


Biosurfactants Producing Bacteria as Dual Agents for Plant Growth Promotion and Biocontrol of Pyricularia grisea in Finger Millet under in vitro Condition
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Abstract
[bookmark: _Hlk211335459]The present study investigates the potential of biosurfactant producing bacteria isolated from hydrocarbon contaminated soils as dual agents for plant growth promotion and biocontrol of Pyricularia grisea, the causal pathogen of blast disease in finger millet (Eleusine coracana) under in vitro experimental conditions. Enrichment culture techniques yielded sixty-eight bacterial isolates amongst which, five were efficient biosufactant producers viz., BSB-2, BSB-4, BSB-11, BSB-41 and BSR-51. BSB-2 and BSB-41 demonstrated efficient phosphate (1.55 mg/L, 1.48 mg/L) and potassium solubilization (2.66 mg/L, 2.43 mg/L) indicating strong nutrient-solubilization potential. Antifungal assays using the poison food technique revealed that at 4 mg/mL, BSB-2 (71.28 %) showed the highest inhibition of mycelial growth of Pyricularia grisea followed by BSB-41 (70.05%). BSB-2 exhibited the highest biomass reduction of Pyricularia grisea (82.50 %), followed by BSB-41 (78.93 %). Elevated levels of β-1,3-glucanase (BSB-2: 4.10 U/mL, BSB-41: 3.75 U/mL) and chitinase activity (BSB-2: 2.87 U/mL) further confirmed their enzymatic role in pathogen degradation. The combined biosurfactant and enzymatic activities of the isolates resulted in effective fungal suppression and improved nutrient bioavailability, indicating a synergistic mechanism of action. Their multifunctional traits position them as promising bioinoculants for integrated nutrient and disease management in finger millet cultivation. These eco-compatible microbial agents offer a sustainable alternative to chemical fertilizers and fungicides, enhancing soil health and crop productivity. The study emphasizes the potential of biosurfactant producing bacteria as environmentally safe solutions for promoting plant growth and controlling pathogens, thereby contributing to sustainable agricultural practices and long-term soil ecosystem resilience.
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1. Introduction 
	Finger millet (Eleusine coracana) is a domesticated crop of African origin and it is spread throughout the world. It is also known as korakan, ragi, or dagusa in India. Even though the wild progenitor species (Eleusine africana) is well recognized, this species was first domesticated in Africa. Ecologically, it is thought to originate from a highland region as a crop. The crop is grown in a wide range of challenging environmental situations. Finger millet is a blessing for vast arid and semi-arid regions because it can be cultivated on low-fertility soils. Finger millet is regarded as a staple food and it is used as animal feed (straw) in industrialized countries and as food (grains) in underdeveloped (Ceasar et al., 2018). It is a major crop of semi-arid and arid regions and developing nations of Asia and Africa (Ceasar et al., 2018; Krishna et al., 2018). Finger millet is the fourth most produced millet in the world, behind sorghum (Sorghum bicolor), pearl millet (Pennisetum glaucum), and foxtail millet (Setaria italica). Millet grains are rich in vitamins, iron, carbohydrates, calcium (Ca), potassium, zinc, phosphorus, magnesium, and vital amino acids, they are also nutritionally superior to rice and wheat. The seed coat (testa), embryo, and endosperm are the three primary components of the finger millet grain. Finger millet grain are red, yellow, white, tan, red, brown, and violet, in color and this type of variety grown around the world. It is compared to other millets including foxtail millet, pearl millet, Kodo millet, and proso millet, finger millet distinctive due to the existence of five layered testa. This might be one of the reasons why finger millet has a greater level of dietary fibre. Finger millet’s ability to withstand droughts may be linked to its high antioxidant content. In underdeveloped countries, there is huge potential for millet grains to be transformed into foods and beverages with additional value (Maharajan et al., 2021).
2. MATERIAL AND METHODS
	Following the enrichment culture technique, a total of 68 bacterial isolates were isolated which were collected from hydrocarbon contaminated sites in Peenya industrial area Bengaluru and Raichur, in minimal medium amended with 2 per cent (v/v) crude oil as the sole carbon source. Five bacterial isolates BSB-2, BSB-4, BSB-11, BSB-41 and BSR-51 were selected as efficient biosurfactant producers based on qualitative and quantitative screening methods (Mamtha and Tamilvendan, 2025) and these same isolates were evaluated for their plant growth promoting and biocontrol potentials against Pyricularia grisea under in vitro conditions. 


