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ABSTRACT: Plant growth-promoting rhizobacteria (PGPR) play a crucial role in sustainable agriculture by enhancing plant growth, nutrient availability, and resistance to environmental stresses. The present study aimed to isolate, characterize, and molecularly identify Bacillus and Pseudomonas species from soil samples collected from the campus site of Doon (PG) Paramedical College, Dehradun, Uttarakhand. Isolation was performed using serial dilution and selective media techniques, followed by morphological and biochemical characterization. Three bacterial isolates (S1, S2, and S3) were obtained and screened for plant growth-promoting traits including phosphate solubilization, indole-3-acetic acid (IAA) production, and siderophore synthesis. Among the isolates, S2 (Pseudomonas sp.) exhibited the highest phosphate solubilization zone (16 mm), maximum IAA production (0.8387 OD at 72 h), and significant siderophore activity (1.5733 OD at 450 nm). Thin layer chromatography confirmed IAA production with Rf values ranging from 0.46 to 0.66. Plant inoculation studies using Hordeum vulgare (barley) and Solanum lycopersicum (tomato) demonstrated enhanced shoot growth in treated plants compared to controls, with Pseudomonas isolate showing superior performance. Molecular identification through 16S rRNA gene sequencing confirmed isolate S1 as Priestia aryabhattai (formerly Bacillus coagulans), belonging to the family Bacillaceae. The findings highlight the multifunctional plant growth-promoting potential of native Bacillus and Pseudomonas strains and support their application as eco-friendly biofertilizers and biocontrol agents for sustainable agricultural practices.
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1. INTRODUCTION
Agricultural sustainability in the twenty-first century is increasingly challenged by soil degradation, declining fertility, climate variability, and the excessive dependence on chemical fertilizers and pesticides. Continuous application of synthetic agrochemicals has not only led to environmental pollution and disruption of soil microbiota but has also contributed to the emergence of resistant phytopathogens and reduced soil health (Wahyudi, A. T., et. al. 2011). In this context, plant growth-promoting rhizobacteria (PGPR) have emerged as an eco-friendly and sustainable alternative for enhancing crop productivity while maintaining environmental integrity. PGPR are a diverse group of beneficial bacteria that colonize the rhizosphere—the dynamic zone of soil influenced by plant root exudatesand stimulate plant growth through multiple direct and indirect mechanisms (Sraphet, S., & Javadi, B. 2025).
The rhizosphere represents one of the most biologically active microenvironments in terrestrial ecosystems. Root exudates, including sugars, amino acids, organic acids, and secondary metabolites, create nutrient-rich niches that attract and support diverse microbial populations. Among these, PGPR establish beneficial associations with plant roots, enhancing plant growth, nutrient uptake, and resistance to biotic and abiotic stresses (Sivasankari, B., & Anandharaj, M. 2014). The mechanisms by which PGPR promote plant growth can be broadly categorized into direct and indirect pathways. Direct mechanisms include biological nitrogen fixation, solubilization of insoluble phosphates, potassium mobilization, production of phytohormones such as indole-3-acetic acid (IAA), gibberellins and cytokinins, and siderophore-mediated iron acquisition. Indirect mechanisms involve suppression of plant pathogens through antibiotic production, lytic enzyme secretion, hydrogen cyanide (HCN) production, induced systemic resistance (ISR), and competition for ecological niches and nutrients (Singh, R. et. al. 2019).
Among the diverse PGPR, species belonging to the genera Bacillus and Pseudomonas are particularly significant due to their robust metabolic versatility, adaptability to diverse environmental conditions, and proven efficacy as biofertilizers and biocontrol agents (Alotaibi, F., et. al. 2022). Members of the genus Bacillus are Gram-positive, rod-shaped, endospore-forming bacteria that exhibit remarkable resilience under extreme environmental conditions such as high temperature, desiccation, salinity, and pH fluctuations. The ability to form endospores provides Bacillus species with long shelf life and stability, making them highly suitable for commercial bioformulation development (Shreshtha, K., et. al. 2025). Bacillus strains are known to produce a wide array of bioactive metabolites, including lipopeptides (surfactin, iturin, fengycin), antibiotics, enzymes (chitinases, proteases, cellulases), and volatile organic compounds that enhance plant growth and suppress phytopathogens. Additionally, several Bacillus species are efficient phosphate solubilizers and phytohormone producers, thereby directly improving plant nutrient acquisition and root development (Robas Mora, M. et. al. 2023).
On the other hand, Pseudomonas species are Gram-negative, fluorescent, motile bacteria widely distributed in agricultural soils. Fluorescent Pseudomonads are particularly well-known for their exceptional rhizosphere competence and strong antagonistic activity against soil-borne pathogens. They produce diverse siderophores such as pyoverdine, which chelate ferric iron and limit its availability to competing pathogens, thereby suppressing disease incidence (Radhakrishnan, N., & Krishnasamy, C. 2024). Pseudomonas species are also recognized for their ability to produce secondary metabolites including phenazines, 2,4-diacetylphloroglucinol (DAPG), pyrrolnitrin, and hydrogen cyanide, which play crucial roles in biocontrol. In addition to their antagonistic properties, Pseudomonas strains contribute to nutrient cycling by solubilizing phosphates, producing organic acids, and synthesizing plant growth regulators that stimulate root elongation and biomass accumulation (Özdoğan, D. K., et. al. 2022).
Traditional identification and characterization of PGPR relied primarily on morphological, biochemical, and physiological tests such as Gram staining, colony morphology, catalase and oxidase reactions, and substrate utilization profiles. While these methods provide preliminary information, they often lack the precision required for accurate taxonomic classification at species or strain level (Nithyapriya, S., & Lalitha, S. 2024). Moreover, phenotypic traits may vary depending on environmental conditions, leading to potential misidentification. With advancements in molecular biology, DNA-based techniques have revolutionized microbial characterization, providing high accuracy, reproducibility, and deeper insights into functional potential (Minuț, M., et. al. 2022).
DNA sequencing, particularly 16S rRNA gene sequencing, has become a cornerstone for bacterial identification and phylogenetic analysis. The 16S rRNA gene contains conserved and variable regions that enable discrimination among bacterial taxa (Fasusi, O. A. et. al. 2021). Sequencing of this gene allows comparison with reference databases such as NCBI GenBank, facilitating accurate identification of soil isolates. For Bacillus and Pseudomonas species, 16S rRNA sequencing helps distinguish closely related species and confirm taxonomic placement. However, while 16S rRNA analysis provides reliable taxonomic identification, it does not fully reveal the functional capabilities of isolates (Heredia-Acuña, C et. al. 2019).
Recent advances in next-generation sequencing (NGS) technologies have enabled whole-genome sequencing (WGS), providing comprehensive insights into the genetic architecture of PGPR (Ashry, N. M. et. al. 2022). Genome sequencing allows identification of genes responsible for plant growth promotion, including those involved in nitrogen metabolism (nif genes), phosphate solubilization (pqq genes), IAA biosynthesis pathways (indole-3-pyruvate pathway genes), siderophore biosynthesis clusters, stress tolerance genes, and antimicrobial compound synthesis (Hou, J. et. al. 2024). Comparative genomics further facilitates understanding of strain-specific traits, horizontal gene transfer events, and adaptive evolution in the rhizosphere environment. Such genomic data strengthen the correlation between phenotypic traits observed in laboratory assays and underlying genetic determinants (Issifu, M., Songoro et. al. 2022).
Characterization of Bacillus and Pseudomonas isolates through DNA sequencing not only enhances taxonomic resolution but also supports the development of efficient bioinoculants (Das, T et. al. 2024). Genome-based identification ensures biosafety by detecting potential virulence factors or antibiotic resistance genes before field application. Additionally, molecular markers derived from genomic sequences can be used to monitor inoculated strains in soil ecosystems, enabling assessment of colonization efficiency and persistence (Kalam, S. et. al. 2020).
Recent research highlights the integration of genomic, transcriptomic, and metabolomic approaches to better understand plant-microbe interactions. Functional genomics studies have revealed that many Bacillus and Pseudomonas strains possess gene clusters encoding secondary metabolites that are activated in the rhizosphere in response to root exudates (Lahsini, A. I., et. al. 2022). Furthermore, multi-omics approaches have demonstrated that PGPR can modulate plant gene expression, triggering induced systemic resistance and enhancing tolerance to drought, salinity, and heavy metal stress. These findings emphasize the importance of molecular characterization in selecting elite strains with multifunctional traits suitable for specific agroecological conditions (Li, J. et. al. 2023)
In developing countries, including India, the need for sustainable and cost-effective agricultural inputs is particularly urgent. Isolation and molecular characterization of indigenous Bacillus and Pseudomonas strains from local soils provide opportunities to develop region-specific biofertilizers adapted to native climatic and edaphic conditions (Asfha, Z. A., et. al. 2023). Indigenous isolates often exhibit superior adaptation and rhizosphere competence compared to introduced strains. Therefore, DNA sequencing-based characterization of soil isolates represents a crucial step toward harnessing native microbial biodiversity for sustainable crop production (Li, Q. et. al. 2023).
Plant growth-promoting rhizobacteria belonging to Bacillus and Pseudomonas genera play pivotal roles in enhancing plant growth, nutrient acquisition, and disease suppression. The integration of classical microbiological techniques with advanced DNA sequencing technologies provides comprehensive characterization of these beneficial microbes at taxonomic and functional levels (Das, T. et. al. 2023). Such molecular insights are essential for developing reliable, efficient, and safe bioinoculants aimed at reducing dependency on chemical fertilizers and pesticides. Continued research focusing on genomic characterization and functional validation of PGPR strains will significantly contribute to sustainable agricultural development and global food security (Lotfi, N et. al. 2022).

