


Original Research Article
Foliar Nitrogen Fixers on Knol Khol: Differential Isolation, Characterization, and Biofertilizer Potential of Azotobacter and AzospirillumIsolation, Characterization and Nitrogen-Fixing ability of Foliar Azotobacter and Azospirillum Associated with Knol Khol (Brassica oleracea var. gongylodes)
	  

Abstract
The rising need for sustainable agricultural practices, especially in non-leguminous vegetable production, necessitates the exploration of alternative nitrogen sources like plant-associated nitrogen-fixing bacteria. This study aimed to isolate, characterize, and evaluate native foliar nitrogen-fixing bacteria, Azotobacter and Azospirillum, from knol khol (Brassica oleracea var. gongylodes) leaves collected across diverse farming regions of Chhattisgarh, India, to assess their potential as foliar biofertilizers. Twelve leaf samples were collected from fields representing varied cultivation practices, including chemical application. Foliar Azotobacter was isolated from 10 samples but could not be recovered from fields associated with heavy pesticide use, whereas Azospirillum was successfully isolated from all 12 samples, suggesting its potential endophytic nature and greater resilience to chemical stress. All isolates were confirmed as Gram-negative with variable biochemical profiles. Nitrogen-fixing efficiency varied widely, with the most efficient Azotobacter isolate (Kk-Azot-6) fixing 10.58 mg N g-1 sucrose and the top Azospirillum isolate (Kk-Azos-10) exhibiting a higher efficiency of 15.56 mg N g-1 malate. The superior nitrogen-fixing potential and differential stress tolerance observed, particularly in Azospirillum, emphasize the significant ecological role of these bacteria on aerial plant surfaces and their strong candidacy for developing effective foliar biofertilizers for sustainable and eco-friendly crop production.The present investigation was conducted at the Department of Agricultural Microbiology, College of Agriculture, IGKV, Raipur, (C.G.) to isolate, characterize and evaluate native foliar nitrogen-fixing bacteria from knol khol leaves collected from Raipur and Durg districts of Chhattisgarh. Twelve leaf samples from knol-khol were collected from vegetable-growing fields of different villages of Raipur and Durg districts, Chhattisgarh. The selected fields represented diverse farming practices, including use of pesticide application. Out of the 12 leaf samples of knol khol, foliar Azotobacter isolates were obtained from 10 samples, while foliar Azospirillum was successfully isolated from all 12 leaf samples. The Azotobacter isolates could not be isolated from those leaf samples which were collected from fields associated with heavy use of pesticides near Kharun river belt. However, Azospirillum isolates could be isolated from each leaf samples may be because of its endophytic nature. Morphological observation and Gram staining confirmed that all isolates were Gram-negative, showing characteristic colony features as per Bergey’s Manual. Biochemical characterization revealed that all isolates were catalase-positive, while variable reactions were recorded for starch hydrolysis, urease, citrate utilization, methyl red and triple sugar iron tests. Nitrogen-fixing ability estimated through the micro-Kjeldahl method showed wide variation among isolates. Azotobacter isolate Kk-Azot-6 exhibited the highest nitrogen fixation (10.58 mg N/g sucrose), while Azospirillum isolate Kk-Azos-10 fixed the maximum nitrogen (15.56 mg N/g malate). The superior nitrogen-fixing potential of foliar isolates suggests their adaptability to aerial plant surfaces and their potential role as foliar biofertilizers for non-leguminous vegetable crops. The study highlights the ecological significance of foliar nitrogen-fixing bacteria and their possible application in sustainable and eco-friendly agriculture.
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Introduction
Agricultural sustainability is becoming increasingly critical in the face of growing global population, soil degradation and environmental pollution. The pressure on agricultural systems to increase food production has increased due to the ongoing population growth. Farmers have largely relied on chemical fertilizers, especially nitrogenous ones, to increase productivity (Craswell, 2021; Bisht and Chauhan, 2020). Chemical fertilizers greatly boost crop yields in the short term, but their long-term and careless use has led to serious ecological and soil-related issues, such as nutrient imbalance, soil acidification, groundwater contamination and loss of beneficial microflora (Pahalvi et al., 2021; Agegnehu et al., 2014). As a result, contemporary agriculture is progressively turning its attention to sustainable and environmentally friendly substitutes that can preserve output without endangering the environment (Fahrurrozi et al., 2019). In agricultural soils, nitrogen (N) is the most limiting element among the vital nutrients needed for plant growth. It is essential