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ABSTRACT
Brinjal (Solanum melongena L.) cultivation is often constrained by soil-borne pathogens, necessitating the exploration of eco-friendly microbial alternatives for sustainable crop management. The present study aimed to isolate, characterize, and identify rhizosphere-associated Pseudomonas spp. from major brinjal-growing regions of Tamil Nadu and Andhra Pradesh, India. A systematic field survey conducted during 2023–2024 resulted in the isolation of twenty Pseudomonas isolates (AUPI-1 to AUPI-20) from healthy and wilt-affected brinjal fields. The isolates were characterized based on morphological, biochemical, and molecular attributes. Morphological observations revealed uniform colony features typical of Pseudomonas spp., with minor variations in elevation, margin, and pigmentation. Biochemical analysis confirmed that all isolates were Gram-negative and exhibited key functional traits such as catalase and oxidase activity, siderophore production, phosphate solubilization, nitrate reduction, and citrate utilization, indicating their rhizosphere competence and plant growth-promoting potential. Based on combined morphological and biochemical performance, isolate AUPI-2 was selected for molecular identification. 16S rRNA gene sequencing confirmed the isolate as Pseudomonas fluorescens (GenBank accession no. PX737072.1). The study highlights the diversity and functional potential of Pseudomonas spp. associated with brinjal rhizosphere, offering promising candidates for sustainable disease management strategies.
Keywords: Brinjal (Solanum melongena L.), Pseudomonas fluorescens, Rhizosphere bacteria, Biochemical characterization, 16S rRNA gene sequencing, Biocontrol potential, Plant growth–promoting rhizobacteria (PGPR)	Comment by Mehdia Fraj: I suggest simplifying the keywords. Using more concise and more commonly used terms 
1. INTRODUCTION
Brinjal (Solanum melongena L.) is one of the most important vegetable crops cultivated extensively across India due to its wide adaptability, nutritional value, and economic significance. India ranks among the leading producers of brinjal, with Tamil Nadu and Andhra Pradesh contributing substantially to its total production owing to diverse agro-climatic conditions and intensive cultivation practices. However, continuous cropping, heavy input use, and soil health deterioration have raised concerns regarding sustainability and long-term productivity of brinjal-based production systems. These challenges have emphasized the need for eco-friendly approaches that support plant health while maintaining soil microbial balance. (Karbhari, 2021; Sihag, 2021). The rhizosphere of brinjal harbors a diverse population of beneficial microorganisms that play a critical role in nutrient cycling, plant growth promotion, and suppression of soil-borne pathogens. Among these beneficial microbes, Pseudomonas spp. are widely recognized as dominant and functionally important rhizobacteria due to their rapid colonization ability, metabolic versatility, and adaptability to varied soil environments. Several species of Pseudomonas, particularly fluorescent Pseudomonas, are known to enhance plant growth and contribute to soil health through mechanisms such as siderophore production, phosphate solubilization, nitrate reduction, and synthesis of bioactive metabolites. (Singh et al., 2022; Saranraj et al., 2022). Pseudomonas populations isolated from crop-specific rhizospheres are often better adapted to local environmental conditions and exhibit superior functional traits compared to introduced strains. Their effectiveness is strongly influenced by agro-climatic factors, soil properties, and host plant interactions. Tamil Nadu and Andhra Pradesh encompass diverse ecological zones, making these regions ideal for exploring indigenous Pseudomonas diversity associated with brinjal cultivation. Despite numerous reports highlighting the agricultural importance of Pseudomonas spp., systematic studies integrating survey-based isolation, morphological, biochemical, and molecular characterization of Pseudomonas isolates from brinjal-growing regions of southern India remain limited. (Phour, & Sindhu, 2023; Sherpa, et al., 2021). Accurate identification and characterization of Pseudomonas spp. are essential for understanding their ecological roles and functional potential. Conventional morphological and biochemical characterization provides preliminary identification, while molecular approaches, particularly 16S rRNA gene sequencing, offer precise taxonomic resolution. An integrated morpho-molecular approach therefore serves as a robust strategy for documenting Pseudomonas diversity and selecting promising isolates for future agricultural applications.( Balla, et al., 2021; Garello, et al., 2023). In this context, the present study was undertaken to (i) conduct a systematic survey of major brinjal-growing regions of Tamil Nadu and Andhra Pradesh, (ii) isolate rhizosphere-associated Pseudomonas spp., (iii) characterize the isolates based on morphological and biochemical attributes, and (iv) Molecularly identify selected isolates using 16S rRNA gene sequencing. The findings of this study aim to provide baseline information on indigenous Pseudomonas diversity associated with brinjal and contribute to the development of sustainable, microbe-based strategies for improved crop and soil health.	Comment by Mehdia Fraj: References?	Comment by Mehdia Fraj: What is the connection between these two statements? Not clear 	Comment by Mehdia Fraj: delete	Comment by Mehdia Fraj: References 	Comment by Mehdia Fraj: This sentence should be Rewriting, it’s not clear 	Comment by Mehdia Fraj: no dot before the references