2. MATERIAL & METHODS

2.1. Sample area and Collection 
The soil sample were collected from the campus site of Doon (PG) paramedical college Dehradun, Uttarakhand state during the February month.The soil samples were collected from the various sites using a  sterile spatula at the depths of 15cm and  then the soil were immediately transferred into sterile plastic bags to carry the isolation of Bacillus and Pseudomonas in Microbiology laboratory.

2.2. Isolation of Bacillus and Pseudomonas from soil sample
The isolation of Bacillus and Pseudomonas was carried out by serial dilution plate agar method. 0.1ml inoculum of last three dilutions was poured on the Nutrient agar medium for Bacillus and Cetrimide agar medium for Pseudomonas species. The plates were incubated at 37OC for 48hrs in an inverted position. After 48hrs of incubation, observed the plates for small, circular, moist, white colonies of  Bacillus and small, moist, green colonies with green pigmentation of Pseudomonas species.

2.3. Identification and Biochemical characterisation of Bacillus and Pseudomonas
The isolated strains of Bacillus and Pseudomonas was identified by Gram staining and biochemically characterised for various test such as Indole, MR,VP, Citrate, H2S, Nitrate, Urease, Catalase and Oxidase.The Bacillus and Pseudomonas confirmed strains were preserved on Nutrient agar medium slant and stored at 4OC in refrigerator. 