[bookmark: _Hlk205766815]2.1 Screening of biosurfactant producing bacterial isolates for their role in plant growth promotion and biocontrol potentials under in vitro conditions
2.1.1 In vitro solubilization of inorganic phosphate 
[bookmark: _Hlk206069945]Phosphate solubilization was screened on Pikovskaya’s agar with tricalcium phosphate (TCP), where halo formation indicated positive activity. Positive strains were quantified in NBRIP broth (5 g L⁻¹ TCP, pH 7) after 7 days at 30 °C, 120 rpm. Cultures were centrifuged, and supernatants reacted with ammonium paramolybdate-ascorbic acid reagent. Absorbance was measured at 880 nm, and soluble phosphorus was determined using a KH₂PO₄ standard curve (Murphy and Riley, 1962).

Where,
	P= Phosphorus solubilized in original culture filtrate (mg P/L)
		A = Absorbance of sample at 880 nm
		m = Slope of standard curve 
		B = Intercept of standard curve
2.1.2 In vitro Potassium solubilization
             Potassium solubilization was evaluated on Alexandrov agar with mica as an insoluble potassium source, 5 µL of the bacterial culture inoculated into 5 mm wells and incubated at 30 °C for 3 days (clear zones indicating positive activity). For quantification, 1 mL of overnight culture was inoculated into 50 mL minimal broth with 2 % insoluble potassium source, grown at 30 °C, 150 rpm for 15 days. Cultures were centrifuged at 15,000 rpm for 20 mins. then the supernatant was filtered using a 0.2 µm membrane and the soluble potassium concentration was determined using a flame photometer (Rajawat et al., 2013).
[bookmark: _Hlk205758997]2.2.3 In vitro antagonism against Pyricularia grisea using biosurfactants producing 	bacterial isolates
Leaves of finger millet showing sign of blast symptoms were disinfected on the surface, cut into small pieces and put on PDA for pathogen isolation at 25 ± 2 °C. The fungal hyphae was examined under microscopy for conidia morphological characteristics. 
2.2.4 Poison food technique
	The bacterial strains were cultured in 100 mL minimal medium supplemented with crude oil and incubated at 30 °C for 7 days at 120 rpm. After incubation, cultures were centrifuged at 5000 rpm for 20 mins. and the supernatant was collected and acidified to pH 2 with 0.1 N HCl, then stored at 4 °C overnight for precipitation. An equal volume of chloroform: methanol (2:1) was added, the mixture was shaken and left to evaporate overnight, and the resulting white precipitate was collected as crude biosurfactant (Nayarisseri et al., 2018). To evaluate antifungal properties, potato dextrose agar (PDA) was supplemented with crude extracts of biosurfactant at 2 mg/L and 4 mg/L concentrations and fungal agar plugs were inoculated to the centre of the plate and was incubated at the temperature of 27 ± 2 °C. The plates without biosurfactant acted as the control plates. Mycelial growth was primarily measured throughout the radius and percent inhibition was calculated (Leelasuphakul et al., 2008).

Where, 
	I = Per cent inhibition, 
            C = Radial growth of pathogen in control plate (mm)
            T = Radial growth of pathogen in treated plate (mm)
2.2.5 Mycelial mat weight reduction determination
	Fungal discs were grown in potato dextrose broth flasks that were co-inoculated with the bacterial cultures (10⁶ cfu/mL) and incubated at 30 °C for 10 days. The resultant mycelial mats were filtered, dried to a constant weight, and measured against controls. Fungal growth inhibition was calculated on the basis of reduced mycelial weight (Opgenorth and Endo, 1983).
Per cent inhibition= 