2. MATERIALS AND METHODS
2.1 Survey and Sample Collection 
A comprehensive field survey was carried out during 2023–2024 in the principal brinjal (Solanum melongena L.) cultivating regions of Tamil Nadu and Andhra Pradesh, India, for the collection of rhizosphere soil samples aimed at isolating antagonistic Pseudomonas spp. The survey sites were strategically chosen to encompass a wide range of agro-climatic zones, soil characteristics, and brinjal production systems In Tamil Nadu, sampling was undertaken in 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, samples were collected from Chittoor district (Kuppam, Madanapalli, and Ramakuppam), Kurnool district (Velugodu, Peddapadu, and Atmakur), and Guntur district (Tenali, Rompicharala, and Ponnur) (Reddy et al., 2024). At each sampling site, both healthy and wilt-affected brinjal plants were selected at random, and rhizosphere soil tightly adhering to the root zone was collected using sterile implements. The collected samples were transferred into sterile polyethylene bags, appropriately labelled, and transported to the laboratory under insulated conditions. All samples were processed within 24 hours of collection to ensure microbial viability 	Comment by Mehdia Fraj: Season? Spring?	Comment by Mehdia Fraj: Please describe the samling protocol	Comment by Mehdia Fraj: Please justify the choice of the protocol and provide appropriate references
2.2 Isolation of Pseudomonas spp.
Isolation of Pseudomonas spp. was performed using the standard serial dilution and spread plate method. Rhizosphere soil samples (10 g) were homogenized in 90 mL of sterile distilled water and agitated thoroughly for 10 minutes. The resulting suspension was serially diluted up to 10⁻⁶, and 0.1 mL from appropriate dilutions was evenly spread onto King’s B agar medium, which is selective for fluorescent Pseudomonas species (King et al., 1954). The inoculated plates were incubated at 28 ± 2 °C for 24–48 hours. After incubation, colonies displaying characteristic Pseudomonas features—such as smooth, circular morphology and yellow-green to bluish-green pigmentation—were selected. Fluorescent activity was verified by exposing the plates to ultraviolet light at 365 nm. Selected colonies were purified through repeated streaking on King’s B agar. Pure cultures were preserved on King’s B agar slants at 4 °C for short-term storage and maintained in 50% glycerol at −80 °C for long-term preservation (Weller, 2007; Haas & Défago, 2005).	Comment by Mehdia Fraj: The paragraph would benefit from the use of linking words to improve the logical flow and clarify the relationships between the different steps. 
2.3 Morphological Characterization
Morphological characterization of antagonistic Pseudomonas isolates was carried out by observing colony features on King’s B agar medium following 24–48 hours of incubation at 28 ± 2 °C. Colony characteristics including size, shape, margin, elevation, surface texture, pigmentation, and fluorescence were systematically recorded. Cellular morphology and Gram reaction were examined using Gram staining followed by microscopic observation under oil immersion (100× magnification). Bacterial motility was assessed using the hanging drop technique. Since Pseudomonas species are non-spore-forming organisms, endospore staining was not conducted (Palleroni, 2010; Baker, et al., 2019).	Comment by Mehdia Fraj: Is the same protocol used for isolation? 	Comment by Mehdia Fraj: Explain this technique and add the references 
2.4 Biochemical Characterization
Biochemical characterization of the antagonistic Pseudomonas isolates was performed using standard bacteriological methods. The isolates were subjected to Gram staining, oxidase and catalase tests, citrate utilization, nitrate reduction, siderophore production, phosphate solubilization, and fluorescent pigment production on King’s B agar medium. The methyl red test was also conducted to distinguish Pseudomonas spp. from other Gram-negative bacteria. All biochemical assays were carried out in triplicate, and the results were interpreted according to established protocols (Chakra, 2019; Rajashekhar et al., 2017).	Comment by Mehdia Fraj: Not clear
2.5 Molecular Identification of Pseudomonas Isolates
Genomic DNA was extracted from 24-hour-old Pseudomonas cultures grown in King’s B broth using a modified cetyltrimethylammonium bromide (CTAB) method. The quality and concentration of the extracted DNA were assessed using a NanoDrop spectrophotometer. Molecular identification of the isolates was carried out by amplifying the 16S rRNA gene using universal bacterial primers 27F and 1492R. PCR amplification was performed in a 25 μL reaction mixture comprising 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 thermal cycling conditions included 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, and extension at 72 °C for 90 seconds, with a final extension at 72 °C for 10 minutes. The amplified PCR products (~1.5 kb) were resolved on 1% agarose gel, purified, and sequenced bi-directionally. The resulting sequences were edited using BioEdit software and compared with reference sequences available in the NCBI GenBank database using BLASTn. Phylogenetic relationships were inferred using MEGA software (version X/11) by constructing a Neighbor-Joining tree with 1000 bootstrap replications to assess branch reliability (Nikbin, et al., 2012; Jaafar, et al., 2014)	Comment by Mehdia Fraj: You used this method, what was the reference or basis for choosing it?