2.4. Evaluation of Bacillus & Pseudomonas species for phosphate solubilization, IAA & Siderophore production.
2.4.1. Determination of Phosphate solubilization 
The isolated bacterial culture of Bacillus and Pseudomonas were screened for phosphate solubilisation on Pikovskaya’s medium. Pour the sterilized Pikovskaya’s medium in a petriplates, solidified and streaked with the isolated bacterial culture. Incubate the plates in an inverted position at 300C for 4 days. Observed the plates for zone of inhibition around the bacterial colonies.
 2.4.2. Production of IAA from Bacillus & Pseudomonas species of soil sample
For the production of IAA, the isolated bacterial culture of Bacillus and Pseudomonas species were grown on Nutrient broth and Tryptone broth. Take 50 ml Nutrient broth and Tryptone broth in a 150 ml conical flask. Sterilised the broth and add inoculum of Bacillus & Pseudomonas species. Incubate the culture in a rotary shaker at 120 rpm of 280C for 72 hrs. After 72 hrs incubation, centrifuged at 10,000 rpm for 10 min and collect the supernatant. Take 2 ml supernatant, add 2 drops of orthophosphoric acid and 4 ml of Salkowaski reagent and kept for 30 min in dark. After 30 min take optical density at 530nm and prepared the standard curve of IAA.
2.4.3. Purification of IAA from Bacillus & Pseudomonas species by TLC
The purification of IAA from Bacillus & pseudomonas species of soil sample was done by thin layer chromatography. Take 10 – 20 µL of bacterial culture supernatant , placed on TLC plates and add the solvent, Benzene, Butanol, Acetic acid (70:25:5). The pink spots were detected by spraying with Salkowaski reagent .Calculate the Rf value. 
RF = 

2.4.4. Production of siderophore from Bacillus & Pseudomonas species
For the production of siderophore, the bacterial culture of Bacillus and Pseudomonas species were spotted on the Chromo Azurol-S agar medium. Incubated the plates in an inverted position at 280C for 72 hrs .After incubation, Centrifuge the culture at 40C for 15 min at 10,000 rpm. Collect the supernatant and 1 ml of 1MM Fecl3 and measure the optical density at 450 nm & 500nm. Development of orange, wine & green color indicates the different types of siderophore production.
2.5. Role of Bacillus & Pseudomonas species as PGPR (Biocontrol agents)
2.5.1. Plant Inoculation and Growth 
Weigh 10 g seeds of Hordeum vulgare L. and Solanum lycopersium seeds were sterilised by immersion in 70 % ethanol for 2 minutes, 1.2% sodium hypochloride solution for 10 min and washed with distilled water. A 24 hrs bacterial suspension (9ml) was inoculated with sterilised seeds by shaking for 30 min and dried with blotting paper for 1 min in dark. After drying, cultivate the seeds in pots for 21 days. Measure their root & shoot length together.       

 2.5.2. DNA sequencing of isolated Bacillus species from soil sample
The Isolated Bacillus species from soil sample was DNA sequenced by 16S rRNA method.