Where, 
	 T1- Pathogen 
             T2- Biosurfactant producing bacterial strains 
             T3- Biosurfactant producing bacterial strains and pathogen 
             T4- (T3-T2)
2.2.6 Quantification of biocontrol determinants by efficient biosurfactant producing 	bacterial isolates
2.2.6.1 Glucanase
	Glucanase activity of biosurfactant producing strains was quantified using the DNS method (Wood and Bhat, 1988). Strains were grown in medium containing 1 % laminarin at 37 °C, 130 rpm for 96 hrs. and the cell-free supernatant served as crude enzyme extract. The reaction mixture (enzyme extract: DNS reagent, 1:2 v/v) was kept in water bath for 15 mins. and cooled. Absorbance was measured at 500 nm and enzyme activity was expressed as Units/mL using a glucose standard curve.
2.2.6.2 Assay of chitinases
	Chitinase activity was performed using colloidal chitin produced from crab shell chitin (Boller and Mauch, 1988). Biosurfactant producing strains were cultured at 37 °C and 130 rpm in a medium containing 1 % colloidal chitin for 96 hrs. after which the cell-free supernatant served as crude enzyme. The reaction was performed using the following mixture (1 mL enzyme + 300 μL 1 % chitin in 50 mM sodium acetate buffer pH 6.0) and was incubated at 40 °C for 30 mins. before being stopped with DNS reagent. Absorbance at 550 nm was measured and activity expressed as nmol GlcNAc equivalents min⁻¹ mL⁻¹.
2.2 Statistical analysis
	Data obtained from laboratory were statistically analyzed using OPSTAT online statistical tool (O.P. Sheoran, Computer Programmer at CCS HAU, Hisar, India). Statistically significant differences between the treatments were analyzed using analysis of variance (ANOVA) and Duncan’s Multiple Range Test (DMRT) at 1% significance level (Panse and Sukhatme, 1967).
3 Results and Discussion
	Plant pathogens cause significant agricultural damages ranging from 10 to 40 per cent depending on the crops before or after harvest, resulting in huge economic losses (Savary et al., 2019). Although chemical pesticides are widely used, their adverse effects on human and environmental health necessitate sustainable alternatives (Popp et al., 2013). Biological control offers an eco-friendly strategy by employing antagonistic microbes that suppress pathogens through competition, induction of host defense and antimicrobial metabolite production (Crouzet et al., 2020). Given the increasing emphasis on sustainable and eco-friendly approaches in agriculture, biosurfactants have gained attention due to their antimicrobial properties, surface activity and ability to disrupt pathogen colonization. Hence, it is inferred in the present study that biosurfactant producing bacteria manage the blast disease Pyricularia grisea under in vitro. The present study aimed to explore the potential of biosurfactant producing bacteria in managing Pyricularia grisea, the causative agent of blast disease in finger millet (Eleusine coracana), the results obtained from various in vitro experiments were analyzed, critically interpreted and presented. 
3.1 In vitro solubilization of inorganic phosphate
Phosphorus (P) is abundant in soil and is essential for plant growth and development, however, it is easily rendered insoluble in complexes of different types of phosphates, which may lead to P deficiency. Therefore, increases in the amount of P released from phosphate minerals using microbial inoculants is an important aspect of agriculture (Damo et al. 2022).  The plant growth promoting (PGP) potential of bacterial strains was assessed through formation of halo zone and the strains which showed positive results were evaluated quantitatively for phosphate solubilization (Table 1; Plate 1).  
Table 1: Quantitative estimation of plant growth promoting traits of biosurfactant producing bacterial isolates
	Isolates
	Phosphate solubilization (mg/L)
	K solubilization (mg/L)

