
These microorganisms function as biofertilizers by enhancing nutrient availability through biologically mediated processes such as nitrogen fixation, phosphate solubilization, zinc mobilization, sulphur oxidation, and the synthesis of phytohormones, thereby significantly promoting plant growth and productivity (Rochel et al., 2018; Khan et al., 2018) [3,4]
A specialized subgroup of plant growth-promoting microorganisms, collectively referred to as plant growth-promoting rhizobacteria (PGPR), colonizes the rhizosphere—the narrow zone of soil influenced by root exudates—and establishes close associative interactions with plant roots. These rhizobacteria enhance plant performance through multiple direct and indirect mechanisms. Beyond their biofertilization potential, PGPR exhibit symbiotic associations with a wide range of plant species and demonstrate antagonistic activity against soil-borne phytopathogens via antibiosis, competition, and the induction of systemic resistance in host plants (Aneliese et al., 2012).[5]
PGPR confer multiple plant growth-promoting (PGP) traits that substantially enhance plant resilience under diverse abiotic stress conditions prevailing in agro-ecosystems. Stress mitigation mediated by PGPR involves mechanisms such as biofilm formation, which improves soil aggregation, root adhesion, and regulation of rhizospheric water availability. Additionally, PGPR activate osmotic stress responses through the synthesis and accumulation of compatible osmolytes, thereby enabling plants to maintain cellular homeostasis and sustain growth under adverse environmental conditions.
Enhanced nutrient acquisition efficiency and the maintenance of ionic homeostasis under stress conditions collectively establish a robust protective framework in plants. These interconnected processes enable plants to withstand and adapt to diverse environmental stresses in a time-efficient and cost-effective manner. In the context of the increasing global emphasis on agricultural sustainability, environmental safety, and food security, the strategic application of microbial bio-inoculants represents a promising and sustainable approach for mitigating constraints imposed by persistent climate variability and progressive environmental degradation (Indranil Singh, 2018; Mudasir Ahmad et al., 2023). [6:7]
2. Materials and Methods:
2.1 Collection and Characterization of Rhizospheric Soil Samples:
Total 100 Rhizospheric soil samples were collected aseptically in sterile polyethylene bags from different agricultural crop fields cultivating cotton (Gossypium hirsutum), maize (Zea mays), chilli (Capsicum annuum), and paddy (Oryza sativa) across the different villages of four districts like Khammam, Suryapet Mahabubabad, and Warangal in Telangana State, India. The samples were immediately transported to the laboratory under cold conditions and stored at 4°C prior to processing to preserve their native microbial and physicochemical characteristics are investigated with (Somasegar and Hoben, 1994) [8] Standard laboratory procedures were employed to analyse the physicochemical properties of the soil samples, including temperature, pH, colour, soil texture, and moisture content. All parameters were determined following established protocols, and the results are presented in Table-1 (Kiran G. chaudhari, 2013) [9] 
2.2 Isolation of Plant Growth–Promoting Rhizobacteria (PGPR):
Rhizospheric soil samples were collected and used for the isolation of plant growth–promoting rhizobacteria (PGPR). Ten grams of soil sample were aseptically transferred into a 250 mL sterile conical flask containing 100 mL of sterile distilled water. The mixture was thoroughly homogenized by shaking on a rotary shaker for 30 minutes to obtain a uniform soil suspension.
Serial dilutions of the soil suspension were prepared using sterile distilled water. An aliquot of 0.1 mL from appropriate dilutions was spread evenly onto nutrient agar (HI Media) plates using a sterile spreader. The inoculated plates were incubated at 25–30 °C for 24–48 hours to allow bacterial growth.
Following incubation, morphologically distinct bacterial colonies were selected and purified by repeated streaking.  All the isolated bacterial strains were designated as shown in (Table 2) and further screened on selective media for plant growth–promoting traits. These isolates were preserved for subsequent characterization and evaluation of their plant growth–promoting activities. (Sharma and Shrivastava, 2017) [10]
2.3 Morphological Characterization of Bacterial Isolates:
The morphological characteristics of colonies obtained from each bacterial isolate were examined on nutrient agar and appropriate selective media. The plates were incubated under conditions specific to each isolate. Out of 100 bacterial isolates 10 bacterial Cultural characteristics were assessed based on standard colony morphology parameters, including colony shape, size, elevation, surface texture, margin, pigmentation, and opacity. These observations were recorded and interpreted in accordance with the guidelines described in Bergey’s Manual of Determinative Bacteriology (Holt et al., 1994). [11], Table- 3
2.4 Biochemical Characterization of Isolated PGPR:
Following the assessment of cultural and cellular morphology, the isolated plant growth–promoting rhizobacteria (PGPR) were subjected to a series of biochemical tests for preliminary identification and functional characterization. The isolates were evaluated using standard biochemical assays, including the IMVIC tests (Indole production, Methyl Red, Voges–Proskauer, and Citrate utilization), catalase activity, and other relevant biochemical tests as described by Cappuccino and Sherman (1992). The results of these biochemical reactions were recorded and compared with standard descriptions for bacterial identification. (Cappuccino and Sherman 1992). [12]
Indole Production
Sterilized Hydrogen Sulphide-Indole-Motility agar (SIM agar HI Media) slants or Tryptophan broth tubes were inoculated with the overnight cultures of the isolates and incubated for 48 h at 28 ± 2°C. Following incubation, 10 drops of Kovac's indole reagent was added to each tube. Out of 100 bacterial isolates10 isolates were showing production of red colour was recorded as positive for indole production (Aneja, 2001).[13]
Methyl Red Test