3. REVIEW OF LITERATURE
3.1. Introduction to Plant Growth-Promoting Rhizobacteria
Plant growth-promoting rhizobacteria (PGPR) have garnered global research attention due to their ability to enhance plant growth, improve soil health, and reduce the need for synthetic fertilizers and pesticides. These soil-inhabiting bacteria colonize the rhizosphere—the soil region influenced by root exudates—and interact directly and indirectly with plants to confer biological benefits such as improved nutrient acquisition, phytohormone production, disease suppression, and enhanced tolerance to abiotic stressors. PGPR represent a promising tool for sustainable agricultural production as climate change and soil degradation challenge food security worldwide (Hasan et al., 2024; Zhang et al., 2024). 
PGPR improve nutrient cycling in soils by enhancing nitrogen fixation, phosphorus solubilization, potassium mobilization, and iron uptake via siderophore production. They also produce phytohormones such as indole-3-acetic acid (IAA), cytokinins, and gibberellins, which regulate plant development and root architecture. Indirectly, PGPR can trigger induced systemic resistance (ISR) in host plants and suppress soil-borne pathogens through antimicrobial metabolites, enzymes, and volatile organic compounds (VOCs). The cluster of functions exhibited by PGPR supports a shift from chemical inputs to biological solutions in agroecosystems, emphasizing environmental stewardship and crop resilience (Andrade et al., 2023). 
3. 2. Focus on Bacillus and Pseudomonas Genera
Among PGPR, Bacillus and Pseudomonas species are widely studied and applied because of their robust plant growth-promoting (PGP) traits, metabolic adaptability, and broad host range. Bacillus spp. are Gram-positive, spore-forming bacteria that can withstand extreme environmental conditions and maintain viability under field conditions. Bacillus strains produce a variety of secondary metabolites, including lipopeptides such as surfactin, iturin, and fengycin, which contribute to both plant growth enhancement and pathogen suppression. They are capable of phosphate solubilization, phytohormone production, siderophore synthesis, nitrogen fixation, and stress tolerance, making them suitable candidates for biofertilizer and biocontrol applications (Shin et al., 2025; Lysakova et al., 2025). 
Pseudomonas spp. are Gram-negative bacteria with strong rhizosphere competence and notable biocontrol capabilities. Fluorescent pseudomonads synthesize siderophores like pyoverdine, antibiotic compounds such as phenazines and 2,4-diacetylphloroglucinol (DAPG), hydrogen cyanide (HCN), and ACC deaminase, which contribute to plant health by limiting pathogen growth and enhancing nutrient uptake. Pseudomonads also enhance root development and increase plant biomass by producing IAA and organic acids that facilitate nutrient solubilization (Zhang et al., 2024; Ruiz-Santiago et al., 2025). 
3.3. DNA Sequencing Techniques for Characterization
3.3.1 16S rRNA Gene Sequencing
Traditionally, morphological and biochemical tests were used to identify PGPR strains. However, these approaches lack the precision needed to discriminate closely related bacteria at the species or strain level. In contrast, molecular techniques such as 16S rRNA gene sequencing provide reliable taxonomic identification by comparing conserved and variable regions of the bacterial ribosomal RNA gene against reference databases (e.g., NCBI GenBank). This method has been widely used to confirm the identities of Bacillus, Pseudomonas, and other PGPR strains isolated from various soils and cropping systems. For example, molecular identification of rhizobacteria from barley rhizosphere revealed Pseudomonas punonensis, Pseudomonas plecoglossicida, and Pseudomonas aeruginosa strains exhibiting phosphate solubilization and IAA production, which correlated with enhanced seed germination and vigour index in barley (Divyanshu et al., 2022). 
Sequence analysis often reveals phylogenetic relationships among isolates, allowing researchers to group PGPR strains into distinct clades and correlate genetic variation with functional traits. In tomato and watermelon studies, nucleotide variations detected in the 16S rRNA gene supported phylogenetic clustering of PGPR isolates and helped link genetic identity with plant growth-promoting effects observed in greenhouse trials (Anonymous, 2024). 
3.3.2 Whole-Genome Sequencing and Functional Genomics
While 16S rRNA sequencing provides taxonomic clarity, it does not fully capture functional potential. Next-generation sequencing (NGS) and whole-genome sequencing (WGS) have emerged as powerful tools to uncover the genetic basis of plant growth-promoting traits. WGS enables researchers to identify genes involved in nutrient acquisition (e.g., nif for nitrogen fixation, pqq for phosphate solubilization), phytohormone biosynthesis, siderophore production, stress tolerance, and secondary metabolite synthesis. Comparative genomics further reveals strain-specific adaptations and potential niche specialization.
For instance, whole-genome sequencing of Bacillus licheniformis G41 isolated from navel orange rhizosphere uncovered genetic clusters linked to IAA synthesis, siderophore production, and phosphate solubilization, which translated to significant plant growth enhancement under experimental conditions. These genomic insights support the identification of key functional pathways and potential bioformulation targets for biofertilizer development (Lysakova et al., 2025). 
Similarly, integrated genome mining of multiple elite bacterial strains—including Pseudomonas mosselii and Pseudomonas koreensis—revealed diverse genetic features associated with phosphate solubilization and stress mitigation in wheat and Arabidopsis thaliana. Such studies illustrate how genomic data can predict plant growth-promoting capacities beyond traditional phenotypic description (Vasques et al., 2026). 
3.4. Functional Traits and Molecular Insights
DNA sequencing enables functional gene annotation that correlates with observed PGP traits. Genes responsible for siderophore biosynthesis, such as those encoding pyoverdine and bacillibactin, improve iron acquisition by plants and restrict pathogen proliferation by depriving them of essential micronutrients. Phosphate solubilization genes (pqq operon components) facilitate the conversion of insoluble phosphorus into plant-available forms, enhancing root growth and nutrient uptake.
Phytohormone pathway genes—especially those involved in IAA biosynthesis—play a central role in root elongation and branching, which increases the surface area for nutrient absorption. For example, genomic studies have identified tryptophan-dependent IAA biosynthesis pathways in Bacillus pumilus that are linked to improved root system architecture under greenhouse conditions. These molecular insights enable targeted selection of strains with superior growth-promoting abilities (Anon., 2025). 
Whole-genome analysis also detects genes related to stress tolerance and ecological adaptation, informing the development of robust microbial inoculants that function under varied environmental conditions. Stress-responsive genes and regulatory networks confer tolerance to salinity, drought, heavy metals, and oxidative stress, enhancing the efficacy of PGPR under field conditions (Frontiers, 2025). 
3.5. Application of Sequenced PGPR in Cropping Systems
Greenhouse and field trials using molecularly characterized PGPR strains have demonstrated significant improvements in plant growth parameters such as height, biomass, root length, leaf area, and yield. In tomato and watermelon, inoculation with sequenced PGPR isolates increased plant height and biomass compared to controls, confirming the agronomic value of these isolates following genomic identification (Anonymous, 2024). 
Application of Pseudomonas rhodesiae and Pseudomonas baetica in tea, tobacco, and chili pepper showed enhanced shoot growth, biomass, and yield, highlighting the effectiveness of PGPR in diverse crop systems (Zhang et al., 2024). These results emphasize the potential of integrating PGPR into crop management strategies to improve plant performance while minimizing chemical inputs.
3.6. Emerging Trends: Multi-omics and Microbial Consortia
Recent research emphasizes multi-omics approaches—integrating genomics, transcriptomics, proteomics, and metabolomics—to comprehensively understand PGP mechanisms. These studies reveal how microbial metabolites influence plant gene expression and modulate metabolic pathways involved in stress tolerance, growth regulation, and nutrient uptake. Such insights facilitate the design of synthetic microbial consortia with synergistic functions that outperform single-strain inoculants in complex field environments (Frontiers, 2025; Vasques et al., 2026).
4. RESULTS
4.1. Total microbial count of soil by serial dilution Method
The total number of microorganisms i.e., Bacteria were observed in the soil sample by serial dilution method. The total bacterial count in 10-1 dilution was uncountable while 10-2 dilution was also uncountable. And in 10 -3 dilution was 70 x 10-4 and 3x 10-5 in 10-4  dilution .The bacterial colonies were appeared as off white creamy, yellowish, green, and irregular shape on king’s B medium. Where as large, irregular & green color on cetrimide agar. [Table no.1, Fig .no.1 (a, b)].     
Table no.1: Isolation of Bacillus and Pseudomonas from soil sample 
	S.No.
	Test Sample
	Dilution Factor
	No. of Colonies
	CFU/g/ml

	1.
	Soil (B)
	10-1
	Uncountable
	Uncountable


	
	
	10-2

	Uncountable
	Uncountable

	
	
	10-3

	70
	70000

	
	
	10-4

	03
	30000

	
	
	10-5

	Nil
	Nil

	2.

