Survey and Morphological, Biochemical and Molecular Characterization of Bacillus isolates from Brinjal (Solanum melongena L.) Rhizosphere Soils of Tamil Nadu and Andhra Pradesh, India 


ABSTRACT
Diseases caused by soil borne pathogen including Fusarium spp. significantly constrain brinjal (Solanum melongena L.) productivity, highlighting the need for sustainable, eco-friendly disease management strategies. The present study aimed to survey, isolate, and characterize Bacillus spp. from the brinjal rhizosphere across Tamil Nadu and Andhra Pradesh, India. A systematic survey conducted during 2023–2024 resulted in the isolation of twenty Bacillus isolates (AUBI-1 to AUBI-20). The isolates were characterized based on morphological and biochemical traits. All isolates were Gram-positive and exhibited variability in siderophore production, starch hydrolysis, catalase activity, citrate utilization, and nitrate reduction, while all were negative for chitinase production and methyl red test. Based on superior morphological and biochemical traits, isolate AUBI-14 was selected for molecular identification. 16S rRNA gene sequencing confirmed AUBI-14 as B. subtilis (GenBank accession number: PX737071.1). The findings highlight the diversity of Bacillus populations in brinjal rhizosphere soils and provide a foundation for future evaluation of promising isolates for sustainable disease management in brinjal cultivation. 
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1. INTRODUCTION
[bookmark: _GoBack]	Brinjal (Solanum melongena L.) is one of the most widely cultivated vegetable crops in India due to its adaptability to diverse agro-climatic conditions, high nutritional value, and year-round cultivation potential. The crop plays a vital role in food security and income generation for small and marginal farmers, particularly in southern Indian states such as Tamil Nadu and Andhra Pradesh. Tamil Nadu contributes significantly to national brinjal production, with an output of 275.96 tonnes from 20.38 hectares, while Andhra Pradesh records a production of 403.13 tonnes from 15.15 hectares (Kaniyassery et al., 2023, Laxman Singh Saini et al., 2024, Sarnaik et al., 2025). Sustainable brinjal cultivation increasingly depends on maintaining soil health and beneficial microbial populations within the rhizosphere. (Ghosh, 2022; Sihag, 2021). The rhizosphere is a dynamic ecological zone enriched with diverse microorganisms that influence plant growth, nutrient uptake, and soil fertility. Among rhizosphere-associated bacteria, members of the genus Bacillus have received considerable attention due to their ecological adaptability and multifunctional roles in agricultural systems. Bacillus spp. are Gram-positive, rod-shaped, spore-forming bacteria capable of surviving under adverse environmental conditions such as high temperature, desiccation, and nutrient stress (Miljaković et al., 2020) Their ability to form endospores ensures long-term persistence in soil and enhances their suitability for agricultural applications. (Adal, 2023; Borriss, 2020). Several Bacillus species, including B. subtilis, B. velezensis, B. amyloliquefaciens, and B. thuringiensis, are commonly associated with crop rhizospheres and are known for their metabolic versatility. These bacteria contribute to soil health through nutrient cycling, starch hydrolysis, nitrate reduction, and siderophore production, which enhances iron availability to plants. Such biochemical traits enable Bacillus spp. to establish efficiently in the rhizosphere and interact positively with host plants. Consequently, Bacillus populations represent an important microbial resource for sustainable agriculture. The diversity and functional potential of Bacillus spp. are strongly influenced by agro-ecological factors such as soil type, climate, cropping pattern, and host cultivar. Tamil Nadu and Andhra Pradesh encompass a wide range of agro-climatic zones, making these regions ideal for exploring the diversity of Bacillus populations associated with brinjal cultivation. Despite the recognized importance of Bacillus spp., systematic studies integrating field survey, isolation, and detailed morphological, biochemical, and molecular characterization of