for photosynthesis and plant metabolism since it is a component of chlorophyll, nucleic acids, amino acids, enzymes and coenzymes (Ohyama, 2010; Kumari et al., 2022). Despite making up almost 78% of the atmosphere, plants cannot access molecular nitrogen (N₂) in its elemental form. Through the process of biological nitrogen fixation (BNF), which is mediated by specialized groups of microorganisms that possess the nitrogenase enzyme complex, atmospheric nitrogen is naturally converted into forms that plants can use, such as ammonia (Pahari et al., 2021; Soumare et al., 2020). These nitrogen-fixing microorganisms play an essential role in maintaining soil fertility and reducing the dependency on synthetic nitrogen fertilizers (Boraste et al., 2009; Panda, 2011). Among the free-living and associative nitrogen-fixing bacteria, Azotobacter and Azospirillum are recognized as the most efficient and agriculturally beneficial genera (Kachari and Korla., 2009). These bacteria are known for their ability to fix atmospheric nitrogen and promote plant growth through multiple mechanisms. Azotobacter species are obligate aerobes, motile, and cyst-forming bacteria that fix nitrogen under aerobic conditions, whereas Azospirillum species are microaerophilic, gram-negative, motile, and spiral-shaped, exhibiting associative nitrogen fixation (Nongthombam et al., 2021; Patil et al., 2020; Cassán et al., 2020; Pedraza et al., 2020). Both genera are commonly found in the rhizosphere and phyllosphere of various crops. Apart from fixing nitrogen, they also generate a number of compounds that promote plant growth, including gibberellic acid (GA₃), indole-3-acetic acid (IAA), and cytokinins, which improve vegetative growth, root elongation, and seed germination (Pandey and Kumar, 1989; Chen., 2006; Dilfuza, 2011). These bacteria also improve nutrient uptake, induce stress tolerance, and secrete antifungal compounds that protect plants from pathogens. Due to their multifunctional properties and ecological adaptability, it is commonly acknowledged that Azotobacter and Azospirillum are promising biofertilizers for environmentally friendly farming practices (Sun et al., 2025; Ansabayeva et al., 2025). Most conventional studies on Azotobacter and Azospirillum have focused on their isolation from soil and rhizosphere regions. However, recent research has highlighted that these microorganisms are also present on the phyllosphere, which is one of the largest microbial habitats on Earth and consists of the aerial portions of plants like leaves and stems (Ruinen, 1965; Abadi et al., 2021). Foliar bacteria play a crucial role in enhancing nutrient uptake through the leaves, improving photosynthetic activity and providing protection against environmental stress. The concept of foliar (phyllospheric) nitrogen fixation is less explored, but holds potential for directly supplying nitrogen via leaves, especially under foliar inoculation techniques (Azmat et al., 2020; Latkovic et al., 2020). Knol khol (Brassica oleracea var. gongylodes), commonly known as kohlrabi, is a cole crop valued for its swollen stem ("knob") and is a good source of nutritional fibre, enzymes, antioxidants like vitamins A, C, E, and carotene (Talukder et al., 2013; Banotra et al., 2017). In temperate and subtropical climates, it is extensively grown. Despite its economic and dietary importance, the microbial ecology of its leaf surfaces and especially nitrogen-fixing bacteria colonizing them-has received little attention. Foliar diazotrophs may be particularly useful in enhancing plant nitrogen nutrition in low-input or organic systems because their leaf surfaces are directly exposed to sunlight and atmospheric N₂. The exploration of foliar Azotobacter and Azospirillum associated with knol khol is thus scientifically and practically valuable. Isolating such bacteria, characterizing their morphological, physiological, and biochemical traits and testing their nitrogen-fixing ability in vitro can help identify effective strains for foliar biofertilizer development. These isolates might complement soil-applied biofertilizers or reduce the need for nitrogen inputs in vegetable cultivation.
Materials and Methods
Collection of leaf samples of knol-khol from different locations
Twelve leaf samples of knol khol were collected from the different locations of Raipur and Durg district of Chhattisgarh. Fully expanded, young and healthy leaf were selected from the middle section of each plant. Avoiding old and damaged leaf ensured uniformity among the samples. The collected leaf samples were immediately placed in a locked polythene bag and are properly labelled with the location. After proper washing of collected leaf samples the isolation work started on the same day of the sample collection.	Comment by Surya Teja Varanasi: On what basis? What is the reference?
Surface washing 