Sterilized glucose-phosphate broth tubes were inoculated with the test culture and incubated at 28 ± 2°C for 48 h. After incubation five drops of methyl red indicator was added to each tube and gently shaken. Out of 100 bacterial isolates 10 isolates were tested in that 5 isolates were red colour production was taken as positive and 5 isolates were yellow colour production was taken as negative for the test.
Voges Proskauer's Test
To the presterilized glucose-phosphate broth tubes, test cultures were inoculated and incubated at 37°C for 48h. After incubation ten drops of Baritt's reagent A was added and gently shaken followed by addition of 10 drops of Baritt's reagent B. Development of pink colour in the broth was taken as positive for the test. Out of 100 bacterial isolates 6 isolates were positive and 4 isolates were negative for VP-test.
Starch hydrolysis
Sterile starch agar plates were spotted with 10µl overnight broth cultures of the isolates and incubated at 28 ± 2°C for 24-48 h. After incubation, the plates were flooded with iodine solution. The formation of a transparent zone around the colony indicated positive. out of 100 bacterial isolates 6 isolates were positive and 4 isolates were negative for starch hydrolysis. (Cappucino. 1983). [14]
Citrate Utilization
All the isolates were streaked on Simmon's citrate agar slants and incubated at 28 ± 2°C for 24h.  Change in colour from green to blue indicates the positive reaction for citrate utilization. Out of 100 bacterial isolates 6 isolates were positive and 4 isolates were negative for citrate utilization. 
Catalase activity
Catalase test was performed by taking a drop of 3% hydrogen peroxide and added to 48 hrs old bacterial colony on a clean glass slide and mixed using a sterile tooth-pick. The effervescence indicated catalase activity. Out of 100 bacterial isolates 10 bacterial isolates were positive for catalase activity.
Oxidase test
To the 24 h old bacterial culture oxidase discs are placed on them. The isolates showing blue colouration of discs were taken as positive. Out of 100 bacterial isolates 5 isolates were positive and 5 isolates were negative for oxidase.
Screening of PGPR Isolates for Functional Characters:
Phosphate solubilization
The ability of bacteria to solubilize phosphorus was tested on Pikovskaya's agar plates. Each bacterial culture was spot inoculated in the centre of Pikovskaya's agar (HI Media) plates containing tricalcium phosphate as insoluble phosphate source (Kumar et al., 2020). The plates were incubated at 28°C for 5-7 days 10 bacterial isolates out 100 isolates were positive in phosphate solubilization and halo zone development around the bacterial growth was observed. (Pikovskaya’s, 1948, Kumar et al., 2020) [15:16]
IAA (Indole-3-acetic acid) production
IAA production of PGPR isolates was carried out by using Salkowski’s method. All the isolates were enriched in to peptone broth containing tryptophan for 24 hours. Then, the culture medium was centrifuged at 9000x rpm for 10-15 minutes to separate bacterial cells from the culture medium. Further, Salkowski’s reagent (4.5 grams of Fecl3 per Liter in 10.8 M H2SO4) were mixed with the supernatant and incubated in dark at room temperature for 30-40 minutes. Out of 100 bacterial isolates 10 isolates were screened for production of IAA and developing pink colour, the intensity of colour Absorbance was taken at 530 nm. (Loper and Schroth, 1986) [17]
HCN
All the isolates were screened out for the formation of hydrogen cyanide. Cultures were streaked on nutrient agar (HI Media) plates amended with glycine (1.4 g/l). Whatman No. 1 filter paper strips were soaked in 0.5% picric acid followed by 2% sodium carbonate and were placed in the lids of each petri plates (Kumar et al., 2020).[18]
Plates were sealed with parafilm and incubated at 28 degrees Celsius for four days. Plates were examined for changes in filter paper colour from yellow (-) to light brown (++) to brown (+++) to dark brown (++++) out of 100 bacterial isolates 10 isolates screened in that 3 isolates were able to produce high HCN remaining isolates produce medium HCN. (Bakker and Schipper,1987] [19].
Siderophore production
Siderophore production ability of the all PGPR isolates was carried out on to the CAS agar medium (Chrome Azurol S medium) (Schwyn and Nieland, 1987) [20]. All the isolates were streaked on to the CAS agar (HI Media) plate and incubated at room temperature for 24 to 72 hours. Siderophore productions were detected with orange halos around the colonies. out of 100 bacterial isolates 10 isolates were screened for siderophore production in that 2 isolates were able to produce high siderophore and remaining isolates produce low. (Loper and Bavac 1991) [21]  
Results and Discussion:
Rhizospheric soil samples were collected from four districts crop fields-chilli (Capsicum annuum), cotton (Gossypium hirsutum), maize (Zea mays), and paddy (Oryza sativa)-across four districts like Khammam, suryapet, mahabubabad and Warangal in North Telangana region. Standard laboratory protocols were employed to evaluate the physicochemical characteristics of the collected soil samples. The analysed parameters included soil colour, texture, temperature, pH, and moisture content, and the results are summarized in Table 1.
The rhizospheric soil associated with chilli cultivation exhibited a brown colour with a loamy texture, a relatively higher soil temperature (38.9 °C), near-neutral pH (7.4), and moderate moisture content (42%). In contrast, cotton field soils were red in colour with a loamy texture, slightly lower temperature (37.7 °C), mildly acidic pH (6.8), and reduced moisture content (40%).
Maize rhizosphere soils were characterized by a red colour and silty texture, with a soil temperature of 36.20C and near-neutral pH (7.1). Notably, maize soils showed increased moisture content (45%) compared to chilli and cotton soils. Paddy field soils displayed district physicochemical properties, including black colour, clay texture, comparatively lower temperature (340C), slightly acidic pH (6.5), and the highest moisture content (48%), reflecting water-logged cultivation conditions.
Overall, the observed variations in soil physicochemical parameters among different crop rhizospheres highlight the influence of crop type, soil texture, and agronomic practices on soil properties. These differences are likely to play a crucial role in shaping rhizospheric microbial communities and nutrient availability, thereby influencing crop growth and productivity.