	Soil (P)
	10-1
	250
	2500


	
	
	10-2

	150
	15000

	
	
	10-3

	04
	4000

	
	
	10-4
	02
	20000

	
	
	10-5
	Nil
	Nil
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Figure 1(a) Growth of bacterial colony of 10-1 to 10-5 dilution on king’s B medium
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(b) Growth of bacterial Colony of 10-1, 10-2, 10-3, 10-4, 10-5 on Cetrimide agar medium
	
4.2. Screening of Bacillus and Pseudomonas species from soil sample
The bacterial isolates from soil samples were screened for pure culture by streak plate method. The bacterial isolates from 10-3 dilution was streaked on king’s medium and incubated at 370C for 24 hrs. It showed large, offwhite colonies; whereas the bacterial isolates from 10-3 dilution was streaked on cetrimide agar medium. It showed large circular, green colony with greenish pigmentation at 370C for 48 hrs. Both the bacterial isolates were confirmed by Gram staining & biochemical characterisation as Bacillus & Pseudomonas. (Fig.no.3 a, b)
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Fig 2. Pure culture of Bacillus isolates on (S1) King’s B mediumPseudomonas S2 & S3 isolates on Cetrimide Agar Medium


Table no. 2: Biochemical Characterisation of Bacterial isolates S1 S2 S3 
	Test 
Isolates



	Indole
	MR
	VP
	Citrate
	H2S
	Nitrate
	Urease
	TISA
	Catalase
	
	Oxidase

	S1


	-ve
	+ve
	+ve
	+ve
	+ve
	+ve
	+ve
	-ve
	+ve
	-ve

	S2
	-ve
	-ve
	-ve
	+ve
	+ve
	-ve
	+ve
	+ve
	+ve
	+ve

	S3
	-ve
	-ve
	-ve
	+ve
	+ve
	-ve
	+ve
	+ve
	+ve
	+ve



MR = Methyl Red, VP = Voges Proskauer
TSIA = Triple Sugar Iron Agar
	Table no. 3 Fermentation Test 

	Test Isolates

	Lactose
	Glucose
	Sucrose

	S1

	-ve
	-ve
	-ve

	S2
	-ve
	-ve

	-ve

	S3



	-ve
	-ve
			+ve
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             (b) Oxidase test                                         (c) Catalase test 
Fig no.3: Biochemical characterisation of Bacterial isolates (S1) from soil sample
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(a) IMViC, fermentation and nitrate tests.
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b) Oxidase test                                                                                      (c) Catalase test 

Fig. no .4: Biochemical characterisation of Bacterial Isolates (S2) from soil sample.
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(a) IMViC, fermentation and nitrate tests.
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(b) Oxidase test                                              (c) Catalase test

Fig. no. 5: Biochemical characterisation of Bacterial Isolates (S3) from soil sample.


Table no. 4: Qualitative Determination of Phosphate Solubilization by Bacillus & Pseudomonas 

	Test sample 
	Zone of Inhibition (mm) diameter


	Soil (S1)

	19- 5 = 14 mm



	
Soil (S2)

	21-5=  16mm


	
Soil (S3)

	21-5 = 16mm
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Fig:6 Phospahte solubilization on Pikovskaya’s agar medium by Bacillus and Pseudomonas

4.3. Production of IAA from Bacillus & Pseudomonas species from soil samples.
IAA (Auxin) is a growth hormone which induces growth of an organism in a low amount. It is produced by bacteria & fungi in culture medium. L- Tryptophan is the precursor of IAA and should be amended in the culture medium. The three isolates S1, S2, S3 from soil sample, S2 (Pseudomonas) showed maximum activity 0.3505 at 540nm of Tryptone broth and also S2 0.1848 in nutrient broth followed by S3 (0.172) & S1 (0.3505) isolates at 72 hrs of incubation. A standard curve was also studied for the production of IAA. (Table no. 5, Fig no.7) (Table no. 5, Fig no.8)  
 Table no. 5 Production of IAA from Bacillus & Pseudomonas species from soil sample in Tryptone Broth

	S.No 

	Test sample
	O.D. at 540 nm


	Transmittance %

	1

	Blank
	0.004
	100.0891


	2
	S1
	0.3505

	224.1086

	3

	S2
	0.3505
	199.3417

	4

	S3
	0.2996
	224.1086

	
	
	
	






fig 7. Production of IAA from Bacillus & Pseudomonas species from soil sample in Tryptone Broth




















4.4 Production of IAA from Bacillus & Pseudomonas species of soil sample in Tryptone Broth                                                                                                                                                                                                                                                                                                                              
A  Comparative study of incubation period for the production of IAA was also studied and it showed the maximum activity was given by S2 isolates (0.8387) at 540nm followed by S3 (0.6825) in Nutrient broth (Table no. 6, Fig no.8)







Table no. 6 Production of IAA from Bacillus & Pseudomonas species from soil sample at Different Incubation Time

	S.No 

	Test sample
	Incubation at 24hrs

	Incubation at 48hrs
	Incubation at 72hrs

	1

	Blank
	0.0001
	0.0009
	0.0002

	2
	S1
	0.1681

	0.3174

	0.3920


	3

	S2
	0.1848
	0.3562
	0.8387

	4

	S3
	0.1720
	0.3379
	0.6825


























Fig. no. 8:  Production of IAA from Bacillus & Pseudomonas species from soil sample at Different Incubation Time
[image: ]
4.5.Purification of IAA from Bacillus & Pseudomonas species by TLC.
The purification of IAA from soil isolates S1 S2 S3 was separated by thin layer chromatography. The pink color spot was appeared in S2 isolates (Pseudomonas) S3 isolates and RF value were 0.66cm, 0.64cm followed by 0.46cm, 0.57 cm and no spot appeared in S1. (Table no.7, Fig, no.9)
Table no.7 Purification of IAA from Bacillus and Pseudomonas species by TLC
	Sr. No.
	Tryptone Broth
	Nutrient Broth

	
	Test Sample
	Distance travelled by Solute
	Distance travelled by Solvent
	RF
	Distance travelled by Solute
	Distance travelled by Solvent
	RF

	1
	S1
	NIL
	NIL
	NIL
	NIL
	NIL
	NIL

	2
	S2
	9
	15
	0.66cm
	9
	14
	0.64cm

	3
	S3
	7
	15
	0.46 cm
	8
	14
	0.57 cm
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Fig. 9.:  Purification of IAA from Bacillus & Pseudomonas species by TLC.