Collected healthy leaf samples of knol khol were selected for isolation of foliar Azotobacter and Azospirillum. For surface washing of leaf, rinse the leaf samples gently with double distilled water for at least five times to remove especially dirt and dust. After washing with double distilled water, leaf samples were placed in sterile paper with the help of sterile forceps and allow them to dry.
Isolation of foliar Azotobacter and Azospirillum from leaf samples of knol-khol
After washing and drying of leaf samples, they were directly placed in Jensen’s broth and nitrogen free bromothymol blue (Okon’s) broth medium for isolation of foliar Azotobacter and Azospirillum, respectively (Bashan et al., 2014). Broth with the knol-khol leaf samples were incubated at 30 oC for 96 hours in the shaking incubator for optimal growth of the desired bacteria. After incubation, bacteria growing in a liquid medium appears turbid which indicates the presence and growth of bacteria in the liquid medium. Then after bacterial broth culture was streaked on petri plates containing Jensen’s and nitrogen free bromothymol blue (Okon’s) media for the isolation of Azotobacter and Azospirillum, respectively. After growth, pure distinct colony was picked and streaked on respective agar slants and kept in an incubator to obtain pure culture. After desired growth, agar slant were stored in a refrigerator for further use. Sub culturing was done at the regular interval period.
Colony morphological characteristics of foliar Azotobacter and Azospirillum of knol khol
The colony characters viz. shape, margin, elevation, colour, opacity and texture were observed on their respective agar media and confirmed their identity in consultation of Bergey’s Manual of Systematic Bacteriology (2001). The morphological features of the bacterial isolates were examined after their optimum growth. In this connection, 0.1 mL of appropriate dilution of the foliar Azotobacter and Azospirillum was transferred into the Petri plates containing Jensen’s agar medium and nitrogen free bromothymol blue agar (Okon’s) medium. The plates were incubated for characterization study. The phenotype and growth pattern of the isolates were observed (Rashid et al., 2012; Li et al., 2020).
Gram staining
Fresh culture of Azotobacter and Azospirillum were smeared on clean glass slides and were heat fixed. Then smears were stained in the following steps: 1) Firstly, crystal violet was applied on each slide and kept for 1 min., 2) Washed with distilled water, 3) Then applied iodine on the slides as mordant for 1 min and 95% alcohol was used for washing for 30 sec. then washed with distilled water, 4) Safranin was applied on the slides then washed with distilled water and 5) air-dried the slides. The slides were observed under compound microscope using immersion oil (Beveridge, 2001).
Biochemical characterization of foliar Azotobacter and Azospirillum of knol-khol
Foliar Azotobacter and Azospirillum isolates were characterized using standard biochemical methods as given in the Bergey’s manual of systematic bacteriology (2001). Biochemical characterization was done based on different biochemical tests viz., Starch hydrolysis test, Catalase test, Urease hydrolysis test, Citrate utilization test, Methyl red test and Triple sugar iron (TSI) test.
Starch hydrolysis test
The starch hydrolysis test was conducted to determine the ability of foliar Azotobacter and Azospirillum isolates to hydrolyze starch by producing the enzyme amylase. Starch Agar Medium was prepared and streaked with the Azotobacter and Azospirillum isolates using a sterile loop, streaked plates were incubated at 28°C for 48 hours to allow bacterial growth. After the incubation period, the surface of the plates was flooded with iodine solution, clear halo zone around the bacterial growth indicated positive starch hydrolysis. No clear zone indicated a lack of starch degrading activity (Mahon and Lehman, 2022). 
Catalase test
The catalase test was performed to detect the presence of the enzyme catalase in foliar Azotobacter and Azospirillum isolates, which helps in breaking down hydrogen peroxide (H2O2) into water and oxygen. Firstly, fresh bacterial cultures were taken and placed on a clean glass slides. A few drops of 3% H2O2 solution were added directly to the bacterial smear and allowed to react for 30-45 seconds. Rapid production of gas bubbles indicates a positive results while absence of bubble indicates a lack of catalase activity (Cappuccino and Sherman, 2013).
Urease test
The urease test was conducted to know ability of the foliar isolates (Azotobacter and Azospirillum) to produce enzyme urease, which hydrolyzes urea into ammonia and carbon dioxide. Urea agar medium was prepared and poured into sterile test tubes at a slanted position. After solidification of the medium the bacterial isolates were streaked on the surface of urea agar slants. Streaked tubes were incubated at 28°C for 24-48 hours. After incubation period urea agar slants were observed for a color change. A bright pink color indicates the production of urease while no color change indicates a lack of urease production (Brink, 2013).