TABLE – 1   Physical Parameters of Soil Samples
	Sl. No
	Crop Name
	Soil Colour
	Soil Texture
	Temperature
	pH
	Moisture

	1
	Chilly
	Brown
	Loamy
	38.9oC
	7.4
	42%

	2
	Cotton
	Red
	Loamy
	37.7oC
	6.8
	40%

	3
	Maize
	Red
	Silt
	36.2oC
	7.1
	45%

	4
	Paddy
	Black
	Clay
	34oC
	6.5
	48%



TABLE 2     Soil sample collection sites for PGPR isolates:
	S 
No
	Isolated Code
	Plant Rhizosphere
	Sample Collection Site
	District
	             Location in DMS


	
	
	
	
	
	Latitude
	Longitudes

	1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.
99.
100.
	KM1
KM2
KM3
KM4
KM5
KM6
KM7
KM8
KM9
KM10
KM11
KM12
KM13
KM14
KM15
KM16
KM17
KM18
KM19
KM20
KM21
KM22
KM23
KM24
KM25
MD1
MD2
MD3
MD4
MD5
MD6
MD7
MD8
MD9
MD10
MD11
MD12
MD13
MD14
MD15
MD16
MD17
MD18
MD19
MD20
MD21
MD22
MD23
MD24
MD25
SP1
SP2
SP3
SP4
SP5
SP6
SP7
SP8
SP9
SP10
SP11
SP12
SP13
SP14
SP15
SP16
SP17
SP18
SP19
SP20
SP21
SP22
SP23
SP24
SP25
WGL1
WGL2
WGL3
WGL4
WGL5
WGL6
WGL7
WGL8
WGL9
WGL10
WGL11
WGL12
WGL13
WGL14
WGL15
WGL16
WGL17
WGL18
WGL19
WGL20
WGL21
WGL22
WGL23
WGL24
WGL25