	Control
	0.42f
	0.14d

	BSB-2
	1.55a
	2.66a

	BSB-4 
	1.35c
	1.75b

	BSB-11 
	1.21d
	0.63c

	BSB-41 
	1.48b
	2.43a

	[bookmark: _Hlk213192389]BSR-51
	1.31c
	2.00b

	Bacillus sp. (MCC4316) -Reference
	1.12e
	0.21d


Note:	Values are mean (±SE) (n=3) and values followed by the same letter in each column are not significantly different from each other as determined by DMRT (p>0.05). BSB-Biosurfactant producing bacteria isolated from Bengaluru; BSR-Biosurfactant producing bacteria isolated from Raichur.
		BSB-2 exhibited the highest phosphate solubilization activity (1.55 mg/L), significantly outperforming all other strains. BSB-41 showed strong solubilization abilities (1.48 mg/L), followed by BSB-11 (1.35 mg/L), respectively. BSR-51 and BSB-11 showed moderate activity with values of 1.31 mg/L and 1.21 mg/L, respectively. Bacillus sp. (MCC4316) had the lowest solubilization among the isolates (1.12 mg/L). Control showed (0.42 mg/L) phosphate solubilization activity which was in accordance the findings of Aliyat et al. (2020) where 27 strains were isolated on selective medium NBRIP, all the strains showed significant different abilities to solubilize phosphate, BM11 was the most efficient strain in NBRIP liquid medium releasing 174.33μg/ml soluble P and in the control, 12±1.6 μg/ml of P was solubilized in the culture medium indicating the positive impact of bacterial inoculation. The molybdate-based colorimetric assay used for phosphate quantification is very sensitive, capable of detecting trace phosphate. Thus, even a small background level becomes measurable. Several phosphate solubilizing microorganisms (PSMs) are reported to play a crucial role in the transformation of insoluble phosphates into soluble phosphorus by the production of phosphatase, phytase, organic acids chelation, mineralization, and lowering pH (Kalayu 2019; Xiao et al., 2020).
[image: ]
Plate 1:	Phosphate solubilization zone produced by biosurfactant producing isolates on Pikovskaya’s agar after 7 days after inoculation
	Similarly, Ravinder et al. (2022) showed Streptomyces puniceus RHPR9 exhibited plant growth promoting traits, producing 41 µg/mL IAA, solubilizing 749.1 µg/mL phosphate and enhancing chilli seed vigor and biomass by 65.00 %. Likewise, Ambust et al. (2021) isolated Pseudomonas sp. SA3, a potent plant growth promoting bacterium exhibited significant phosphate solubilization activity at 93.46 μg/mL, alongside siderophore and IAA production. A comparable study conducted, Mishra et al. (2020) investigated Pseudomonas putida BSP9 for plant growth promotion and biosurfactant production, the isolate solubilized phosphate, while its biosurfactant, identified as a glycolipid rhamnolipid. Similarly, Chopra et al. (2020) reported Pseudomonas aeruginosa RTE4 as effective biosurfactant producer and it solubilized 46 µg/mL of tricalcium phosphate.
3.2 In vitro potassium solubilization
[bookmark: _Hlk213192498]Potassium (K) is indeed a mobile nutrient in plants, but in soils it is mainly found locked within silicate minerals such as feldspars (orthoclase, microcline) and micas (biotite, muscovite). In these mineral forms, potassium is structurally bound in the crystalline lattice, making it largely unavailable for immediate plant uptake. Potassium solubilizing microorganisms (KSMs) can enhance the release of K from minerals like those in syenite, increasing the fraction of plant available K, potentially making rock-based sources more effective over time. However, in most agricultural contexts, this process is still slower compared to synthetic fertilizers (Soumare et al., 2023). BSB-2 (2.66 mg/L) and BSB-41 (2.43 mg/L) were the most efficient K solubilizers. BSR-51 followed with a significant solubilization activity of 2.00 mg/L. BSB-4 solubilized 1.75 mg/L, showing moderate capacity (Table 1). BSB-11 and Bacillus sp. (MCC4316) displayed lower K solubilization (0.63 mg/L and 0.21 mg/L respectively). The control had the lowest activity (0.14 mg/L) confirming the beneficial role of bacterial inoculation. Overall, BSB-2 consistently demonstrated superior plant growth promoting traits across all parameters, making it the most promising candidate for enhancing nutrient availability. BSB-41 and BSR-51 also showed strong potential, particularly in K solubilization. Although Bacillus sp. (MCC4316) exhibited relatively lower activities in phosphate and K solubilization. All isolates significantly outperformed the control, indicating their potential application as biofertilizers to improve soil fertility and plant nutrition. Results were in accordance with Ghosh et al. (2023) reported K5B identified as Bacillus cereus was found to show the highest potassium solubilization and a very minute amount of potassium content was observed in uninoculated control broth could be attributed to the structural disturbance in mica during shaking condition of incubation resulted in the release of potassium by hydrolysis. Similarly, Patowary et al. (2023) reported Pseudomonas aeruginosa S07 as a biosurfactant producing and a key plant growth promoting traits, including potassium solubilization, highlighting its potential for bioformulations that enhance soil remediation and plant nutrition. Extending this observation, Malakar et al. (2023) reported nine strains, among all strains Bacillus licheniformis SCV1 emerged as the most efficient with strong antifungal activity due to iturin lipopeptide and exhibited multifarious plant growth promoting traits including potassium and zinc solubilization, nitrogen fixation, ammonia production and protease and cellulase activity, highlighting its dual role in enhancing crop productivity and protecting plants from phytopathogens. Further supporting this trend, Meghana et al. (2025) reported 40 biosurfactant producing bacterial isolates exhibited plant growth promoting traits, including potassium solubilization, in addition to phosphate and zinc solubilization, IAA and gibberellic acid production, indicating their potential as bio-inoculants for enhancing chickpea growth and stress tolerance.
3.3 In vitro antagonism against Pyricularia grisea using biosurfactants producing 	bacterial isolates
3.3.1 Isolation of the pathogen
The pathogen was obtained from diseased plant samples through the monoconidial isolation technique to get a pure culture. The axenic culture of the blast fungus exhibited greyish colonies with smooth, circular margins and concentric ring patterns on ragi yeast lactose agar (RYLA) medium. Microscopic observation revealed pyriform, three-celled conidia and the isolates were maintained for subsequent investigations (Plate 2). Morphological and microscopic characteristics identified the pathogen as Pyricularia spp. Cultures of Pyricularia grisea typically appeared grey, with conidiophores occurring singly or in groups, simple or occasionally branched, showing sympodial growth. Single conidia formed at the tips of conidiophores, exhibiting a pyriform to obclavate shape, tapering towards the tip, rounded at the base, three-celled (rarely one or two celled) with a prominent basal hilum. The isoforms of Pyricularia grisea produced irregular colonies with ring-like structures and rough to smooth margins on oatmeal agar (Srivastava et al., 2014). Growth patterns varied, with most isolates showing circular colonies, while some displayed irregular patterns; mycelial elevation ranged from flat to raised (Boyapati et al., 2021). Colony colour ranged from grey, greyish-white, dark black, blackish white to greyish black, with surface textures varying from downy to flat, often with submerged growth and both smooth and rough margins on OMA medium (Panda et al., 2017).
[image: ]
Plate 2: Pyriform conidia of Pyricularia grisea (100X magnification)
3.3.2 Poison food technique
[bookmark: _Hlk214658496]Poison food technique is an experimental method used to evaluate the antifungal activity of various substances by incorporating them into a growth medium and measuring their effect on fungal growth. It is used due to its simplicity, reproducibility and ability to test multiple concentrations of a substance for fungistatic (growth inhibiting) effects in a controlled laboratory setting (Gakuubi et al., 2021). The antifungal activity of the tested bacterial isolates was evaluated at two concentrations (2 mg/mL and 4 mg/mL) against the Pyricularia grisea. All isolates demonstrated a dose dependent increase in mycelial growth inhibition, with higher suppression observed at 4 mg/mL compared to 2 mg/mL. At 2 mg/mL, inhibition ranged from 48.00 % (BSB-11) to 58.41 % (BSB-2). Other isolates, including BSB-4, BSB-41, BSR-51, Bacillus sp. (MCC4316) and Pseudomonas fluorescens, showed moderate inhibition in the range of 52.35–56.24 % (Fig. 1). At 4 mg/mL, all isolates achieved >65 % inhibition, indicating a significant improvement over the lower concentration. The highest activity was recorded by BSB-2 (71.28 %), followed closely by BSB-41 (70.05%) and BSB-11 (69.00 %). Pseudomonas fluorescens and Bacillus sp. (MCC4316) exhibited comparable inhibition levels of 68.00 % and 67.54 % respectively. The lowest inhibition at this concentration was still substantial, with BSB-4 at 65.43 %. The inhibition observed in the present study using the food poisoning method is in agreement with Sakiyo et al. (2023) reported that biosurfactants from Bacillus licheniformis, Bacillus subtilis and Geobacillus stearothermophilus inhibited Alternaria alternata mycelial growth by 70-80 % in in vitro poisoned food assay, lipopeptide biosurfactants from Bacillus spp. showed superior antifungal efficacy, likely due to enhanced disruption of fungal mycelia and conidiospores.  Hussain and Khan (2022) demonstrated that Bacillus siamensis AMU03 (GJ-01) strongly inhibited Rhizoctonia solani and Fusarium oxysporum in poisoned food assays, achieving 89.40 % and 90.20 % mycelial growth reduction, respectively, primarily due to volatile lipopeptides such as surfactin, fengycin and iturin. Likewise, Tomar et al. (2014) screened 95 bacterial isolates for biosurfactant and biocontrol activity against Phytophthora infestans, only five isolates were effective, with Pseudomonas aeruginosa-1 showed highest inhibition (62.22 %) and 46.42 % respectively, in food poisoning test confirming their strong antifungal potential.
 