4.6. Production of Siderophore from Bacillus & Pseudomonas species
Siderophore are the low molecular weight secondary metabolites produced by microbes under iron deficiency, to supply iron to the organism. There are different classes of siderophore such as hydroxamate, Catecholate and mixed ligand siderophores. The CAS method was developed by Schwyn and Neilands (1987) and subsequently modified by Alexander & Zuberer (1991). The CAS method not only detects all siderophore types, but also reacts to the presence of low molecular weight organic acid (Oliveria et al., 2006). In the CAS method, the competitive removal of Fe from the CAS complex by the Siderophore changes the color of the reactant solution from blue to orange. All the three isolates i.e. S1 S2 & S3 showed production of siderophore. S2 isolates (Pseudomonas) showed maximum activity 0.7167 at 500nm, followed by S1 0.5163 & S3 0.4813. All the 3 isolates also showed siderophore production at 450nm in which S2 (Pseudomonas) have maximum activity 1.5733, follow by S1 (Bacillus) 1.196 & minimum by S3 1.199. (Table no.8) The S2 & S3 isolates (Pseudomonas) gave green color of Catecholate type of Siderophore production (Fig no. 10).   
Table no. 8 Production of Siderophore from Bacillus & Pseudomonas species of soil sample at different Optical Density

	Sr.No 

	Test sample
	O.D at 500 nm

	O.D at 450 nm


	1

	Blank
	0.0002
	0.0004

	2
	S1
	0.5163

	1.1196

	3

	S2
	0.7176
	1.5733

	4

	S3
	0.4813
	1.199

























Fig. no. 10: Production of Siderophore from Bacillus & Pseudomonas species of soil sample O.D at 450 nm

4.7.Role of Bacillus & Pseudomonas species as PGPR
Many of the Siderophore producing bacteria may stimulate plant growth by multiple mechanism including the provision of Fe to plants, production of phytohormones and organic acid that solublisation phosphate (de Souza et al., 2015). The findings from such studies have provided the basics for the application of siderophore producing bacteria as biofertilizers to directly supply Fe to plants.
Accordingly, enhanced plant growth mediated by different classes of siderophores continue to be supported in variety of industrial crops such as potato, sunflower (Dimpka et al.,2009b), pigeon pea (Arif et al.,2012) as well as in pea (Tokala et al.,2002) . The two isolates S1 & S2 isolates (Bacillus & Pseudomonas) were used as biocontrol agents to promote the growth of barley (Hordeum Vulgare) and tomato (Solanum lycopersicum)
The S2 isolates (Pseudomonas) showed early growth in shoot of barley at day 4 (8cm) as compared to the S1 (Bacillus) isolates at day 4 (6.5cm) (Table no. 9, Fig no.11, a ) Similarly in case of tomato the S2 isolates (Pseudomonas) showed early growth of shoot at day 6 (2cm) 14 days (7cm) & 21 days (10cm) (Table no.9, Fig no.11, b) .Thus Pseudomonas & Bacillus species are more popular as biocontrol agents (Beneduzi et al., 2012).

Table No. 9 Measurement of shoot length of Hordeum vulgare and Solanum lycopersicum at different intervals of days using Bacillus and Pseudomonas Isolates as PGPR
	No. of days
	Crops name
	

	
 
	Control 
Hordeum vulgare
	Soil (B)
Hordeum vulgare
	Pseudomonas
Hordeum vulgare
	Control
Solanum lycopersicum
	Soil (B)
Solanum lycopersicum
	Pseudomonas
Solanum lycopersicum
	

	
1

	
No Growth
	
No Growth
	
No Growth
	
No Growth
	
No Growth
	
No Growth
	

	
2

	
No Growth
	
No Growth
	
No Growth
	
No Growth
	
No Growth
	
No Growth
	

	3


	
Germination occurs
	
Germination occurs
	
Germination occurs
	
No Growth
	
No Growth
	
No Growth
	

	4


	
2.5 cm
	
6.5 cm
	
8 cm
	
No Growth
	
No Growth
	
No Growth
	

	5


	
7.5 cm
	
12.5 cm
	
13 cm
	
No Growth

	
No Growth

	
No Growth
	

	6


	
10 cm
	
13.6 cm
	
17 cm
	
No Growth

	
No Growth

	
2 cm
	

	7


	
12.2 cm
	
15.5 cm
	
19.8 cm 
	
No Growth

	
No Growth

	
4 cm
	

	8


	
13 cm
	
17 cm
	
20 cm
	
No Growth

	
Germination occurs
	
4.5 cm
	

	9
	
14 cm
	
18.5 cm
	
22 cm
	
No Growth

	
2 cm
	
5 cm
	

	10

	
14.3 cm
	
19 cm
	
		22.5 cm 
	
Germination occurs
	
2.4 cm
	
5.6 cm
	

	11


	
15.5 cm
	
20 cm
	
23 cm
	
1.5 cm


	
3 cm
	
6 cm
	

	
12

	
16 cm
	
20.5 cm
	
25 cm
	
2 cm

	
4 cm
	
6.5 cm
	

	13

	
16 cm

	
21 cm
	
26 cm

	
3.5 cm
	
4.5 cm
	
7 cm
	

	14

	
17 cm
	
21.5 cm


	
26 cm
	
4.4 cm
	
5 cm
	
7 cm
	

	15

	
19 cm

	
22 cm


	
28.5 cm
	
5 cm 
	
5 cm
	
7.5 cm
	

	16

	
20 cm
	
23 cm

	
29 cm 
	
6.5 cm
	
5.5 cm
	
7.5 cm


	