	Chilly
Chilly
Chilly
Chilly
Chilly
Chilly
Chilly
Chilly
Chilly
Chilly
Cotton
Cotton
Cotton
Cotton
Cotton
Paddy
Paddy
Paddy
Paddy
Paddy
Paddy
Paddy
Paddy
Paddy
Paddy
Maize
Maize
Maize
Maize
Maize
Maize
Maize
Maize
Maize
Maize
Chilly
Chilly
Chilly
Chilly
Chilly
Chilly
Chilly
Chilly
Chilly
Chilly
Cotton
Cotton
Cotton
Cotton
Cotton
Cotton
Cotton
Cotton
Cotton
Cotton
Maize
Maize
Maize
Maize
Maize
Chilly
Chilly
Chilly
Chilly
Chilly
Chilly
Chilly
Chilly
Chilly
Chilly
Cotton
Cotton
Cotton
Cotton
Cotton
Cotton
Cotton
Cotton
Cotton
Cotton
Maize
Maize
Maize
Maize
Maize
Maize
Maize
Maize
Maize
Maize
Paddy
Paddy
Paddy
Paddy
Paddy
Paddy
Paddy
Paddy
Paddy
Paddy
	Chirumarry
Chirumarry
Chirumarry
Chirumarry
Chirumarry
Pammy
Pammy 
Pammy 
Pammy 
Pammy
Venkatagiri
Venkatagiri Venkatagiri Venkatagiri Venkatagiri 
Laxmipuram
Laxmipuram Laxmipuram Laxmipuram Laxmipuram Laxmipuram Laxmipuram Laxmipuram Laxmipuram Laxmipuram
Mulakalapally
Mulakalapally Mulakalapally Mulakalapally Mulakalapally
Garla
Garla 
Garla
Garla
Garla
Kuravi
Kuravi 
Kuravi 
Kuravi 
Kuravi
P Sankeesa
P Sankeesa
P Sankeesa
P Sankeesa
P Sankeesa
M Gudem
M Gudem
M Gudem
M Gudem
M Gudem
Mothey
Mothey
Mothey
Mothey
Mothey
Nadigudem
Nadigudem
Nadigudem
Nadigudem
Nadigudem
Mellacheruvu
Mellacheruvu
Mellacheruvu
Mellacheruvu
Mellacheruvu
Nagaram
Nagaram
Nagaram
Nagaram
Nagaram
Chivvemla
Chivvemla
Chivvemla
Chivvemla
Chivvemla
Wardhannapet
Wardhannapet
Wardhannapet
Wardhannapet
Wardhannapet
Bollikunta
Bollikunta
Bollikunta
Bollikunta
Bollikunta
Muripirala
Muripirala
Muripirala
Muripirala
Muripirala
Mylaram
Mylaram
Mylaram
Mylaram
Mylaram
Rayaparthi
Rayaparthi
Rayaparthi
Rayaparthi
Rayaparthi
	Khammam
Khammam 
Khammam 
Khammam
Khammam
Khammam 
Khammam 
Khammam 
Khammam
Khammam 
Khammam 
Khammam 
Khammam 
Khammam 
Khammam 
Khammam
Khammam
Khammam
Khammam
Khammam
Khammam
Khammam
Khammam
Khammam
Khammam
Mahabubad
Mahabubad
Mahabubad
Mahabubad
Mahabubad
Mahabubad
Mahabubad
Mahabubad
Mahabubad
Mahabubad
Mahabubad
Mahabubad
Mahabubad
Mahabubad
Mahabubad
Mahabubad
Mahabubad
Mahabubad
Mahabubad
Mahabubad
Mahabubad
Mahabubad
Mahabubad
Mahabubad
Mahabubad
Suryapet
Suryapet
Suryapet
Suryapet
Suryapet
Suryapet
Suryapet
Suryapet
Suryapet
Suryapet
Suryapet
Suryapet
Suryapet
Suryapet
Suryapet
Suryapet
Suryapet
Suryapet
Suryapet
Suryapet
Suryapet
Suryapet
Suryapet
Suryapet
Suryapet
Warangal
Warangal
Warangal
Warangal
Warangal
Warangal
Warangal
Warangal
Warangal
Warangal
Warangal
Warangal
Warangal
Warangal
Warangal
Warangal
Warangal
Warangal
Warangal
Warangal
Warangal
Warangal
Warangal
Warangal
Warangal

