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Abstract:
Fungal pathogens represent a significant threat to global crop plants, necessitating the development of effective biocontrol agents to mitigate associated risks. Rhizobacteria, known for their diverse benefits, are crucial for promoting plant growth, inhibiting pathogens, and enhancing soil health. The present study demonstrated the ability to reduce the mycelial growth of Bipolaris sorokiniana and Alternaria triticina infection, suggesting as a biocontrol agent for agricultural applications. In this context, four strains of Bacillus spp. isolated from wheat rhizosphere soil exhibited promising antagonistic effects against foliar blight pathogens Bipolaris sorokiniana and Alternaria triticina. Notably, strains P10 and UP11 demonstrated the most potent inhibition of mycelial growth in dual culture assays. Microscopic examination revealed that diffusible compounds induced morphological abnormalities in fungal structures. Further investigations into the biocontrol mechanisms of these strains revealed the production of hydrolytic enzymes, and antimicrobial metabolites. P10 and UP11 showed the highest percent of mycelial weight reduction (%MWR) against Bipolaris sorokiniana (72.43%, 66.10%) and Alternaria triticina (77.40%, 74.29%). Moreover, the antagonistic activity exhibited variation influenced by factors such as pH, and temperature, with maximal inhibition observed during the early stationary phase. The research found a direct relationship between the inhibition of fungal pathogens' growth and the levels of certain hydrolytic enzymes such as chitinase, β-1,3-glucanase, and protease as well as antimicrobial metabolites like siderophore present in the antagonist treatment's culture medium. Conversely, levels of cellulase, polygalacturonase and xylanase were comparatively low in these treatments. They showed negative correlation with % mycelial growth reduction. Overall, these findings highlight the potential of selected antagonistic strains, particularly P10 and its consortium with UP11, as effective biocontrol agents against foliar blight diseases, offering promising prospects for sustainable agricultural practices. 
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1. Introduction:
The productivity of any crop is greatly influenced by their health condition. The health of plants depends on various abiotic and biotic factors. Biotic factor such as pathogens cause huge loss of crop yield. Traditionally, chemical-based pesticides are used to control the phytopathogens. Although they are effective and convenient yet they pose serious threat to environment and all form of life (Prasad et al., 2023; Saini et al., 2024). Pathogenic diseases are responsible for between 20–40% of crop productivity losses [2]. Numerous methods have been employed to stop the spread of plant diseases, such as the use of pesticides, crop rotation, less susceptible crops, and other management techniques, but due to the resistance to pesticides and the persistence of soil-borne pathogens (Paramasivan et al., 2025), their effectiveness is generally low. Additionally, overusing chemically synthesized fertilizers has not only detrimental impacts on the biosphere but also affects the functioning of the ecosystem and diminishes the sustainability of agriculture (Khan et al., 2022). Foliar blight pathogens are notorious for causing severe losses in wheat production, the major staple and widely cultivated cereal crop globally, with India ranking as the world's second-largest producer. Among the reported diseases in wheat, foliar blight diseases are predominant, leading to yield losses of up to 50%, which in severe cases reaches 85% under conducive conditions, characterized by relative humidity exceeding 70% and an average temperature of 20–30°C (Al-Sadi 2016; Gultyaeva et al. 2020). Bipolaris sorokiniana and Alternaria triticina played central role within the foliar blight complex. Bipolaris sorokiniana is a soil-borne hemibiotrophic fungus caused spot blotch disease and Alternaria triticina is necrotrophic pathogen that causes leaf blight in the wheat.
The extensive use of chemical fungicides in the field for controlling diseases in large scale are not only responsible for destroying the soil quality and creating environmental pollution, development of fungicide resistance is also a major concern (Sautua and Carmona 2021). To address the limitations of chemical fungicides, the search for suitable biocontrol agents becomes imperative. Biocontrol agents, such as microorganisms capable of inhibiting or destroying pathogens without environmental harm, emerge as promising alternatives. Within the realm of biocontrol bacterial agents, species under the genus Bacillus have shown remarkable efficacy against various phytopathogens (Meena and Kanwar 2015). The promising biocontrol agents include Bacillus methylotrophicus (Shan et al. 2013), Bacillus amyloliquefaciens (Mari et al. 1996), Bacillus subtilis (Hang et al. 2005), Streptomyces spp. (Li et al. 2021), Pseudomonas spp. (Kumar et al. 2012; Elsharkawy et al. 2022). 