Citrate utilization test
The citrate utilization test was performed to determine the ability of foliar Azotobacter and Azospirillum isolates to use citrate as their sole carbon source. Simmons citrate agar slants was prepared and the bacterial isolates were streaked onto the surface of the Simmons citrate agar slants. Inoculated tubes were incubated at 28°C for 24-48 hours. After incubation, slants were observed for a color change. Changes color from green to blue indicates that the bacteria can utilize citrate as their sole carbon source, no color change (remains green) indicates negative results (Atlas, 2004).
Methyl red test
The methyl red (MR) test was used to differentiate bacterial isolates based on their ability to ferment glucose. MR broth, which contains glucose and phosphate buffer was prepared in tube. The bacterial isolates were inoculated and incubated at 28°C for 48 hours. After incubation, 5 drops of methyl red indicator were added to the tubes, development of red color indicated a positive MR test, showing the production of mixed acids from glucose fermentation. A yellow or orange color indicated a negative result (Forbes et al., 2007).
Triple sugar iron agar test 
Triple sugar iron (TSI) test is used to differentiate the foliar Azotobacter and Azospirillum isolates based on their ability to ferment three sugars (glucose, lactose and sucrose), produce gas, and generate hydrogen sulfide (H2S). Triple sugar iron agar contains glucose, lactose and sucrose with phenol red as a pH indicator and iron compounds to detect hydrogen sulfide production (Cappuccino and Sherman, 2008). TSI agar slants was prepared and autoclaved. Using a sterile inoculation loop, the bacterial isolates were first stabbed into the butt of the slant and streaked along the surface of the slant. The inoculated tubes were incubated at 28°C for 24 hours. 
Nitrogen fixing ability of foliar Azotobacter and Azospirillum of knol-khol
Nitrogen fixing ability was determine to evaluate the capacity of the foliar Azotobacter and Azospirillum isolates to fix atmospheric nitrogen. Nitrogenase enzyme effectiveness of the foliar isolates was assessed by quantifying the nitrogen fixed by the Azotobacter and Azospirillum isolates by using micro Kjeldahl method as given by Jackson (1967). Jensen’s broth medium for Azotobacter and semi solid N free malate medium for Azospirillum was prepared and autoclaved. Fresh cultures of foliar Azotobacter and Azospirillum isolates were inoculated in their respective nitrogen-free medium. The inoculated flasks were incubated at 30°C for 7 days under shaking condition (150 rpm) to promote nitrogen fixing activity. After seven days of incubation, the culture broth was homogenized. Five mL of homogenized culture broth was withdrawn and digested with 5 mL concentrated H2SO4 and 5 gram of catalyst mixture (K2SO4 and CuSO4) until the sample solution became clear and colorless. After cooling, 5 mL of sample aliquot was transferred to micro Kjeldahl distillation unit. During distillation the final product ammonium borate produced. Then after it was titrated against 0.005N H2SO4 (Bremner, 1965). In vitro nitrogen fixation was determined by formula of 1 mL of 0.005N H2SO4 = 0.00007g of N and represented as mg of N/g of sucrose and mg of N/g of malate in case of Azotobacter and Azospirillum, respectively.
Results and Discussion
4.1 Collection of knol-khol leaf samples from different locations for isolation of foliar Azotobacter and Azospirillum
A survey was conducted during the year 2022-23 to collect leaf samples from knol khol crop grown in different locations of Raipur and Durg districts of Chhattisgarh. Twelve leaf samples of knol khol were collected from different villages of Raipur and Durg districts (Table 1). The selected fields represented diverse farming practices, including areas with high pesticide application as communicated by the farmers during the survey. The collected leaf samples were subjected for the isolation of native nitrogen-fixing bacteria. Several studies, including those by Beattie and Lindow (1995), Gupta et al., (2000), Kuklinsky‐Sobral et al., (2004), Beattie (2011), Kim (2012) and Costa et al., (2012), they have consistently demonstrated that native microbial isolates are superior for the formulation of effective and location-specific bio-inoculants over exotic isolates. Properly screened native isolates are inherently better adapted to local environmental conditions, never face adaptability problem being native to the place, hence ensuring their better efficacy and reducing the risk of compatibility issues when applied in the field. 
4.2 Isolation of foliar Azotobacter and Azospirillum from leaf samples of knol-khol
Nitrogen-free Jensen’s medium and bromothymol blue (Okon’s) medium were used for the isolation of Azotobacter and Azospirillum, respectively. Out of the 12 leaf samples of knol khol, Azotobacter isolates were obtained from 10 samples, while Azospirillum was successfully isolated from all 12 leaf samples (Figure 1 and Table 1). Data presented in Table 1 revealed that those leaf samples which were collected from the Kharun river belt (beside Bhatagaon of Raipur district and Nandanvan area of Durg district) clearly indicated the absence of foliar Azotobacter isolates in 2 leaf samples of knol khol (sample numbers 11 and 12). This may be due to the heavy use of pesticides at these collection sites. This finding aligns with earlier studies that indicate pesticides can negatively affect free-living nitrogen-fixing bacteria by altering microbial diversity and soil microbiota (Khudhur and Askar 2013; Khudhur and Sarmamy 2016; Shahid et al., 2019). However, Azospirillum isolates were successfully isolated from all the leaf samples of knol khol including those collected from areas with heavy pesticide application (sample numbers 11 and 12 in Table 1). This is may be because of endophytic nature of Azospirillum (Yasuda et al., 2009; Sivagamasundari and Gandhi 2021), which allows them to colonize internal plant tissues and protect themselves (Verma et al., 2016; Gureev et al., 2024). These results indicate the adaptability and ecological significance of Azospirillum as an important nitrogen-fixing bacterium, capable of growth and multiplication even in pesticide-affected areas. Earlier studies conducted in the Department of Agricultural Microbiology IGKV, Raipur under a CGCOST-funded project have also demonstrated the natural survival of atmospheric nitrogen-fixing bacteria on the leaf surface of various forest crops (Anonymous, 2009). These findings support the observations of the present investigation, indicating that foliar colonization by nitrogen-fixing bacteria is not only possible but potentially widespread among different plant species. Similar study was also reported by Agarwala et al., (1991), Lindow and Leveau (2002), Gupta et al., (2002), Schreiber et al., (2005) and Whipps et al., (2008), who documented the presence and persistence of nitrogen-fixing bacteria on leaf surfaces. These researchers highlighted the phyllosphere as a favorable habitat for microbial colonization, particularly by plant growth-promoting bacteria including atmospheric N fixing bacteria.
Table 1. Collection sites of knol khol leaf samples and isolation of foliar Azotobacter and Azospirillum
	S/N
	Name of village
	Block
	District
	Isolates no. of Azotobacter
	Isolates no. of Azospirillum