	17.14984710 N
17.14984710 N
17.14984710 N
17.14984710 N
17.14984710 N
17.11500N
17.11500N
17.11500N
17.11500N
17.11500N
17.172000N
17.172000N
17.172000N
17.172000N
17.172000N
17.08430N
17.08430N
17.08430N
17.08430N
17.08430N
17.08430N
17.08430N
17.08430N
17.08430N
17.08430N
17.360N
17.360N
17.360N
17.360N
17.360N
17.490N
17.490N
17.490N
17.490N
17.490N
17.52550N
17.52550N
17.52550N
17.52550N
17.52550N
17.60N
17.60N
17.60N
17.60N
17.60N
17.3770N
17.3770N
17.3770N
17.3770N
17.3770N
17.16670N
17.16670N
17.16670N
17.16670N
17.16670N
17.020N
17.020N
17.020N
17.020N
17.020N
16.8170N
16.8170N
16.8170N
16.8170N
16.8170N
17.200N
17.200N
17.200N
17.200N
17.200N
17.15280N
17.15280N
17.15280N
17.15280N
17.15280N
17.77270N
17.77270N
17.77270N
17.77270N
17.77270N
17.8910N
17.8910N
17.8910N
17.8910N
17.8910N
17.660N
17.660N
17.660N
17.660N
17.660N
17.67920N
17.67920N
17.67920N
17.67920N
17.67920N
17.70420N
17.70420N
17.70420N
17.70420N
17.70420N
	80.0660550E
80.0660550E
80.0660550E
80.0660550E
80.0660550E
80.10660E
80.10660E
80.10660E
80.10660E
80.10660E
80.085100E
80.085100E
80.085100E
80.085100E
80.085100E
80.26490E
80.26490E
80.26490E
80.26490E
80.26490E
80.26490E
80.26490E
80.26490E
80.26490E
80.26490E
80.060E
80.060E
80.060E
80.060E
80.060E
80.140E
80.140E
80.140E
80.140E
80.140E
80.00150E
80.00150E
80.00150E
80.00150E
80.00150E
80.00E
80.00E
80.00E
80.00E
80.00E
80.0090E
80.0090E
80.0090E
80.0090E
80.0090E
79.80000E
79.80000E
79.80000E
79.80000E
79.80000E
79.840E
79.840E
79.840E
79.840E
79.840E
79.9330E
79.9330E
79.9330E
79.9330E
79.9330E
79.590E
79.590E
79.590E
79.590E
79.590E
79.68610E
79.68610E
79.68610E
79.68610E
79.68610E
79.57210E
79.57210E
79.57210E
79.57210E
79.57210E
79.6150E
79.6150E
79.6150E
79.6150E
79.6150E
79.590E
79.590E
79.590E
79.590E
79.590E
79.60610E
79.60610E
79.60610E
79.60610E
79.60610E
79.60810E
79.60810E
79.60810E
79.60810E
79.60810E



Isolation and Characterization of PGPR:
 Out of 100 bacterial isolates 10 bacterial strains were successfully isolated in the rhizospheric soil of agro economic field from different areas in four districts like Khammam, suryapet, mahabubabad and Warangal in the North Telangana region. The present study characterized the rhizo-bacterial associated with the Crop plants. Cultural and morphological characterization has been investigated as shown in the (Table 3). 
Table – 3: Cultural and morphological characterization of isolated PGPR.
	Isolated Code
	Colour
	Size
	Shape
	Margin
	Elevation
	Gram Staining