Previously both Bacillus methylotrophicus and Bacillus subtilis are found potent antagonist against foliar blight pathogen of wheat (Jaggi et al. 2020). They producing a variety of compounds like phytohormones, antibiotics, secondary metabolites, that inhibit pathogens such as Botrytis cinerea (Ji et al. 2019) and Rhizoctonia cerealis on wheat (Yi et al. 2022). These compounds not only suppress diseases but also contribute to enhancing soil fertility and promoting sustainable agriculture, rendering Bacillus spp. invaluable allies in biological control strategies (Ku et al. 2021; Guo et al. 2019; Mulk et al. 2022). Additionally, they utilize mechanisms such as cell-wall lytic enzymes and siderophores to degrade pathogen cell walls and limit iron availability, which collectively enhance their antagonistic effect against phytopathogenic fungi (Xue et al. 2018).
This paper outlines how isolated strains Bacillus spp. generate hydrolytic enzymes and Fe-chelating siderophores, enhancing their antagonistic properties, and explores their impact on the cellular integrity of pathogenic fungi. The synergistic effects of Bacillus spp. defense mechanisms inhibit invading pathogens, as demonstrated by strains P10 and UP11 and their consortium. Our findings demonstrated the ability to reduce the mycelial growth of Bipolaris sorokiniana and Alternaria triticina infection, suggesting as a biocontrol agent for agricultural applications.
2. Material and Methods:
2.1 Microorganisms and culture conditions
The previously isolated antagonistic wheat rhizobacteria strains (P10, UP11, MH13, MH12) were retrieved from the culture collection at Rhizosphere biology laboratory, Department of Microbiology, Govind Ballabh Pant University of Agriculture and Technology, Pantnagar, Uttarakhand Table S1 (Jaggi et al. 2020), were maintained on Nutrient agar (NA). Fungal pathogens, Bipolaris sorokiniana (ITCC 4869) and Alternaria triticina (ITCC 1186), were obtained from the Indian Type Culture Collection (ITCC), Indian Agricultural Research Institute, New Delhi, India were maintained on Potato Dextrose agar (PDA) at 25±2°C for 5-7 days.
2.2 In vitro Antagonistic Potential of Rhizobacterial strains 
Antagonistic activity of four Bacillus strains against fungal pathogens i.e., Bipolaris sorokiniana and Alternaria triticina was tested using the dual culture plate technique (Skidmore and Dickinson 1976). The percentage inhibition of fungal growth in the dual culture plate was calculated in comparison to the control plate (Hazarika et al. 2019).
% Inhibition = [(𝐶 – 𝑇)/𝐶] 𝑋 100
(Where, C= Radius of fungal growth in control plate, T = Radius of fungal growth in dual culture
plate).
2.3 Microscopic investigation 
Mycelial morphology of Bipolaris sorokiniana and Alternaria triticina was studied under various treatments. Mycelial growth samples from the bacterial-fungal interface were stained with lacto phenol-cotton blue, mounted on glass slides, and observed under a light microscope (CX43, Olympus) to record structural abnormalities at magnification 40X. Control samples without bacterial influence were also stained and examined. 
