Morpho-Molecular and Biochemical Characterization of Pseudomonas spp. Associated with Brinjal (Solanum melongena L.) Rhizosphere in Southern India

ABSTRACT
The present study aimed to isolate and characterize rhizosphere-associated Pseudomonas spp. from brinjal (Solanum melongena L.) growing regions of Tamil Nadu and Andhra Pradesh, India, to document their morphological, biochemical, and molecular diversity. A systematic survey conducted during 2023–2024 yielded twenty fluorescent Pseudomonas isolates (AUPI-1 to AUPI-20) from both healthy and wilt-affected brinjal fields, representing diverse agro-climatic zones. Morphological characterization revealed uniform colony morphology typical of Pseudomonas spp., with minor variations in pigmentation, elevation, and margin. Biochemical assays showed that all isolates were Gram-negative and oxidase-positive, while 30% of isolates produced siderophores and 45% exhibited phosphate solubilization ability, indicating plant growth-promoting potential. Based on combined phenotypic traits, isolate AUPI-2 was selected for molecular identification. 16S rRNA gene sequencing and BLAST analysis confirmed its affiliation with the Pseudomonas fluorescens group (GenBank accession no. PX737072.1). The study provides baseline information on the diversity of Pseudomonas spp. associated with brinjal rhizosphere soils and highlights the need for further quantitative, antagonistic, and greenhouse-level studies to evaluate their functional role in disease suppression.
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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 second globally in brinjal production (FAOSTAT, 2023), with Tamil Nadu and Andhra Pradesh. Tamil Nadu contributes significantly to national brinjal production, with an production of 275.95 tonnes from 20.37 hectares, while Andhra Pradesh production is 403.14 tonnes from 15.16 hectares (Kaniyassery et al., 2023, Laxman Singh Saini et al., 2024, Sarnaik et al., 2025). 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). Beneficial rhizosphere microorganisms represent one such approach, as they contribute to nutrient cycling, plant growth promotion, and suppression of soil-borne pathogens in brinjal cultivation. 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 Pseudomonas species, particularly fluorescent strains, are frequently associated with plant growth promotion and improved soil functioning due to their capacity to produce siderophores, solubilize phosphates, participate in nitrogen cycling, and synthesize 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.
2. MATERIALS AND METHODS
2.1 Survey and Sample Collection 
A comprehensive field survey was carried out during 2023 (Jan- April) in the principal brinjal (Solanum melongena L.) cultivating regions of Tamil Nadu and Andhra Pradesh, India, for the collection of rhizosphere soil samples, 3 samples per location at 15 cm depth, Single-time sampling (no temporal variation), aimed at isolating potential 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 to represent the diversity of rhizosphere bacterial populations present in the field. Rhizosphere soil tightly adhering to the root zone was collected using sterile implements, as this soil fraction is widely recognized as the primary zone of plant–microbe interactions. Samples were placed in sterile polyethylene bags, properly labelled, and transported to the laboratory under insulated conditions. All samples were processed within 24 hours of collection to maintain microbial viability and reduce changes in community composition. Similar sampling and handling procedures have been widely adopted in rhizosphere bacterial isolation studies (Haas & Défago, 2005; Weller, 2007; Sherpa et al., 2021).





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 and circular morphology with yellow-green to bluish-green pigmentation, were initially selected. To confirm fluorescence, the plates were subsequently exposed to ultraviolet light at 365 nm. Thereafter, fluorescent colonies were purified by repeated streaking on King’s B agar to obtain axenic cultures. Finally, 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).
2.3 Morphological Characterization
Morphological characterization of putative Pseudomonas isolates was carried out by observing colony features on King’s B agar medium following 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, a direct microscopic method that allows observation of live bacterial cells suspended in a liquid medium without staining. In this technique, a drop of freshly prepared bacterial suspension is placed on a coverslip and examined under a microscope to detect true motility, characterized by directional movement, as distinct from Brownian motion. This method is widely employed for assessing motility in Gram-negative bacteria, including Pseudomonas spp., as it preserves natural cell behavior (Cappuccino & Sherman, 2014; Baker et al., 2019). Since members of the genus Pseudomonas are well established as non-spore-forming bacteria, endospore staining was not performed in the present study (Palleroni, 2010).

2.4 Biochemical Characterization
Biochemical characterization of the putative 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 performed as independent experimental repetitions for each isolate to ensure reproducibility of the observed reactions. The results were recorded qualitatively based on the presence or absence of characteristic color changes or reactions, and interpretations were made by comparing the observations with standard descriptions outlined in established bacteriological protocols (Chakra, 2019; Rajashekhar et al., 2017).
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).



3. RESULTS AND DISCUSSION
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)



Table 1.  Survey and Morphological characterization of isolates of Pseudomonas sp.
	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 putative 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. (1-6 are the accession number provided by the NCBI)



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 putative Pseudomonas Isolates
Biochemical profiling of the twenty Pseudomonas isolates revealed both uniform and variable traits (Table 2). All isolates exhibited a Gram-negative reaction, which supported their preliminary classification as Gram-negative bacteria; however, this characteristic alone was insufficient for genus-level confirmation. 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 putative 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 putative efficiency. All biochemical traits were recorded qualitatively based on visible reaction outcomes quantitative estimation of PGPR activities was beyond the scope of the present study. 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, isolate AUPI-2 was selected for molecular characterization due to its consistent expression of multiple plant growth-promoting traits across repeated assays. 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 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. However, given the complexity of the Pseudomonas fluorescens species complex, species-level resolution based solely on 16S rRNA gene sequencing remains limited, and further multilocus or genome-based analyses would be required for precise taxonomic placement (Hassan, Rafik, & Mussum, 2012)
CONCLUSION
The present investigation represents a preliminary survey and characterization of Pseudomonas spp. associated with brinjal rhizosphere soils. Future studies incorporating quantitative PGPR assays, in vitro antagonism tests, multilocus sequence analysis, and greenhouse bioassays are essential to validate their functional role in disease management. The present study represents a preliminary investigation focused on isolation and phenotypic characterization of Pseudomonas spp. Limitations include the qualitative nature of PGPR trait assessment, absence of antagonistic bioassays, and reliance on 16S rRNA gene sequencing for taxonomic identification. These aspects will be addressed in future studies.
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