	KM1
	Whitish
	0.5mm
	Circular
	Smooth
	Convex
	Gram Positive

	KM2
	Milky
	0.4mm
	Circular
	Rough
	Flat
	Gram Negative

	KM3
	Yellowish
	0.9mm
	Irregular
	Smooth
	Raised
	Gram Positive

	KM4
	Off – White
	1.2mm
	Circular
	Rough
	Raised
	Gram Negative

	KM6
	Whitish
	0.3mm
	Irregular
	Smooth
	Flat
	Gram Positive

	KM12
	Off – White
	1.2mm
	Circular
	Rough
	Convex
	Gram Negative

	SP10
	Whitish
	0.5mm
	Irregular
	Smooth
	Flat
	Gram Positive

	SP13
	Milky
	1.3mm
	Circular
	Rough
	Convex
	Gram Negative

	SP14
	Yellowish
	0.4mm
	Irregular
	Smooth
	Raised
	Gram Negative

	SP15
	Whitish
	1.4mm
	Circular
	Rough
	Convex
	Gram Negative



Biochemical Characterization of isolated PGPR:
The isolated plant growth-promoting rhizobacteria (PGPR) were subjected to a series of standard biochemical tests to determine their metabolic and physiological characteristics. The biochemical tests along with the IMVIC test series. These tests were performed following standard microbiological procedures, and the observed reactions were recorded based on colour change or substrate utilization. The results of the biochemical characterization of the isolated PGPR strains are presented in Table -4
Table -4   Biochemical properties of isolated PGPR
	Isolated Code
	Indole Production
	Methyl Red
	V.P test
	Citrate Utilization
	Catalase
	Oxidase
	Starch Hydrolysis

	KM1
	+
	-
	+
	+
	+
	-
	+

	KM2
	+
	+
	+
	-
	+
	+
	+

	KM3
	+
	-
	+
	+
	+
	-
	+

	KM4
	+
	+
	-
	+
	+
	+
	-

	KM6
	+
	-
	-
	-
	+
	+
	+

	KM12
	+
	-
	+
	+
	+
	+
	-

	SP10
	+
	+
	-
	+
	+
	-
	+

	SP13
	+
	+
	+
	-
	+
	-
	-

	SP14
	+
	-
	+
	-
	+
	+
	-

	SP15
	+
	+
	-
	+
	+
	-
	+



+ Positive, - Negative

Plant Growth–Promoting Attributes of PGPR Isolates:
Phosphorus is an essential macronutrient required for optimal plant growth and development; however, a substantial proportion of soil phosphorus exists in insoluble forms that are unavailable for plant uptake. The ability of rhizobacteria to solubilize insoluble mineral phosphates and convert them into bioavailable forms is therefore of significant interest in agricultural microbiology due to its direct role in enhancing plant growth. Phosphate solubilization by bacterial isolates was evaluated using the Pikovskaya's agar plate, and the results are presented in Table 5. All isolates that exhibited a distinct clear halo zone surrounding the colonies were considered positive for phosphate solubilization, indicating their potential to mobilize inorganic phosphate.
Indole-3-acetic acid (IAA) production was observed as a common plant growth–promoting trait among all the isolates. All bacterial isolates tested positive for IAA production, as evidenced by the development of a pink coloration following the addition of Salkowski’s reagent to 48-h-old culture broth (Table 4). IAA production by PGPR is known to stimulate root elongation and lateral root formation, thereby enhancing nutrient uptake. Previous studies have reported that the level of IAA production may vary among different bacterial species and strains and is influenced by factors such as growth conditions, physiological state of the culture, and substrate availability (Spaepe et al., (2007) [22]
HCN production, another important indirect mechanism of plant growth promotion, was also detected in all isolates. HCN producing PGPR contribute to plant growth and suppressing certain soil-borne pathogens, thereby enhancing plant Vigor.
Iron is an essential micronutrient for both plants and microorganisms, yet its bioavailability in soil is often limited. Siderophore-producing bacteria play a crucial role in iron acquisition by chelating ferric iron and making it accessible to plants, while simultaneously competing with phytopathogens for iron and acting as effective biocontrol agents (Miethke and Marahiel (2007) [23]. Among the ten isolates screened, ten isolates were positive for siderophore production, as indicated by the formation of yellow–orange halos around the colonies on indicator media (Table 4). Siderophores are low–molecular-weight iron-chelating compounds that significantly contribute to plant growth promotion and pathogen suppression under iron-limiting conditions.
Collectively, these findings highlight that rhizospheric isolates possess multiple plant growth–promoting traits, including phosphate solubilization, HCN production, and siderophore production. Isolates from the rhizosphere are generally more efficient IAA producers compared to those obtained from bulk soil, further emphasizing their ecological significance in sustainable agriculture.
Plant Growth-Promoting Rhizobacteria (PGPR) inoculants mediate diverse beneficial plant-microbe interactions, offering promising avenues for the development of sustainable and environmentally resilient agricultural systems. The application of functionally efficient rhizospheric bacterial consortia to agricultural soils has demonstrated substantial potential under both controlled laboratory and greenhouse conditions. A deeper mechanistic understanding of the molecular and biochemical pathways through which PGPR facilitate plant growth promotion will enable the strategic exploitation of these biofertilizers to mitigate the adverse environmental impacts associated with intensive food and Fiber production systems.
The deployment of genetically engineered PGPR strains for the bioremediation of complex contaminated soils represents an emerging frontier in agricultural biotechnology. Such engineered rhizobacterial systems have been proposed to enhance phytoremediation efficiency while simultaneously improving crop productivity. Furthermore, rhizobacterial communities can be selectively engineered or functionally optimized to target specific classes of pollutants at co-contaminated sites, thereby enabling the development of tailored rhizoremediation platforms.
Recent advances in molecular biology, genomics, and biotechnology have significantly expanded our understanding of rhizobacterial interactions within root nodules and the broader rhizosphere microenvironment. These developments are expected to accelerate research into PGPR colonization dynamics, signaling mechanisms, and host specificity. Notably, transgenic approaches involving Arabidopsis thaliana have demonstrated enhanced removal of heavy metals such as lead and cadmium following inoculation with specialized rhizobacterial populations.
However, despite these advances, several biosafety, ecological, regulatory, and field-level efficacy challenges must be addressed before large-scale commercialization and deployment of engineered PGPR technologies can be fully realized.
TABLE -5    Screening of isolated PGPR for phosphate solubilisation, IAA, HCN and siderophore production.
	Bacterial Isolates
	Phosphate Solubilization
	IAA Production
	HCN
	Siderophore Production