	1
	Mandirhasaud
	Arang
	Raipur
	Kk-Azot-1
	Kk-Azos-1

	2
	Banjari
	Arang
	Raipur
	Kk-Azot-2
	Kk-Azos-2

	3
	Kachna
	Dharsiwa
	Raipur
	Kk-Azot-3
	Kk-Azos-3

	4
	Mungi
	Arang
	Raipur
	Kk-Azot-4
	Kk-Azos-4

	5
	Riko
	Arang
	Raipur
	Kk-Azot-5
	Kk-Azos-5

	6
	Mana
	Arang
	Raipur
	Kk-Azot-6
	Kk-Azos-6

	7
	Serikhedi
	Dharsiwa
	Raipur
	Kk-Azot-7
	Kk-Azos-7

	8
	Jora
	Dharsiwa
	Raipur
	Kk-Azot-8
	Kk-Azos-8

	9
	Badgaon
	Arang
	Raipur
	Kk-Azot-9
	Kk-Azos-9

	10
	Pirda
	Dharsiwa
	Raipur
	Kk-Azot-10
	Kk-Azos-10

	11
	Bhatagaon
	Abhanpur
	Raipur
	-
	Kk-Azos-11

	12
	Nandanvan area
	Kumhari
	Durg 
	-
	Kk-Azos-12


 Kk = Knol-khol, Azot = Azotobacter, Azos = Azospirillum, (-) = No isolate of Azotobacter was obtained
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Figure 1. Isolated colonies of foliar Azotobacter (Left) and Azospirillum (Right) from knol khol leaf samples






4.3.1 Colony morphological and staining characteristics of foliar Azotobacter and Azospirillum of knol khol  
The foliar isolates of Azotobacter and Azospirillum obtained from knol khol leaf samples exhibited distinct and consistent colony morphological characteristics on their respective selective media (Table 2). Azotobacter isolates (Kk-Azot-1 to Kk-Azot-10) produced uniform white, circular colonies with convex elevation and entire margins, appearing translucent on Jensen’s agar, indicative of active growth. In contrast, Azospirillum isolates (Kk-Azos-1 to Kk-Azos-12) formed blue to light blue circular colonies with raised elevation and entire margins, showing opaque appearance, which reflected high cell density and vigorous growth. These observations are in line with descriptions in Bergey’s Manual of Systematic Bacteriology (2001) and corroborated by earlier reports of Dobernier et al., (1976), Kandler et al., (1986), Holt et al., (1994), Okon and Labandera-Gonzalez (1994), Hashidoko et al., (2002), Akhter et al., (2012), Jadhav et al., (2015) and Rasool et al., (2015). Gram staining confirmed that all isolates of Azotobacter and Azospirillum were Gram-negative, consistent with their reported cell wall composition. Similar Gram-negative nature of both genera has also been well-documented by Tarrand et al., (1978), Jiménez et al., (2011), Reis et al., (2015) and Cassán et al., (2015).
Table 2. Colony morphological and staining characteristics of foliar Azotobacter and Azospirillum of knol khol
	S/N
	Name of isolates
	Gram staining
	Colour
	Shape
	margin
	elevation
	opacity