Fig. 1:	Inhibition of growth of Pyricularia grisea by biosurfactant producing bacterial isolates at 2 mg/mL and 4 mg/mL concentrations of poisoned food technique
3.3.3 Evaluation of antagonistic activity of efficient biosurfactant producing bacterial 	isolates on growth of blast pathogen.
The biosurfactant producing bacterial strains that exhibited strong antagonistic activity in dual culture plate assays were further evaluated in liquid culture to assess their ability to reduce fungal biomass (Fig. 2). Co-cultivation of each bacterial isolate with the blast pathogen in broth medium resulted in a marked reduction in mycelial mat weight compared to the control, where the pathogen was grown alone. Among the tested isolates, BSB-2 exhibited the highest biomass reduction (82.50 %), followed by BSB-41 (78.93 %) and Bacillus sp. MCC4316 (79.00 %, reference strain). Pseudomonas fluorescens (reference) also performed well with 76.00 % reduction. BSB-11 and BSR-51 suppressed fungal biomass by 73.33 % and 71.91 %, respectively, while the lowest suppression among the tested isolates was recorded for BSB-4 (67.11 %). No biomass reduction was recorded in the control treatment. It is suggested that, the pathogen growth was inhibited due to the microbial activity by production of enzymes, secondary metabolites and by competing for limited nutrients or space (Suman et al., 2016). 