Bacillus isolates from brinjal rhizosphere soils across these regions remain limited. Morphological and biochemical characterization provides essential preliminary information on bacterial identity and functional traits, while molecular identification based on 16S rRNA gene sequencing offers accurate taxonomic resolution. Integrating these approaches enables reliable characterization of Bacillus isolates and helps establish a baseline for future studies aimed at their utilization in sustainable crop production and soil health management. (Rocha, et al., 2023). Therefore, the present study was undertaken to conduct a systematic survey of brinjal-growing regions of Tamil Nadu and Andhra Pradesh, isolate Bacillus spp. from rhizosphere soils, characterize the isolates based on morphological and biochemical traits, and identify representative isolates using 16S rRNA gene sequencing. The findings of this study provide valuable insights into the diversity and characteristics of Bacillus spp. associated with brinjal cultivation and lay the foundation for their future application in sustainable agricultural systems. (Sacchi, et al., 2002; Wang, et al., 2007). Understanding the interaction between rhizosphere-associated Bacillus spp. and soil-borne fungal pathogens is critical for developing sustainable disease management strategies in brinjal. However, information on region-specific Bacillus diversity and their functional traits in relation to fungal suppression remains limited, particularly in southern India.
2. MATERIALS AND METHODS
2.1 Survey and Sample Collection 
A systematic field survey was conducted during 2023–2024 across major brinjal (Solanum melongena L.) growing regions of Tamil Nadu and Andhra Pradesh, India, to collect rhizosphere soil samples for the isolation of antagonistic Bacillus spp. The survey locations were selected to represent diverse agro-climatic conditions, soil types, and brinjal cultivation practices In Tamil Nadu, samples were collected from Cuddalore district (Sivapuri and Parathurchavadi), Salem district (Attur, Thalaivasal and Gangavalli), Dindigul district (Seelapadi, Anaipatti and Siluvathur), and Krishnagiri district (KK Nagar, Hosur and Sundekuppam). In Andhra Pradesh, survey locations included Chittoor district (Kuppam, Madanapalli and Ramakuppam), Kurnool district (Velugodu, Peddapadu and Atmakur), and Guntur district (Tenali, Rompicharala and Ponnur). Rhizosphere soil adhering closely to the roots and root segments were collected using sterile tools. Samples were placed in sterile polyethylene bags, properly labelled, and transported to the laboratory in an insulated ice box for further processing. All samples were processed within 24 hours of collection. 
 2.2 Isolation of Bacillus spp.
Isolation of Bacillus spp. was carried out using standard serial dilution and plating techniques. Rhizosphere soil samples (10 g) were suspended in 90 mL of sterile distilled water and shaken vigorously for 10 minutes. The suspension was serially diluted up to 10⁻⁶. An aliquot of 0.1 mL from appropriate dilutions was spread plated on Nutrient Agar (NA) plates. (Travers, et al., 1987; Fangio, et al., 2010). To selectively enrich spore-forming Bacillus spp., the soil suspensions were heat-treated at 80 °C for 10 minutes before plating. Plates were incubated at 28 ± 2 °C for 48 hours. Distinct colonies exhibiting typical Bacillus-like morphology were selected and purified by repeated streaking on NA plates. Pure cultures were maintained on NA slants at 4 °C for short-term use and preserved in 50% glycerol at −80 °C for long-term storage (Cornea, et al., 2002).
2.3 Morphological Characterization
Morphological characterization of antagonistic Bacillus isolates was carried out by examining colony characteristics on nutrient agar (NA) plates after 48 h of incubation at 28 ± 2 °C. Colony attributes including size, shape, margin, elevation, surface texture, pigmentation, and opacity were recorded. Colony opacity was categorized as opaque or translucent, while texture was described as smooth, rough, or mucoid in accordance with standard microbiological criteria. Cellular morphology and Gram reaction were determined by Gram staining followed by microscopic examination under oil immersion (100×). Endospore formation was evaluated using the Schaeffer–Fulton spore staining method, with malachite green as the primary stain and safranin as the counterstain. (Montanari, et al., 2004; Lu, et al., 2018).