	1
	Kk-Azot-1
	-ve
	White
	Circular
	Entire
	Convex
	Translucent

	2
	Kk-Azot-2
	-ve
	White
	Circular
	Entire
	Convex
	Translucent

	3
	Kk-Azot-3
	-ve
	White
	Circular
	Entire
	Convex
	Translucent

	4
	Kk-Azot-4
	-ve
	White
	Circular
	Entire
	Convex
	Translucent

	5
	Kk-Azot-5
	-ve
	White
	Circular
	Entire
	Convex
	Translucent

	6
	Kk-Azot-6
	-ve
	White
	Circular
	Entire
	Convex
	Translucent

	7
	Kk-Azot-7
	-ve
	White
	Circular
	Entire
	Convex
	Translucent

	8
	Kk-Azot-8
	-ve
	White
	Circular
	Entire
	Convex
	Translucent

	9
	Kk-Azot-9
	-ve
	White
	Circular
	Entire
	Convex
	Translucent

	10
	Kk-Azot-10
	-ve
	White
	Circular
	Entire
	Convex
	Translucent

	11
	Kk-Azos-1
	-ve
	blue
	Circular
	Entire
	Raised
	Opaque

	12
	Kk-Azos-2
	-ve
	light blue
	Circular
	Entire
	Raised
	Opaque

	13
	Kk-Azos-3
	-ve
	light blue
	Circular
	Entire
	Raised
	Opaque

	14
	Kk-Azos-4
	-ve
	blue
	Circular
	Entire
	Raised
	Opaque

	15
	Kk-Azos-5
	-ve
	light blue
	Circular
	Entire
	Raised
	Opaque

	16
	Kk-Azos-6
	-ve
	blue
	Circular
	Entire
	Raised
	Opaque

	17
	Kk-Azos-7
	-ve
	light blue
	Circular
	Entire
	Raised
	Opaque

	18
	Kk-Azos-8
	-ve
	light blue
	Circular
	Entire
	Raised
	Opaque

	19
	Kk-Azos-9
	-ve
	light blue
	Circular
	Entire
	Raised
	Opaque

	20
	Kk-Azos-10
	-ve
	blue
	Circular
	Entire
	Raised
	Opaque

	21
	Kk-Azos-11
	-ve
	light blue
	Circular
	Entire
	Raised
	Opaque

	22
	Kk-Azos-12
	-ve
	light blue
	Circular
	Entire
	Raised
	Opaque


Kk = Knol-khol, Azot = Azotobacter, Azos = Azospirillum

4.4 Biochemical characterization of foliar Azotobacter and Azospirillum isolates
4.4.1 Starch hydrolysis test 
Among the Azotobacter isolates from knol-khol, six isolates tested positive, as evidenced by clear zones around the colonies. The remaining four Azotobacter isolates were negative. Similarly, among the Azospirillum isolates of knol-khol, eight isolates exhibited positive results, while four isolates tested negative (Table 3 and Figure 2). These results align with earlier studies by Tejera et al., (2005), Upadhyay et al., (2015) and Sulaiman et al., (2019), who reported amylase production as a characteristic feature of many Azotobacter and Azospirillum isolates.
4.4.2 Catalase test
The catalase test was conducted to identify the ability of the foliar Azotobacter and Azospirillum isolates to produce the enzyme catalase, which breaks down hydrogen peroxide into water and oxygen. All foliar Azotobacter isolates (Kk-Azot-1 to Kk-Azot-10) and Azospirillum isolates (Kk-Azos-1 to Kk-Azos-12) were found positive for catalase test (Table 3 and Figure 3). Catalase activity showed by the foliar isolates of Azotobacter and Azospirillum, indicating their effective adaptation to oxygen-rich environments and their ability to mitigate oxidative stress. These findings are close to findings of earlier studies by Akhter et al., (2012), Ahmad et al., (2013), Nag et al., (2018) and Yadav et al., (2024), who reported catalase activity as a common characteristics of nitrogen-fixing bacteria.
4.4.3 Urease test
Among all the Azotobacter isolates of knol-khol, 8 isolates tested positive while 2 Azotobacter isolates found negative for urease test. Similarly among all Azospirillum isolates, 11 isolates were gave positive test. The remaining 1 isolate (Kk-Azos-3) was negative (Table 3 and Figure 4). The presence of urease activity in majority of the foliar isolates, indicating their potential contribution to nitrogen cycling. Positive isolates can effectively convert urea into ammonia, enhancing nitrogen availability for plants. These results are consistent with earlier findings by Romero-Perdomo et al., (2017), Sulaiman et al., (2019), Kyaw et al., (2019) and Rabara et al., (2023), who demonstrated that both Azotobacter and Azospirillum produce the urease enzyme, a characteristic feature of many strains of these genera.
4.4.4 Citrate utilization test
Among all the Azotobacter isolate, 8 isolates tested positive for citrate utilization. The remaining 2 isolates were gave negative result. Out of all the Azospirillum isolates of knol-khol, 8 isolates also tested positive while the remaining 4 isolates were found negative (Table 3 and Figure 5). The positive results observed in the foliar Azotobacter and Azospirillum isolates were close to the previous findings by Ahmad et al., (2013), Kyaw et al., (2019) and Muthukumar et al., (2021). 
4.4.5 Methyl red test
Among all the Azotobacter isolates from knol-khol, 6 isolates showed positive results for the methyl red test. The remaining 4 isolates found negative. Regarding the Azospirillum isolates, 9 isolates were found positive while 3 Azospirillum isolates were found negative for this test (Table 3 and Figure 6). The positive reactions observed in the foliar isolates indicate their ability to ferment glucose and produce acidic end products. This metabolic activity indicate that the isolates can effectively utilize glucose as a carbon source under anaerobic or microaerophilic conditions. These findings are in agreement with studies by Hala and Ali (2019), Rabara et al., (2023) and Yadav et al., (2024), who also reported glucose fermentation in many Azotobacter and Azospirillum strains.