Fig. 2:	Biocontrol activity of biosurfactant producing bacterial isolates against Pyricularia grisea through fungal biomass suppression
	The present study recorded inhibition patterns comparable to those reported by Kolandasamy et al. (2023) who reported that Trichoderma viride VTV7 achieved the highest reduction in Phomopsis theae biomass, with a 79.40 % compared to the untreated control, among bacterial antagonists, Bacillus subtilis  VBS3 reduced biomass by 75.00 %, Pseudomonas fluorescens VPF5 by 70.70 % and Streptomyces griseus VSG4 by 69.50 %, the culture supernatants of these antagonists caused a significant reduction in mycelial dry weight, suggesting that the concentration of bioactive metabolites in the extracts is directly related to the suppression rate of mycelial growth. The reduction in mycelial mass observed in the present study is consistent with the findings of Njoroge et al. (2024) which demonstrated that antifungal metabolites and volatile compounds present in Streptomyces corchorusii Sc75 markedly suppressed fungal growth of Magnaporthe oryzae.
3.3.4 Quantification of biocontrol determinants by efficient biosurfactant producing bacterial isolates
3.3.4.1 Assay of glucanase
Glucanase refers to a group of enzymes that hydrolyze glucans key polysaccharide components of fungal cell walls.  Glucanases (including β-1,3-glucanase and β-1,6-glucanase) degrade β-glucans in the fungal cell wall, compromising its integrity and leading to cell lysis or inhibited growth. Both β-1,3-glucanases and α-1,3-glucanases have been shown to disrupt the cell walls of various pathogenic fungi, making them valuable in biological control and plant protection against fungal diseases (Ueki et al., 2020). Significant differences were observed among the strains for both β-1,3-glucanase and chitinase activities (Table 2). For β-1,3-glucanase, BSB-2 exhibited the highest activity (4.10 U/mL), followed by BSB-41 (3.75 U/mL) and Bacillus sp. MCC4316 (3.50 U/mL). Intermediate activity was recorded by BSR-51 (2.95 U/mL) and BSB-4 (2.20 U/mL), while the lowest was in BSB-11 (1.85 U/mL). All isolates were significantly higher than the control (0.35 U/mL). Similarly, Chen et al. (2020) also reported that sophorolipids reduced β‑1,3‑glucanase activity in Phytophthora infestans mycelia, indicating interference with fungal cell wall metabolism as part of their antifungal mechanism. Diabankana et al. (2021) reported that Bacillus mojavensis PS17 produces metabolites and hydrolytic enzymes chitinase, β-glucanase, cellulase, lipase, protease that inhibit a broad spectrum of phytopathogenic fungi, including Fusarium spp., Alternaria alternata and Sclerotinia sclerotiorum. In addition to these findings, Amao et al. (2023) demonstrated that Bacillus isolates from cassava peel heaps, including B. amyloliquefaciens J47, Bacillus subtilis J2 and J1, produced β-glucosidase along with xylanase and cellulase, highlighting their potential as industrial sources of glucan-hydrolyzing enzymes and biosurfactants. 
3.3.4.2 Assay of chitinases
Chitinases are a diverse family of hydrolytic enzymes that break down chitin a polysaccharide found in the cell walls of fungi. These enzymes catalyze the cleavage of β-1,4 glycosidic bonds in chitin, producing oligosaccharides such as N-acetylglucosamine. Chitinases degrade the chitin component of fungal cell walls, leading to cell wall damage, leakage of cytoplasmic contents and inhibition of fungal growth (Zarei et al., 2011). For chitinase, the highest activity was observed in BSB-2 (2.87 U/mL), followed by BSB-11 (2.47 U/mL), BSB-41 (2.26 U/mL) and Bacillus sp. MCC4316 (2.08 U/mL) under in vitro conditions. Lower activities were recorded for BSB-4 (1.67 U/mL) and BSR-51 (1.27 U/mL), with all significantly exceeding the control (0.33 U/mL) (Table 2). Among the strains tested in the present study, BSB-2 consistently displayed superior production of both β-1,3-glucanase and chitinase, indicating a strong capacity for fungal cell wall degradation and potential as a biocontrol agent.
Table 2:	Glucanase and chitinase activity of biosurfactant producing bacterial isolates
	Isolates
	Glucanase activity (U/mL)
	Chitinase activity (U/mL)