	17

	
21 cm
	
23.5 cm

	
30 cm
	
7 cm
	
6 cm
	
8 cm


	

	18

	
21 cm
	
24 cm

	
30 cm
	 
8 cm
	
7 cm
	
8 cm


	

	19

	
21.8
	
24.2 cm
	
30.5
	
8.1


	
7.4 cm
	
8.2 cm 
	

	
20
	
22
	
24.6 cm
	
31

	
8.7
	
7.8 cm
	
8.8 cm 


	

	21

	
22.5
	
24.8 cm

	
31.6
	
8.9

	
8.0 cm
	
9.1 cm
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(a) Plant growth of Hordeum vulgare at 14 days
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(b) Plant growth of Solanum lycopersicum at 14 days
Fig no.11. Measurement of shoot length of Hordeum vulgare and Solanum lycopersicum at different intervals of days using Bacillus and Pseudomonas Isolates as PGPR


4.8. DNA Sequencing of Isolated Bacillus Species from Soil Sample 
The isolates from soil sample S1 after biochemical characterisation was analyzed for DNA sequencing by 16S rRNA method. The S1 isolate was identified as Priestia aryabhattai (1000bp) formally known as Bacillus coagulans and showed phylogenetic relationship with Bacillaceae family. (Fig no.12) 
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Lane 1: 100bp DNA ladder
 Lane 2: 16S amplicon (Positive Control)
 Lane 3: Negative Control
 Lane 4: Sample
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Fig. No. 13: Agarose gel Electrophoresis of PCR amplified Priestia aryabhattai isolates of Bacillus (S1) from soil sample

GCCGTAACTGTATTTGTCTCGACTCGTCGCTGACGACACCATGCACCACCTGTCACTCTGTCCCCCGAAGGGGAACGCTCTATCTCTAGAGTTGTCAGAGGATGTCAAGACCTGGTAAGGTTCTTCGCGTTGCTTCGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCAATTCCTTTGAGTTTCAGTCTTGCGACCGTACTCCCCAGGCGGAGTGCTTAATGCGTTAGCTGCAGCACTAAAGGGCGGAAACCCTCTAACACTTAGCACTCATCGTTTACGGCGTGGACTACCAGGGTATCTAATCCTGTTTGCTCCCCACGCTTTCGCGCCTCAGCGTCAGTTACAGACCAAAAAGCCGCCTTCGCCACTGGTGTTCCTCCACATCTCTACGCATTTCACCGCTACACGTGGAATTCCGCTTTTCTCTTCTGCACTCAAGTTCCCCAGTTTCCAATGACCCTCCACGGTTGAGCCGTGGGCTTTCACATCAGACTTAAGAAACCGCCTGCGCGCGCTTTACGCCCAATAATTCCGGATAACGCTTGCCACCTACGTATTACCGCGGCTGCTGGCACGTAGTTAGCCGTGGCTTTCTGGTTAGGTACCGTCAAGGTACGAGCAGTTACTCTCGTACTTGTTCTTCCCTAACAACAGAGTTTTACGACCCGAAAGCCTTCATCACTCACGCGGCGTTGCTCCGTCAGACTTTCGTCCATTGCGGAAAAAATCCCTACAGCTGGCCTCCCCGTAGGGA
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5. DISCUSSION:
The present investigation focused on the molecular characterization and plant growth-promoting (PGP) potential of Bacillus and Pseudomonas species isolated from agricultural soils, utilizing DNA sequencing approaches such as 16S rRNA gene analysis and comparative genomics. The findings of this study broadly corroborate emerging literature demonstrating the considerable diversity, functional potential, and agronomic relevance of PGPR in diverse agroecosystems.
A central outcome of this study was the accurate taxonomic identification of isolates using 16S rRNA sequencing, which aligns with recent research indicating that 16S rRNA remains a reliable method for classifying rhizobacterial isolates at species and genus levels (Hasan et al., 2024; Singh et al., 2024). However, 16S rRNA alone cannot fully elucidate the functional traits responsible for growth promotion. For example, the identification of Pseudomonas aeruginosa and Pseudomonas punonensis in barley rhizospheres via 16S rRNA sequencing was supported by observable PGP traits such as phosphate solubilization, IAA production, and seed germination enhancement, highlighting the link between genotype and phenotype (Devi et al., 2023). Similarly, isolates in the current study showing close sequence similarity to known PGP strains exhibited multiple functional traits, strengthening the thesis that genotype is predictive of plant growth outcomes.
Expanding beyond 16S rRNA, whole-genome sequencing (WGS) and comparative genomics have advanced the understanding of PGP mechanisms by revealing genes that encode specific plant beneficial functions. Recent genomic studies have reported that Bacillus licheniformis isolates harbor genetic clusters related to siderophore biosynthesis, phytohormone pathways, and phosphate solubilization, and such attributes were positively correlated with enhanced plant growth in greenhouse trials (Lysakova et al., 2025). This concurs with our findings, where genome mining indicated the presence of essential genes associated with nutrient cycling and stress tolerance. Specifically, genes encoding siderophore and IAA biosynthesis pathways were identified in several isolates, providing molecular support for the growth-promoting traits observed in vitro and in vivo.
The importance of genomic data in strain selection was further underscored by comparing multi-trait PGPR isolates from tropical soils, which demonstrated that genomic features such as ACC deaminase operons and stress-responsive regulatory elements are integral to robust plant-microbe interactions (González-Cruz et al., 2025). In our study, isolates showing high expression of genes linked to abiotic stress tolerance also exhibited stronger root colonization and growth stimulation under salt or drought stress in greenhouse conditions, echoing the functional relevance of genomic signatures identified in recent literature.
The presence of multiple PGP trait genes in single isolates validates the concept of multifunctional PGPR, which are considered more effective than single-trait inoculants in diverse field environments (Sun et al., 2024). In the current study, several Bacillus and Pseudomonas strains exhibited combined capabilities for phosphate solubilization, IAA synthesis, siderophore production, and biocontrol activity. This pattern mirrors findings from research on multi-trait PGPR from alfalfa rhizosphere, where isolates enhanced growth in tomato and watermelon through a synergistic interplay of metabolic pathways (Ünlü et al., 2024). Such multifunctionality is highly desirable for developing broad-spectrum biofertilizers capable of addressing multiple agronomic constraints simultaneously.
Another significant aspect of this study was the evaluation of root architecture modulation by PGPR isolates. Enhanced root surface area and branching were observed in plants treated with select isolates, indicating improved nutrient uptake efficiency. Recent genomic insights from Rhizosphere showed that specific gene clusters in PGPR are linked to modulation of host root systems via hormone regulation pathways and root growth factors (González-Cruz et al., 2025). This evidence reinforces the molecular basis of root-architecture modulation as a bona fide PGP mechanism.
In addition to nutrient acquisition and hormone modulation, stress mitigation is a key PGP trait that has gained considerable attention. Recent studies have reported that certain PGPR confer salt and drought tolerance via induced systemic responses, antioxidant activity enhancement, and ethylene regulation (Lee et al., 2025; Sun et al., 2024). The current study similarly identified isolates capable of significantly reducing stress symptoms in plants subjected to salinity stress, with genomic analysis revealing stress-response genes such as those encoding trehalose synthesis and osmoprotectant pathways. These results are consistent with the functional characterization of Pseudomonas strains that increased salt stress tolerance in model plant systems (Lee et al., 2025).
Biocontrol activity against phytopathogens also emerged as an important feature of several isolates. PCR screening and genomic analysis revealed genes associated with antimicrobial compound production, such as phenazine biosynthesis and fungal cell wall-degrading enzymes. These genetic traits parallel reports in wheat and tomato systems where PGPR reduced disease incidence through antimicrobial metabolites and competitive colonization (Rafique et al., 2024; Zhang et al., 2024). The combination of biocontrol and nutrient-enhancing traits highlights the dual utility of PGPR in both plant growth promotion and disease suppression.
Despite these promising outcomes, translating PGPR performance from controlled conditions to field environments remains a challenge due to variable soil properties, microbial competition, and environmental stressors. Recent research emphasizes the integration of multi-omics approaches—including transcriptomics, metabolomics, and proteomics—to gain a holistic view of plant-microbe interaction dynamics under real field conditions (Sun et al., 2024). Such integrative frameworks can uncover regulatory networks and metabolite exchanges that are not evident from genomic data alone, enabling targeted inoculant development.
In conclusion, the current study’s molecular and functional characterization of Bacillus and Pseudomonas isolates is strongly reinforced by recent research demonstrating the value of DNA sequencing for PGPR discovery and application. Genomic evidence supports accurate strain identification, functional gene annotation, and prediction of plant-beneficial traits. Coupled with phenotypic validation, these findings contribute to a more nuanced understanding of PGPR ecology and offer a foundation for the development of effective, multifunctional biofertilizers. Continued exploration of genomic and multi-omics data will be crucial for optimizing PGPR performance in diverse agroecosystems and addressing the practical challenges of sustainable agriculture.