2.4 Production of Hydrolytic Enzymes and Antifungal Metabolites:
Chitinase production by bacterial isolates was performed using a minimal agar medium (MM) (MgSO4.7H2O, 0.2 g; K2HPO4, 0.9 g; KCl, 0.2 g; NH4NO3, 1.0 g; FeSO4.7H2O, 0.002 g; MnSO4, 0.002 g; ZnSO4, 0.002 g; distilled water, 1.0 l; 0.5g yeast extract, and 15g agar; pH 6.8). Log phase bacterial cultures spot inoculated onto MM appended with 0.5% colloidal chitin, incubated at 30°C for 3-4 days (Sadfi et al. 2001). The presence of a halo zone surrounding the colony indicated a positive test. β‐1,3‐Glucanase activity was assayed using Laminaria digitata 0.25% laminarin as the substrate (Aktuganov et al. 2007), cellulase using 0.5% carboxymethylcellulose (CMC) (Baldan et al. 2015). The log phase culture was spot inoculated on MM plates supplemented with substrates and incubated at 30°C for 72 hrs. Thereafter plates were stained with 0.1% Congo red solution, the presence of halo zone surrounding bacterial colony confirmed a positive result. Proteolytic activity was assessed using the modified method described (Berg et al. 2002). The presence of a clearance zone around Bacillus spp. indicated the production of protease enzymes. Xylanase production assessed onto xylan agar medium (0.5 % (w/v) Birchwood xylan, 0.5 % (w/v) Yeast extract, 0.5 % (w/v) Peptone, 0.02% (w/v) MgSO4.7H2O, 0.1 % (w/v) K2HPO4 and 2.0 % (w/v) agar) as per protocol (Shanthi et al. 2018). Pectinase production assessed using 1% pectin substrate. Formation of clear zones around bacteria colony indicated positive result (Hankin and Anagnostaki 1975).
2.4.1 Production of siderophore, ammonia, and hydrocyanic acid (HCN)
Siderophore production was assessed by spot inoculation of bacterial isolates on chrome-azurol S-agar medium (CAS) (Schwyn and Neilands 1987). Ammonia production was tested in a colorimetric assay. The addition of 1 ml of Nessler’s reagent to the 72 hrs old bacterial culture grown in peptone broth resulted in the development of a yellowish-brown color as a positive result (Dye 1962). HCN production of the isolates was detected by the method of Bakker and Schippers (Schippers et al. 1990). Briefly, HCN production was determined by the change in color of the filter paper previously dipped in 2% sodium carbonate 0.05% picric acid solution and positioned on the bacterial lawn. The brown coloration observed on the filter paper signified the presence of hydrogen cyanide (HCN).
2.5 Quantitative evaluation of antagonists Bacillus spp. (P10 and UP11)
In 250 ml conical flasks, a volume of 1 ml of bacterial culture grown in nutrient broth for 24 hrs, containing 108 cfu ml−1, was combined with test fungus (5 mm disc) from a well-grown fungal colony on PDA plates. This mixture was inoculated into 150 ml of Nutrient (NB) and Potato dextrose (PDB) NB+PDB (1:1) media and incubated at 25±2°C on a rotary shaker. 
The broth was inoculated solely with fungi, serving as the control. After 3-4 days of growth, the cultures were passed through preweighed filter paper (Whatman No.1) to measure the differences in dry weights between co-culture of fungus and bacterium, or the control cultures without bacteria. The filter papers were then dried for 24 hrs at 70°C and weighed (Lal et al. 2022). The % reduction in weight of the test fungus was calculated using the formula: (w1−w2/w1) ×100, where w1 represents weight of the test fungus in control flasks without and w2 with the bacteria.
2.6 Inhibition of fungal mycelial biomass in relation to growth phase of Bacillus spp. 
Growth curves of both Bacillus spp. strains were prepared by inoculating 1 ml of a 24 hrs grown culture of the bacterium into 25 ml NB+PDB (1:1) medium. Optical density (OD600) of the growing culture was recorded at 6 hrs intervals. Simultaneously, an experiment for biomass inhibition of Bipolaris sorokiniana and Alternaria triticina was performed as described earlier.