2.4 Biochemical Characterization 
Biochemical characterization of the selected antagonistic Bacillus isolates was carried out following standard bacteriological procedures. The tests included Gram staining, Siderophore estimation, starch hydrolysis, citrate utilization, catalase activity, Nitrate reduction, Chitinase Production and methyl red test. All tests were performed in triplicate, and results were recorded based on standard interpretations. (Koni, & Ellar, 1994; Rajashekhar, et al., 2017).
2.5 Molecular Identification of Bacillus Isolates
Genomic DNA was extracted from 24-hour-old Bacillus cultures grown in nutrient broth using a modified cetyltrimethylammonium bromide (CTAB) method. The quality and concentration of the extracted DNA were assessed using a NanoDrop spectrophotometer. The 16S rRNA gene was amplified using universal bacterial primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTACGACTT-3′). PCR amplification was carried out in a 25 μL reaction mixture containing 12.5 μL of 2× PCR Master Mix, 0.5 μL of each primer (10 μM), 2 μL of template DNA, and nuclease-free water to make up the final volume. The PCR conditions consisted of an initial denaturation at 95 °C for 3 minutes, followed by 35 cycles of denaturation at 95 °C for 30 seconds, annealing at 55 °C for 30 seconds, extension at 72 °C for 90 seconds, and a final extension at 72 °C for 10 minutes. The amplified PCR products were resolved on 1% agarose gel stained with ethidium bromide and visualized under UV illumination. The expected amplicons (~1.5 kb) were purified and sequenced bi-directionally. The obtained sequences were edited and assembled using BioEdit software and compared with reference sequences available in the NCBI GenBank database using BLASTn. Phylogenetic analysis was performed using MEGA software (version X/11) employing the Neighbor-Joining method with 1000 bootstrap replications to assess the reliability of the branching pattern. (Avşar, et al., 2017; Ruiz-Sánchez, et al., 2016, Bhandari, et al., 2013; Sacchi et al., 2002; Wang et al., 2007). 
3. RESULTS AND DISCUSSION
3.1 Survey and Isolation of Bacillus spp.
A systematic field survey conducted across major brinjal-growing regions of Tamil Nadu and Andhra Pradesh resulted in the isolation of twenty antagonistic Bacillus isolates, designated as AUBI-1 to AUBI-20. The isolates were obtained from diverse agro-ecological locations representing different soil types, climatic conditions, and cultivation practices. In Tamil Nadu, isolates were recovered from Cuddalore (Sivapuri, Parathurchavadi), Salem (Attur, Thalaivasal, Gangavalli), Dindigul (Seelapadi, Anaipatti, Siluvathur), and Krishnagiri (KK Nagar, Hosur, Sundekuppam) districts. In Andhra Pradesh, isolates were collected from Chittoor (Kuppam, Madanapalli, Ramakuppam), Kurnool (Velugodu, Peddapadu, Atmakur), and Guntur (Tenali, Rompicharala, Ponnur) districts (Table 1). Heat treatment followed by serial dilution plating facilitated the selective isolation of spore-forming bacteria, predominantly Bacillus spp. The recovery of Bacillus isolates from all surveyed locations indicates their widespread distribution and ecological adaptability in brinjal rhizosphere environments. Similar observations have been reported earlier, where Bacillus spp. were consistently isolated from diverse agro-climatic regions due to their ability to survive adverse soil conditions through endospore formation and rapid colonization of the rhizosphere. (Wei, et al., 2010; McInroy, & Kloepper, 1995).
3.2 Morphological Characterization of Bacillus Isolates