Table 3.  Biochemical characterization of foliar Azotobacter and Azospirillum of knol khol
	S/N
	Name of isolates
	Starch hydrolysis
	Catalase test
	Urease test
	Citrate utilization 
	Methyl red test

	1
	Kk-Azot-1
	+
	+
	+
	+
	-

	2
	Kk-Azot-2
	+
	+
	+
	+
	+

	3
	Kk-Azot-3
	-
	+
	-
	-
	-

	4
	Kk-Azot-4
	-
	+
	+
	-
	+

	5
	Kk-Azot-5
	+
	+
	+
	+
	+

	6
	Kk-Azot-6
	+
	+
	+
	+
	+

	7
	Kk-Azot-7
	-
	+
	-
	+
	-

	8
	Kk-Azot-8
	+
	+
	+
	+
	+

	9
	Kk-Azot-9
	-
	+
	+
	+
	-

	10
	Kk-Azot-10
	+
	+
	+
	+
	+

	11
	Kk-Azos-1
	+
	+
	+
	+
	-

	12
	Kk-Azos-2
	-
	+
	+
	-
	+

	13
	Kk-Azos-3
	+
	+
	-
	+
	-

	14
	Kk-Azos-4
	-
	+
	+
	-
	-

	15
	Kk-Azos-5
	+
	+
	+
	+
	+

	16
	Kk-Azos-6
	+
	+
	+
	+
	+

	17
	Kk-Azos-7
	-
	+
	+
	-
	+

	18
	Kk-Azos-8
	+
	+
	+
	+
	+

	19
	Kk-Azos-9
	+
	+
	+
	+
	+

	20
	Kk-Azos-10
	+
	+
	+
	+
	+

	21
	Kk-Azos-11
	+
	+
	+
	+
	+

	22
	Kk-Azos-12
	-
	+
	+
	-
	+


   Kk = Knol-khol, Azot = Azotobacter, Azos = Azospirillum, (-) = Negative, (+) = Positive
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Figure 2. Starch hydrolysis test of foliar Azotobacter (Left) and Azospirillum (Right) isolated from knol khol
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Figure 3. Catalase test of foliar Azotobacter (Left) and Azospirillum (Right)
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Figure 4. Urease test of foliar Azotobacter (Left) and Azospirillum (Right)
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Figure 5. Citrate utilization test of foliar Azotobacter (Left) and Azospirillum (Right)
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Figure 6. Methyl red test of foliar Azotobacter (Left) and Azospirillum (Right)




4.4.6 Triple Sugar iron (TSI) test 
Among the Azotobacter isolates of knol-khol, glucose utilization was observed in 6 isolates. Lactose and sucrose utilization was positive in 1 isolate. Gas production was observed in 7 isolates and none of the isolates exhibited H₂S production. In case of Azospirillum isolates, glucose utilization was observed in 9 isolates. Lactose and sucrose utilization were positive in 4 isolates. Gas production was recorded in 10 isolates and no H₂S production was observed in any of the isolates (Table 4 and Figure 7). Positive results for gas production indicate active fermentation which can promote soil aeration and nutrient cycling. The absence of H₂S production in all the foliar isolates indicate a non-toxic metabolic profile which suitable for soil and plant health. These findings are close to findings of Nag et al., (2018), Kujur et al., (2018), Paul et al., (2020) and Rabara et al., (2023), they reported similar type of sugar metabolism patterns in Azotobacter and Azospirillum isolates. 


Table 4. Tripal sugar iron test of foliar Azotobacter and Azospirillum of knol khol 
	S/N
	Name of isolates
	Glucose
	Lactose 
	Sucrose 
	H2S 
	Gas