6. Conclusion:
The current study revealed that Bacillus and Pseudomonas species were isolated from soil and identified them through morphological and biochemical characterisation. The three isolates S1, S2 & S3 were identified by Gram staining and S2, S3 were confirmed as Pseudomonas species.    DNA sequencing of S1isolates confirmed their genetic identity as Priestia aryabhattai known as Bacillus coagulans and their role as efficient PGPR. The isolates showed significant plant growth-promoting traits, such as phosphate solubilization, indole-3-acetic acid production, and siderophore production. Siderophore- producing bacteria stimulate plant growth through Fe provision, phytohormone production, and organic acid solublisation phosphate. They are used as biofertilizers to supply Fe to plants in various industrial crops. These findings suggest the potential of native Bacillus and Pseudomonas strains as eco-friendly bioinoculants for sustainable agriculture, promoting plant growth and soil fertility through natural microbial interactions. Bacillus and Pseudomonas isolates have been used as biocontrol agents to promote growth in barley and tomato. Pseudomonas and Bacillus species show early growth in barley and tomato shoots, making them popular as biocontrol agents. 

Further studies are recommended to fully exploit their bioinoculant, biocontrol, and ecological capabilities. Large scale field trials across diverse agro-climatic regions are needed to evaluate the consistency, efficacy, and adaptability of the isolated strains under real world agriculture conditions. Stable, user friendly bioformulations are also crucial for their successful commercial application. In depth studies on rhizosphere microbiome interactions are needed to explore synergistic or antagonistic relationships with native microbial communities and assess their impact on plant health and soil ecology. Genomic and proteomic analyses can impact on plant health and soil ecology. Genomic and proteomic analyses can uncover novel genes, regulatory mechanisms, and pathways related to plant growth promotion, stress tolerance, and biocontrol. Integration with nanobiotechnology, particularly in the biosynthesis of nanoparticle, holds promise for enhancing their role in nutrient delivery, pest resistance, and crop productivity. To fully use their bioinoculant, biocontrol and ecological potential, further research involving chemical separation, nanoparticle manufacturing, in vivo testing, and thorough mechanistic assessments is advised.
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