The twenty Bacillus isolates exhibited considerable variation in colony and cellular morphology, as presented in Table 1. On nutrient agar, colonies were predominantly white, creamy white, pale white, or milky white in appearance. Colony margins varied from serrated and undulate to slimy, while elevation ranged from flat and slightly raised to convex and umbonate, indicating morphological heterogeneity among the isolates. Differences in colony opacity and texture were also observed. Both opaque and translucent colonies were recorded, with opaque colonies being more frequent among isolates AUBI-1, AUBI-4, AUBI-7, AUBI-9, AUBI-14, and AUBI-15, whereas translucent colonies were noted in isolates such as AUBI-2, AUBI-3, AUBI-6, AUBI-12, AUBI-16, and AUBI-20. Colony texture ranged from smooth and rough to mucoid, reflecting strain-specific growth characteristics. Microscopic examination following Gram staining revealed that most isolates were rod-shaped, which is typical of the genus Bacillus. Several isolates, including AUBI-3, AUBI-6, AUBI-8, AUBI-10, AUBI-13, AUBI-16, and AUBI-18, exhibited irregular rod morphology, possibly due to differences in growth phase or physiological condition. Overall, the observed variability in colony colour, margin, elevation, opacity, texture, and cell shape indicates substantial morphological diversity among Bacillus isolates recovered from brinjal rhizosphere soils. Similar patterns of morphological variation among Bacillus spp. isolated from vegetable crop rhizospheres have been reported previously (El-Kersh et al., 2012; Rocha et al., 2023).
3.3 Biochemical Characterization of Antagonistic Bacillus Isolates
The biochemical characteristics of the twenty antagonistic Bacillus isolates (AUBI-1 to AUBI-20) are presented in Table 2. All isolates exhibited Gram-positive reaction, confirming their affiliation to the genus Bacillus. Considerable variability was observed among the isolates with respect to biochemical traits. Siderophore production was recorded in 15 out of 20 isolates, while isolates AUBI-1, AUBI-8, AUBI-12, AUBI-16 and AUBI-19 tested negative for siderophore estimation. Starch hydrolysis was positive in the majority of isolates, with negative reactions observed only in AUBI-5, AUBI-9 and AUBI-17. Catalase activity was detected in most isolates, whereas AUBI-3, AUBI-11 and AUBI-17 showed negative reactions. All isolates except AUBI-19 were positive for citrate utilization, indicating broad metabolic versatility among the isolates. Nitrate reduction activity varied among isolates, with positive reactions recorded in twelve isolates, while eight isolates exhibited negative reactions. Notably, chitinase production and methyl red test were negative in all isolates, indicating the absence of chitinolytic activity and mixed acid fermentation. Overall, the biochemical profiling revealed a predominantly uniform Gram-positive Bacillus population with isolate-specific variations in siderophore production, enzymatic activity, and nutrient utilization patterns, providing a functional basis for subsequent antagonistic screening. (Wulff, et al., 2002; Solanki, et al., 2015).
3.4 Molecular Identification of Bacillus Isolates
Based on a comprehensive evaluation of morphological and biochemical characteristics (Table 1 and Table 2), isolate AUBI-14 was selected for molecular identification. This isolate exhibited colony morphology and biochemical reactions that closely matched the typical diagnostic features of the genus Bacillus and showed a biochemical profile consistent with antagonistically efficient strains. Genomic DNA of isolate AUBI-14 was subjected to 16S rRNA gene sequencing for precise taxonomic identification. Sequence analysis using BLASTn against the NCBI GenBank database revealed a high level of sequence similarity with Bacillus subtilis. The nucleotide sequence of isolate AUBI-14 has been deposited in the GenBank database under the accession number PX737071.1, confirming its identity as Bacillus subtilis (Avşar, et al., 2017; Lu, Guo, & Liu, 2018).
Limitations   
The present study was limited to laboratory-based morphological, biochemical, and molecular characterization of Bacillus isolates. Although these approaches provide valuable baseline information, in vitro antagonistic assays and field-level validation were not extensively explored. Environmental factors, soil variability, and host cultivar interactions may influence the performance of selected isolates under field conditions. Future studies should focus on comprehensive antagonistic screening and multi-location field trials to validate the biocontrol efficacy of promising isolates.