	KM1
	++
	+
	+
	++

	KM2
	+
	+
	+
	+

	KM3
	+
	+
	+
	+

	KM4
	+
	+
	++
	+

	KM6
	+
	++
	+
	+

	KM12
	+
	+
	+
	+

	SP10
	+
	+
	+
	+

	SP13
	++
	+
	+++
	+++

	SP14
	+
	+
	+++
	+

	SP15
	+
	+
	+
	+



+ Low production, ++ Moderate production, +++ High production

Molecular Identification of Selected PGPR Strains:
The selected bacterial isolates, SP13 and SP14, were molecularly identified through 16S rRNA gene sequencing followed by phylogenetic analysis. Both isolates exhibited positive plant growth-promoting traits, including indole-3-acetic acid (IAA) production, phosphate solubilization, siderophore production, and hydrogen cyanide (HCN) production.
Sequence analysis revealed that the isolates shared 95-100% similarity with previously reported sequences available in the NCBI GenBank database. Based on sequence homology, isolate SP13 was identified as Brevundimonas diminuta (submitted sequence), while isolate SP14 was identified as Acinetobacter baumannii.
[bookmark: _GoBack]Phylogenetic relationships of the identified strains were established using dendrogram analysis. The resulting phylogenetic trees illustrating the taxonomic positioning of isolates SP13 and SP14 are presented in Figures 1 and 2, respectively.
[image: ]       Fig 1. Phylogenetic Isolates dendrograms based on16s r RNA nucleotide partial sequence showing relationship with closely related taxa SP13 Brevundimonas diminuta.                                                     
[image: ]







Fig 2: Phylogenetic isolates dendrograms based on 16s r RNA nucleotide partial sequence showing relationship with closely related Taxa SP14 Acinetobacter baumannii


Conclusions:
Plant growth–promoting rhizobacteria (PGPR) enhance plant growth through multiple direct and indirect mechanisms; however, the precise pathways involved in growth stimulation are not yet fully elucidated. Several well-documented mechanisms include the production of siderophores, solubilization of inorganic phosphate. The findings of the present study substantiate the significant role of PGPR in promoting plant growth.
Collectively, the results demonstrate that PGPR isolates KM1, KM2, KM3 and SP13, SP14 are the most potent strains among those evaluated. These isolates exhibited multiple plant growth–promoting traits, including indole-3-acetic acid (IAA) production, phosphate solubilization, siderophore production, hydrogen cyanide (HCN) production. The multifunctional nature of these isolates suggests their strong potential in enhancing nutrient availability and providing biocontrol activity against plant pathogens.
Based on their superior performance, Isolates are may be considered promising candidates for application as biofertilizers in Crop cultivation. Further studies involving greenhouse and field trials, as well as molecular characterization, are recommended to validate their efficacy and to better understand the mechanisms underlying their plant growth–promoting activity under field conditions.
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