3. RESULTS AND DISCUSSION	Comment by Mehdia Fraj: The Results and Discussion section needs substantial revision. It should be improved and enriched with relevant literature references to highlight the importance of this study and to allow comparison with other studies.
3.1 Survey and Isolation of Pseudomonas spp.



A systematic survey conducted across major brinjal-growing regions of Tamil Nadu and Andhra Pradesh resulted in the isolation of twenty Pseudomonas isolates, designated as AUPI-1 to AUPI-20 (Table 1). The isolates were obtained from diverse agro-ecological zones encompassing different soil types, climatic conditions, and cultivation practices. In Tamil Nadu, isolates were recovered from Cuddalore, Salem, Dindigul, and Krishnagiri districts, while in Andhra Pradesh, isolates were obtained from Chittoor, Kurnool, and Guntur districts. The recovery of Pseudomonas isolates from all surveyed locations highlights their widespread distribution and strong rhizosphere competence in brinjal-growing soils. (Ghane & Azimi, 2014; Uzair, et al., 2006)	Comment by Mehdia Fraj: Please provide a clearer explanation of this idea



Table 1.  Survey and Morphological characterization of isolates of Pseudomonas sp.	Comment by Mehdia Fraj: What does the green color indicate? Please add an explanation next to the table title.
	Sl. No
	State
	District
	Place of collection
	Colony
	Elevation
	Surface 
	Margin 
	Color 
	Odour
	Isolate Identification code

	1
	Tamil Nadu
	Cuddalore
	Sivapuri
	Round 
	Raised 
	Smooth Shiny 
	Smooth 
	Light yellow 
	Odourless
	AUPI-1

	2
	
	
	Parathurchavadi
	Round
	Raised 
	Smooth Shiny 
	Smooth 
	Off White 
	Odourless
	AUPI-2

	3
	
	Salem
	Attur
	Round
	Flat
	Smooth Shiny 
	Irregular
	Off White
	Odourless
	AUPI-3

	4
	
	
	Thalaivasal
	Round
	Raised 
	Smooth Shiny 
	Smooth 
	Off White
	Odourless
	AUPI-4

	5
	
	
	Gangavalli
	Round
	Raised 
	Smooth Shiny 
	Irregular
	Light yellow
	Odourless
	AUPI-5

	6
	
	Dindigul
	Seelapadi
	Round
	Flat
	Smooth Shiny 
	Smooth 
	Light yellow
	Odourless
	AUPI-6

	7
	
	
	Anaipatti
	Round
	Flat
	Smooth Shiny 
	Smooth 
	Light yellow
	Odourless
	AUPI-7

	8
	
	
	Siluvathur
	Round
	Raised 
	Smooth Shiny 
	Irregular
	Off White
	Odourless
	AUPI-8

	9
	
	Krishnagiri
	KK Nagar
	Round
	Raised 
	Smooth Shiny 
	Smooth 
	Light yellow
	Odourless
	AUPI-9