2.7 Influence of pH and temperature on antagonism of Bacillus spp. 
The influence of pH and temperature on the antagonistic activity of Bacillus spp. P10 and UP11 were assessed by quantifying fungal biomass in NB+PDB broth-based dual cultures. The pH of the medium was adjusted in increments of 1 unit from pH 3 to 9 using either NaOH or HCl. Similarly, at different temperatures ranges 20,25,30,35 and 40°C. Reduction in fungal biomass was quantified following previously established methods (Trivedi et al. 2008).
2.8 Consortium preparation
P10 and UP11 were chosen based on their quantitative antifungal potential and evaluated for biocompatibility to form a microbial consortium. Bacteria growing with each other without inhibiting the growth of other were selected for consortia development.
2.9 Production of siderophore and lytic enzymes by fungi alone and in co-culture with bacterial antagonists
For quantitative estimation, fungus alone and co-culture with bacterial antagonist were grown in NB+PDB (1:1) media for 5 days. Samples (10 ml) were taken from the flasks after 96 hrs. Then centrifuged the sample containing control fungus and co-culture antagonistic bacteria was and this filtrate was used for the enzyme assays. The growth of inhibition was determined by the % reduction in weight method previously described (Trivedi et al. 2008).
2.9.1 Siderophore 
Siderophore production assessed using the CAS-shuttle assay following the method described by Payne (1994). Cultures were grown in an iron-free minimal medium and incubated for 24 hrs at 25±2°C. After incubation, samples were withdrawn and centrifuged at 3000 rpm for 15 minutes. In 1.5 ml of the culture supernatant, 1.5 ml of CAS dye solution and 30 μl of shuttling solution (sulfo-salicyclic acid) were added, mixed, and allowed to stand for 20 minutes. The presence of siderophores in the culture supernatant leads to the removal of iron from the dye complex, resulting in a reduction in the intensity of the blue coloration. The absorbance was recorded at 630 nm. The minimal medium was used as blank and % siderophore units were calculated by the following formula:
% Siderophore units = [(Ar− As)/ Ar] ×100
Where Ar = absorbance of reference; As= absorbance of the sample
2.9.2 Cell wall degrading enzymes
To quantify cellulolytic activity 1% CMC in phosphate buffer (pH 5.8) used as the substrate. The quantity of reducing sugar produced is determined using the DNS assay at 540 nm (Kongruang et al. 2004). Enzyme activity is calculated as the amount of sugar released per ml of enzyme per minute. One cellulase unit (U) is defined as the amount of enzyme in 1 ml of culture filtrate that releases 1 mg of glucose per minute. Specific activity was expressed in Unit.mg-1 protein. Poly galacturonase (PG) quantification involved mixing of 100 μl aliquot of the culture supernatant with 400 μl of 50 mM sodium acetate buffer (pH 5.2) containing 0.25% sodium polypectate in 250 ml conical flasks. This mixture was then incubated at 37°C for 60 minutes. Following the incubation period, the amount of released galacturonic acid was quantified using the Nelson-Somogyi method (1944). One unit of PG was defined as the enzyme quantity required to produce 1 mg of free glucose per minute per ml of enzyme extract, with specific activity expressed as Unit.mg−1 protein.
Xylanase activity quantify using 1% xylan with a phosphate buffer (0.1 M, pH 6.8). Each tube containing the 1 ml reaction mixture i.e., 0.5 ml of substrate solution and 0.5 ml of crude enzyme. These assay tubes were then placed in a water bath and incubated at 55°C for 15 minutes subjected to the DNS protocol at 540 nm (Miller 1959). Xylanase activity expressed as one unit (IU) per μmol of xylose liberated per ml of enzyme per minute. Chitinase activity was carried according to Boller and Mauch (1988) using colloidal chitin (1% v: v) in citrate phosphate buffer (0.1 M, pH 6.5). The formation of sugar N-acetylglucosamine was measured using the dimethylamino benzaldehyde (DMAB) method (Reissig et al. 1955). GlcNAc served as standard. One unit of enzyme activity is defined as the amount of enzyme required to produce 0.5 μM ml-1 of N-acetylglucosamine per hour. Specific activity is expressed as μmol GlcNAc min-1 mg-1 protein. 