	1
	Kk-Azot-1
	-
	-
	-
	-
	+

	2
	Kk-Azot-2
	+
	-
	-
	-
	+

	3
	Kk-Azot-3
	-
	-
	-
	-
	+

	4
	Kk-Azot-4
	+
	-
	-
	-
	+

	5
	Kk-Azot-5
	+
	-
	-
	-
	+

	6
	Kk-Azot-6
	+
	+
	+
	-
	+

	7
	Kk-Azot-7
	-
	-
	-
	-
	-

	8
	Kk-Azot-8
	+
	-
	-
	-
	-

	9
	Kk-Azot-9
	-
	-
	-
	-
	-

	10
	Kk-Azot-10
	+
	-
	-
	-
	+

	11
	Kk-Azos-1
	-
	-
	-
	-
	-

	12
	Kk-Azos-2
	+
	-
	-
	-
	+

	13
	Kk-Azos-3
	-
	-
	-
	-
	+

	14
	Kk-Azos-4
	-
	-
	-
	-
	+

	15
	Kk-Azos-5
	+
	-
	-
	-
	+

	16
	Kk-Azos-6
	+
	+
	+
	-
	+

	17
	Kk-Azos-7
	+
	-
	-
	-
	+

	18
	Kk-Azos-8
	+
	-
	-
	-
	+

	19
	Kk-Azos-9
	+
	+
	+
	-
	+

	20
	Kk-Azos-10
	+
	+
	+
	-
	+

	21
	Kk-Azos-11
	+
	-
	-
	-
	-

	22
	Kk-Azos-12
	+
	+
	+
	-
	+


   Kk = Knol-khol, Azot = Azotobacter, Azos = Azospirillum, (-) = Negative, (+) = Positive
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Figure 7. Triple sugar iron test of foliar Azotobacter (Left) and Azospirillum (Right)

Nitrogen-fixing ability of the foliar Azotobacter and Azospirillum isolates
            The nitrogen-fixing ability of Azotobacter isolates of knol-khol varied from 4.85 to 10.58 mg N/g of sucrose (Figure 8). The highest nitrogen fixation was associated with the isolate Kk-Azot-6 (10.58) followed by Kk-Azot-9 (9.23) and Kk-Azot-10 (8.48). The lowest nitrogen fixation was recorded for Kk-Azot-3 (4.85) and Kk-Azot-1 (5.54). Regarding Azospirillum isolates, the biologically fixed amount of nitrogen ranged from 6.53 to 15.56 mg N/g of malate (Figure 9). Kk-Azos-10 showed the highest nitrogen fixation (15.56) followed by Kk-Azos-3 (13.25) and Kk-Azos-2 (13.18). The lowest nitrogen fixation was recorded with Kk-Azos-4 (6.53). The variation in nitrogen-fixing abilities across different foliar isolates may be due to environmental factors, specific growth conditions and genetic differences among the isolates. It is clear that Azotobacter and Azospirillum can fix atmospheric nitrogen wherever basic nutrients and suitable environmental conditions are available. The data present in Table 5 clearly showed that Azotobacter and Azospirillum isolates can use leaf organic metabolites to survive, multiply and fix atmospheric nitrogen directly on the plant's foliar surface. Hence, in regions like Chhattisgarh, which faces extremely dry and hot climate during summers, foliar biofertilizers can be more effective than biofertilizers are being used as soil, seed and root inoculant. Similar studies were also conducted by Day and Dobriener (1976), Nelson and Knowles (1978), Rao and Venkateswarlu (1982), Okon et al., (1983), Savalgi et al., (2009) and Sahoo et al., (2014). The contribution of the higher plant –Rhizobium symbiosis for nitrogen nutrition in legumes is well established. However, increasing research attention is now being directed toward improving nitrogen nutrition in non-leguminous crops including vegetables. Such studies hold significant importance as they offer the potential to reduce the reliance on mineral nitrogen and support the advancement of eco-friendly sustainable agriculture. As reported earlier by Dobereiner and Day (1976), it is crucial to focus on soil microorganisms involved in nitrogen dynamics, especially those capable of fixing atmospheric nitrogen. Nature holds a vast diversity of microbes, it is our responsibility to explore and identify helpful microbes through scientific screening in the interest of soil and plant health.














Figure 8. Variation in Nitrogen-fixing ability among foliar Azotobacter isolates from knol khol















Figure 9. Variation in Nitrogen-fixing ability among foliar Azospirillum isolates from knol khol
Conclusion 
The present study successfully isolated, characterized and evaluated foliar Azotobacter and Azospirillum from knol khol (Brassica oleracea var. gongylodes) cultivated under diverse agro-climatic conditions of Raipur and Durg districts in Chhattisgarh. The findings conclusively demonstrated that the phyllosphere of knol khol serves as a favorable ecological niche for nitrogen-fixing bacteria such as Azotobacter and Azospirillum. Out of twelve leaf samples, ten Azotobacter and twelve Azospirillum isolates were obtained, exhibiting distinct morphological and biochemical characteristics typical of their respective genera. All isolates were Gram-negative and catalase-positive, confirming their aerobic and nitrogen-fixing nature. The nitrogen-fixing ability varied considerably among isolates, with Azotobacter isolate Kk-Azot-6 and Azospirillum isolate Kk-Azos-10 recording the highest nitrogen fixation values of 10.58 mg N/g sucrose and 15.56 mg N/g malate, respectively. The findings clearly demonstrate that foliar surfaces of knol khol harbor potential nitrogen-fixing bacteria capable of surviving and multiplying under aerial conditions. The high nitrogen-fixing efficiency of selected isolates indicates their strong adaptability and potential application as foliar biofertilizers. Utilization of such native foliar isolates can reduce dependence on synthetic nitrogen fertilizers, enhance nutrient use efficiency and promote sustainable vegetable production under organic and eco-friendly farming systems.
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