	10
	
	
	Hosur
	Round
	Flat
	Smooth Shiny 
	Smooth 
	Off White
	Odourless
	AUPI-10

	11
	
	
	Sundekuppam
	Round
	Raised 
	Smooth Shiny 
	Irregular
	Light yellow
	Odourless
	AUPI-11

	12
	Andhra Pradesh
	Chittoor
	Kuppam
	Round
	Flat
	Smooth Shiny 
	Irregular
	Off White
	Odourless
	AUPI-12

	13
	
	
	Madanapalli 
	Round
	Raised 
	Smooth Shiny 
	Smooth 
	Off White
	Odourless
	AUPI-13

	14
	
	
	Ramakuppam 
	Round
	Flat
	Smooth Shiny 
	Irregular
	Light yellow
	Odourless
	AUPI-14

	15
	
	Kurnool
	Velugodu
	Round
	Raised 
	Smooth Shiny 
	Smooth 
	Off White
	Odourless
	AUPI-15

	16
	
	
	Peddapadu 
	Round
	Flat
	Smooth Shiny 
	Irregular
	Light yellow
	Odourless
	AUPI-16

	17
	
	
	Atmakur
	Round
	Raised 
	Smooth Shiny 
	Smooth 
	Light yellow
	Odourless
	AUPI-17

	18
	
	Guntur
	Tenali
	Round
	Flat
	Smooth Shiny 
	Irregular
	Off White
	Odourless
	AUPI-18

	19
	
	
	Rompicharala
	Round
	Raised 
	Smooth Shiny 
	Smooth 
	Off White
	Odourless
	AUPI-19

	20
	
	
	Ponnur 
	Round
	Raised 
	Smooth Shiny 
	Irregular
	Off White
	Odourless
	AUPI-20


Table 2. Biochemical characterization of antagonistic Pseudomonas spp.
	Isolate
	Gram Staining
	Siderophore Production
	Catalase
	Citrate utilization
	Methyl red
	Nitrate reduction
	Phosphate Solubilisation
	Oxidase

	AUPI-1
	-ve
	-
	+
	+
	-
	+
	+
	+

	AUPI-2
	-ve
	+
	+
	+
	-
	+
	+
	+

	AUPI-3
	-ve
	-
	+
	+
	-
	+
	-
	+

	AUPI-4
	-ve
	-
	-
	+
	-
	+
	+
	-

	AUPI-5
	-ve
	-
	+
	-
	-
	-
	-
	+

	AUPI-6
	-ve
	+
	+
	+
	-
	+
	+
	+

	AUPI-7
	-ve
	-
	+
	+
	-
	+
	-
	-

	AUPI-8
	-ve
	-
	-
	+
	-
	+
	+
	+

	AUPI-9
	-ve
	-
	+
	-
	-
	-
	+
	+

	AUPI-10
	-ve
	+
	+
	+
	-
	+
	-
	-

	AUPI-11
	-ve
	-
	-
	+
	-
	+
	+
	+

	AUPI-12
	-ve
	+
	+
	+
	-
	+
	+
	+

	AUPI-13
	-ve
	-
	-
	-
	-
	-
	+
	+

	AUPI-14
	-ve
	-
	+
	+
	-
	+
	+
	+

	AUPI-15
	-ve
	-
	-
	+
	-
	+
	-
	+

	AUPI-16
	-ve
	-
	+
	-
	-
	-
	+
	-

	AUPI-17
	-ve
	+
	+
	+
	-
	+
	+
	+

	AUPI-18
	-ve
	-
	+
	-
	-
	+
	-
	-

	AUPI-19
	-ve
	-
	+
	+
	-
	-
	+
	+

	AUPI-20
	-ve
	+
	-
	-
	-
	+
	-
	+
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Fig. 1. Axenic culture of Pseudomonas fluorescens (AUPI-2)
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Fig. 2. Phylogenetic tree of Pseudomonas 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.	Comment by Mehdia Fraj: Please write the strain names in italics. Additionally, the meaning of the numbers is unclear! Include a key or legend below the figure title to explain them