 β-1,3 glucanase was estimated using substrate laminarin (0.5% w: v) in sodium phosphate buffer (0.1 M, pH 4.0). After that 3 ml of 3,5-dinitrosalicylic acid (DNS) reagent was added into reaction mixture (Miller 1959). The equivalent of reducing sugar was measured using the colorimetric method of Pan et al. (1991), with glucose as a standard at 450 nm. Specific activity was expressed as Unit.mg-1 protein. Protease activity quantification comprising 1.0 ml of soluble casein (1% v: v) in citrate phosphate buffer (0.05 M, pH 6.5) and 1.0 ml of culture filtrate. The reaction mixture was then incubated for 1 hour at 37°C. Terminate reaction with trichloroacetic acid (TCA, 10% v: v), incubate at room temperature for 30 minutes, then centrifuge at 4000 rpm for 20 minutes.  Subsequently, samples (75 μl) were extracted, and the quantity of tyrosine was determined following the method outlined by Lowry et al. (1951), with the absorbance of the supernatant at 280 nm. One unit of enzyme activity is defined as the quantity required to produce 1.0 μmol of tyrosine min-1mg-1 protein in the reaction, under standard assay conditions. 
2.9.3 Protein determination
Protein concentration was assessed by Lowry method (Lowry et al. 1951). The absorbance of the reaction was then measured at 750 nm, and the protein concentration was determined by referencing the absorbance values to the standard BSA curve.
2.10 Statistical analysis
All experiments were conducted in triplicates. Statistical analysis and Pearson’s correlation analysis of the data was done using Statistical Package for Social Studies (SPSS), version 21.0. software. Values p < 0.05 and p< 0.01 were considered to indicate statistical significance. All data are expressed as means ± SE.
3. Result
3.1 In vitro Antagonistic activity of rhizobacterial strains 
At 6 DAI, the percent mycelial growth inhibition of Bipolaris sorokiniana and Alternaria triticina by bio-control agents was shown in Figure 1 & Figure S1. P10 displayed the highest inhibition against Bipolaris sorokiniana (73.30%), followed by UP11 (62.35%), MH13 (53.47%), and MH12 (48.26%). Similarly, P10 exhibited the highest inhibition against Alternaria triticina (77.17%), followed by UP11 (68.36%), MH13 (56.16%), and MH12 (49.83%). 
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Figure 1. Percent mycelial growth inhibition of bacterial isolates against foliar blight fungal pathogens. The Inhibition (%) was calculated in comparison to control. The error bars represent SE, and different lower-case letters represent statistically significant differences between treatments according to Duncan test (P < 0.05).
3.2 Microscopic observations
Microscopic observations revealed that diffusible compound induced the structural deformities in fungal structures of Bipolaris sorokiniana and Alternaria triticina. There were numerous changes in mycelium morphology noticed in the presence of P10 and UP11 strain comparing to the control. Specifically, irregular, distorted, wrinkled, or swollen regions were present (Figure2).
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Figure 2 a) Microscopic observation of normal hyphae of Bipolaris sorokiniana (control), arrow shows abnormal distortion and swollen in hyphae through bacterial isolates (P10 and UP11), (b) Normal structures of Alternaria triticina (control), arrow shows irregular, distorted, or swollen regions.
3.3 Determination of antimicrobial metabolites and hydrolytic enzyme activity 
Both Bacillus spp. exhibit positive results for siderophore production additionally, volatile compounds like ammonia and hydrogen cyanide. The appearance of an orange zone around bacterial inoculum indicates siderophore production, while a change in filter paper color to reddish-brown confirms HCN production and ammonia production evident by a deep yellow color in peptone water cultures with Nessler's reagent. These strains also show positive result for hydrolytic enzymes (Table S2).
3.4 Mycelial Weight reduction of co-culture of both antagonistic strains with fungal pathogen
The maximum mycelial weight reduction was found in P10 (77.40%, 72.43%) and UP11 (74.29%, 66.10%) against Alternaria triticina and Bipolaris sorokiniana (Table 1). Reduction in fungal biomass inhibition were observed in both rhizobacterial antagonistic strains i.e. P10 and UP11. 