Table 1.  Survey and Morphological characterization of isolates of Bacillus sp.
	Sl. No
	State
	District
	Colour of colony
	Margin
	Elevation
	Opacity
	Texture
	Shape
	Isolate Identification code

	1
	Tamil Nadu
	Cuddalore
	White
	Serrated
	Slightly raised
	Opaque
	
	Rod
	AUBI-1

	2
	
	
	White
	Serrated
	Convex
	Translucent
	Smooth
	Rod
	AUBI-2

	3
	
	Salem
	Pale White
	Undulate
	Slightly convex
	Translucent
	Smooth
	Irregular rod
	AUBI-3

	4
	
	
	Creamy white
	Slimy
	Flat
	Opaque
	Rough
	Rod
	AUBI-4

	5
	
	
	Creamy white
	Serrated
	Umbonate
	Translucent
	Mucoid
	Rod
	AUBI-5

	6
	
	Dindigul
	Pale White
	Slimy
	Flat
	Translucent
	Smooth
	Irregular rod
	AUBI-6

	7
	
	
	Creamy white
	Undulate
	Convex
	Opaque
	Mucoid
	Rod
	AUBI-7

	8
	
	
	White
	Serrated
	Flat
	Translucent
	Mucoid
	Irregular rod
	AUBI-8

	9
	
	Krishnagiri
	Milky White
	Slimy
	Raised
	Opaque
	Smooth
	Rod
	AUBI-9

	10
	
	
	White
	Undulate
	Flat
	Opaque
	Rough
	Irregular Rod
	AUBI-10

	11
	
	
	White
	Slimy
	Slightly raised
	Translucent
	Rough
	Rod
	AUBI-11

	12
	Andhra Pradesh
	Chittoor
	Milky White
	Undulate
	Convex
	Translucent
	Mucoid
	Rod
	AUBI-12

	13
	
	
	Milky White
	Slimy
	Slightly convex
	Opaque
	Mucoid
	Irregular rod
	AUBI-13

	14
	
	
	Creamy white
	Serrated
	Flat
	Opaque
	Smooth
	Rod
	AUBI-14

	15
	
	Kurnool
	Creamy white
	Slimy
	Umbonate
	Opaque
	Rough
	Rod
	AUBI-15

	16
	
	
	Pale White
	Undulate
	Flat
	Translucent
	Smooth
	Irregular rod
	AUBI-16

	17
	
	
	Creamy white
	Serrated
	Convex
	Translucent
	Rough
	Rod
	AUBI-17

	18
	
	Guntur
	White
	Slimy
	Flat
	Opaque
	Mucoid
	Irregular rod
	AUBI-18

	19
	
	
	Pale White
	Serrated
	Raised
	Translucent
	Rough
	Rod
	AUBI-19

	20
	
	
	Milky White
	Slimy
	Flat
	Translucent
	Smooth
	Rod
	AUBI-20






Table 2. Biochemical analysis of Bacterial antagonistic Bacillus sp.
	Isolate
	Gram staining
	Siderophore estimation
	Starch hydrolysis
	Catalase production
	Citrate utilization
	Nitrate reduction
	Chitinase production
	Methyal red test

	AUBI-1
	+
	-
	+
	+
	+
	+
	-
	-

	AUBI-2
	+
	+
	+
	+
	+
	-
	-
	-

	AUBI-3
	+
	+
	+
	-
	+
	+
	-
	-

	AUBI-4
	+
	+
	+
	+
	+
	+
	-
	-

	AUBI-5
	+
	+
	-
	+
	+
	+
	-
	-

	AUBI-6
	+
	+
	+
	+
	+
	+
	-
	-

	AUBI-7
	+
	+
	+
	+
	+
	-
	-
	-

	AUBI-8
	+
	-
	+
	+
	+
	+
	-
	-

	AUBI-9
	+
	+
	-
	+
	+
	+
	-
	-

	AUBI-10
	+
	+
	+
	+
	+
	-
	-
	-

	AUBI-11
	+
	+
	+
	-
	+
	+
	-
	-

	AUBI-12
	+
	-
	+
	+
	+
	+
	-
	-

	AUBI-13
	+
	+
	+
	+
	+
	+
	-
	-

	AUBI-14
	+
	+
	+
	+
	+
	+
	-
	-

	AUBI-15
	+
	+
	+
	+
	+
	-
	-
	-

	AUBI-16
	+
	-
	+
	+
	+
	+
	-
	-

	AUBI-17
	+
	+
	-
	-
	+
	+
	-
	-

	AUBI-18
	+
	+
	+
	+
	+
	+
	-
	-

	AUBI-19
	+
	-
	+
	+
	-
	-
	-
	-

	AUBI-20
	+
	+
	+
	+
	+
	+
	-
	-







	[image: ]

Fig. 1. Axenic culture of Bacillus subtilis (AUBI-14)
	[image: ]
Fig. 2. Phylogenetic tree of Bacillus isolates based on 16S rRNA gene sequences. The tree was constructed using the Neighbor-Joining method with 1,000 bootstrap replications to infer the evolutionary relationships among the isolates.



Conclusion
The present study revealed the widespread occurrence of antagonistic Bacillus spp. in the brinjal rhizosphere across Tamil Nadu and Andhra Pradesh. Twenty isolates exhibited uniform Gram-positive morphology and diverse biochemical traits associated with rhizosphere competence and biocontrol potential. Among them, isolate AUBI-14 was conclusively identified as Bacillus subtilis through 16S rRNA gene sequencing. The absence of chitinase activity suggests that disease suppression may be mediated through siderophore production and other bioactive metabolites rather than direct cell wall degradation. Collectively, the findings highlight AUBI-14 (B. subtilis) as a promising biocontrol candidate for sustainable disease management in brinjal. Future studies should focus on evaluating the field-level efficacy of AUBI-14 under diverse agro-climatic conditions and developing suitable formulations to facilitate its large-scale application in integrated disease management programs.
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. INTRODUCTION


 


 


Brinjal (


Solanum melongena 


L.) is one of the most widely cultivated vegetable crops in 


India due to its adaptability to diverse agro


-


climatic conditions, high nutritional value, and year


-


round cultivation potential. 


The crop plays a vital role in food security and 


income generation for 


small and marginal farmers, particularly in southern Indian states such as Tamil Nadu and Andhra 


Pradesh. Tamil Nadu contributes significantly to national brinjal production, with an output of 


275.96 tonnes from 20.38 hectares, while 


Andhra Pradesh records a production of 403.13 tonnes 
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