	Control
	0.35g
	0.33g

	BSB-2
	4.10a
	2.87a

	BSB-4
	2.20e
	1.67e

	BSB-11
	1.85f
	2.47b

	BSR-41
	3.75b
	2.26c

	BSR-51
	2.95d
	1.27f

	Bacillus sp. (MCC4316)
	3.50c
	2.08d


[bookmark: _Hlk208090408]Similarly, Waewthongrak et al. (2014) found that fengycin strongly induced glucanase (GLU), while surfactin enhanced peroxidase (POX) and lipoxygenase (LOX) expression in Citrus sinensis. Consistent with earlier reports, Yamamoto et al. (2015) reported that Bacillus amyloliquefaciens S13-3 reduced strawberry anthracnose severity by both antagonism and induction of plant defense responses, foliar application of S13-3 upregulated chitinase and β-1,3-glucanase in strawberry leaves, the strain produced lipopeptides (iturin A, fengycin, mixirin, pumilacidin, surfactin), of which iturin A and surfactin specifically elicited defense gene expression and induced systemic resistance (ISR), leading to reduced disease symptoms. These results align with the earlier findings of Kavitha and Karthy (2019), who isolated five endophytic Bacillus subtilis strains and confirmed their biosurfactant producing ability through oil displacement, drop collapse and emulsification assays and displayed several plant growth promoting traits, including IAA production, siderophore secretion, phosphate solubilization, and notable protease and chitinase activities.
Conclusion 
[bookmark: _Hlk214665486]	The present study demonstrated that biosurfactant producing bacterial isolates possessed significant plant growth promoting and biocontrol potential against Pyricularia grisea, the causal agent of blast disease in finger millet (Eleusine coracana) under in vitro conditions. Among the strains evaluated, BSB-2 and BSB-41 consistently exhibited superior performance in phosphate and potassium solubilization. Production of hydrolytic enzymes such as β-1,3-glucanase and chitinase, these enzymes play crucial roles in fungal cell wall degradation, thereby suppressing pathogen proliferation. The biosurfactant producing strain BSB-2, effectively inhibited fungal growth in both poisoned food and broth assays, with inhibition levels 71.28 % and 82.50 %, confirming its strong antifungal potential against Pyricularia grisea. Biosurfactant producing strains improved the nutrient solubilization and enhanced biocontrol efficacy is attributed to the synergistic action of biosurfactants and extracellular enzymes that disrupt fungal mycelial integrity. Collectively, the results highlight the multifunctional role of biosurfactant producing bacteria as promising bioinoculants for sustainable management of blast disease in finger millet. Incorporating these efficient isolates into eco-friendly bioformulations has the potential to reduce reliance on chemical fungicides, thereby promoting more sustainable and resilient agricultural practices. Further research, including field-level validation and characterization of genes associated with glucanase (e.g., eglA, eglB, bglC) and chitinase (e.g., chiA, chiB, chiC) production that encode key hydrolytic enzymes that degrade β-glucans and chitin in fungal cell walls. The presence and expression of these genes in biosurfactant-producing strains would further substantiate their mechanistic role in fungal antagonism and strengthen their potential as biocontrol agents.





[bookmark: _Hlk205802304]
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