The successful isolation of Pseudomonas spp. from both healthy and wilt-affected brinjal fields suggests their adaptability to varied soil environments and their potential ecological role in suppressing soil-borne pathogens. Similar widespread occurrence of Pseudomonas spp. in vegetable crop rhizospheres has been reported earlier, attributing their dominance to rapid growth, efficient root colonization, and metabolic versatility.
3.2 Morphological Characterization of Pseudomonas Isolates
Morphological characterization revealed a high degree of uniformity among the isolates with respect to colony shape and surface features, coupled with minor variations in elevation, margin, and pigmentation (Table 1). All isolates produced round colonies with smooth, shiny surfaces, which are characteristic features of Pseudomonas spp. Colony elevation varied between flat and raised forms, while margins were either smooth or irregular. Such variations are commonly observed among Pseudomonas strains and are often influenced by nutrient availability and growth conditions. Colony pigmentation ranged from off-white to light yellow, and all isolates were odourless. The smooth and shiny colony appearance observed across all isolates indicates active metabolic states and is consistent with earlier descriptions of rhizosphere-associated Pseudomonas spp. The minor morphological differences among isolates collected from different locations may reflect strain-level adaptation to local soil and environmental conditions. However, as morphology alone cannot reliably distinguish species within the genus Pseudomonas, biochemical and molecular analyses were essential for further characterization. (Kirisits, et al., 2005; Suman, et al., 2018).
3.3 Biochemical Characterization of Antagonistic Pseudomonas Isolates
Biochemical profiling of the twenty Pseudomonas isolates revealed both uniform and variable traits (Table 2). All isolates were Gram-negative, confirming their affiliation to the genus Pseudomonas. A majority of isolates exhibited positive catalase and oxidase activity, which are hallmark characteristics of Pseudomonas spp. and reflect their ability to tolerate oxidative stress and utilize aerobic respiratory pathways. Siderophore production was observed in several isolates, including AUPI-2, AUPI-6, AUPI-10, AUPI-12, AUPI-17, and AUPI-20, indicating their potential role in iron sequestration and indirect suppression of phytopathogens. Siderophore-mediated iron competition is a well-recognized biocontrol mechanism employed by Pseudomonas spp. in the rhizosphere. Citrate utilization was positive in most isolates, suggesting metabolic versatility and adaptability to nutrient-limited soil environments. Nitrate reduction activity was also recorded in several isolates, reflecting their role in nitrogen cycling. Importantly, phosphate solubilization was detected in multiple isolates, highlighting their plant growth-promoting potential in addition to antagonistic activity. All isolates tested negative for the methyl red reaction, which is consistent with the oxidative metabolism typical of Pseudomonas spp. Variability observed in siderophore production, phosphate solubilization, and nitrate reduction among isolates indicates strain-specific functional differences that may influence their antagonistic efficiency. Overall, the biochemical characterization confirmed that the isolated bacteria belong to the genus Pseudomonas and possess multiple traits associated with rhizosphere competence, plant growth promotion, and biocontrol activity. Such functional diversity among Pseudomonas isolates has been widely reported and is considered advantageous for selecting elite strains capable of performing effectively under field conditions. (Srinivasa, et al., 2015; Uzair, et al., 2018)
3.4 Molecular Identification of Pseudomonas Isolates
Based on an integrated assessment of morphological and biochemical traits (Tables 1 and 2), isolate AUPI-2 was selected for molecular characterization. This isolate displayed colony morphology and biochemical responses that closely conformed to the established diagnostic features of the genus Pseudomonas and demonstrated a biochemical profile indicative of strong antagonistic potential. Genomic DNA extracted from isolate AUPI-2 was subjected to 16S rRNA gene sequencing to achieve accurate taxonomic identification. Comparative sequence analysis of the 16S rRNA gene sequence using BLASTn revealed a high degree of similarity with Pseudomonas fluorescens. The 16S rRNA gene sequence of isolate AUPI-2 has been deposited in the GenBank database under the accession number PX737072.1, thereby confirming its identity as Pseudomonas fluorescens. (Hassan, Rafik, & Mussum, 2012)
CONCLUSION
The present study revealed the widespread occurrence and functional diversity of Pseudomonas spp. in the brinjal rhizosphere across Tamil Nadu and Andhra Pradesh. Morphological and biochemical characterization confirmed the presence of multiple plant-beneficial traits associated with nutrient mobilization and pathogen suppression. Among the isolates, AUPI-2 exhibited superior functional attributes and was molecularly identified as Pseudomonas fluorescens. The integrated morpho-molecular approach ensured accurate identification and assessment of its biocontrol potential. Further greenhouse and multi-location field evaluations are essential to validate the consistency, rhizosphere colonization ability, and disease suppression efficacy of AUPI-2 under natural conditions. Successful validation may enable the development of location-specific bioformulations for sustainable brinjal disease management.
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