Table 1. Mycelial weight reduction of Alternaria triticina and Bipolaris sorokiniana by bacterial antagonists
	Bacterial isolates
	Percent mycelial weight reduction (%)

	
	Alternaria triticina
	Bipolaris sorokiniana

	P10
	77.40 ±0.72a 
	72.43±0.51a

	UP11
	74.29 ±0.63b 
	66.10 ±0.90b 


Means in each column followed by the same superscript letter were not significantly different (p<0.05) as determined by the one-way ANOVA and Duncan’s multiple range test (DMRT). Values were the means of three replications ± standard error. The mean diameters with the same letter are not significantly different according to the least significant difference (LSD) test (p < 0.05).
3.5 Antagonistic activity of Bacillus Strains in relation to growth curve 
The antagonistic activity P10 and UP11 against Alternaria triticina (F1) and Bipolaris sorokiniana (F2) were studied over time (Figure S2). Initially, no reduction in fungal biomass was observed in the early growth stages of the Bacillus strains. However, antagonism began during the mid-exponential phase and reached its peak (80.0% & 76.0% reduction for P10, and 79.0% & 75.0% reduction for UP11) in the stationary phase after 36 hrs for P10 and 30 hours for UP11. 
3.6 Influence of pH and temperature on antagonistic activity of Bacillus strains
 P10 and UP11 antagonistic activity were significantly affected by the pH and temperature (Figure 3). The maximum reduction in fungal biomass was found at pH 7. At this pH P10 and UP11 shows maximum antagonistic activity against Alternaria triticina (77.20 & 73.44%) and Bipolaris sorokiniana was (73.28 & 68.53%) respectively. The lowest reduction in fungal biomass against both test fungus was found at acidic pH 3 i.e. for Alternaria triticina (31.52 & 22.03%) and for Bipolaris sorokiniana (25.86 & 16.41%). Regarding the influence of temperature, observations on biomass reduction showed that P10 and UP11 displayed a wide temperature range (20–40°C) for the production of antifungal compounds. The maximum reduction percentages by P10 and UP11, (73.75 & 69.76%) for Alternaria triticina and (72.24 & 70.03%) for Bipolaris sorokiniana were recorded at 25°C. Remarkably, both Bacillus strains exhibited antagonistic effects at lower temperatures, (72.52 & 71.92%) for Alternaria triticina and (68.77 & 67.33%) for Bipolaris sorokiniana were recorded at 20°C. 
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Figure 3 a) Effect of pH on reduction in fungal biomass caused by antagonism of Bacillus strains P10 and UP11, b) Effect of temperature on reduction in fungal biomass caused by antagonism of Bacillus strains P10 and UP11. Values are presented as mean ± SE (n = 3). The same superscript letter is not significantly different according to the least significant difference (LSD) test (p < 0.05).
3.7 Compatibility among Bacterial Antagonists
The compatibility of Bacillus strains was assessed using the in-vitro cross-streak method. The findings indicated that the bacterial strains were compatible, as no inhibition occurred at their intersections (Figure S3).
3.8 Assessment of cell wall degrading enzyme and siderophore by fungus in Mono and Co-culture with biocontrol agents
Production of cell walls degrading enzymes (CWDEs) i.e, cellulase, Poly galacturonase (PG) and xylanase is produced by the pathogens to degrade the cellulose, pectin and hemicellulose which are the primary components of plant cell wall. Cellulase activity, expressed as specific activity (U.mg−1 protein), was considerably increased at control fungi treatment T1 (2.79) (Alternaria triticina) and T2 (2.33) (Bipolaris sorokiniana), followed by the treatments T6 (1.55), T4 (1.33), T5 (1.18), while reduced cellulase activity was observed in the treatments T8 (0.94), followed by T7 (1.01) and T3 (1.12). Furthermore, the lowest PG specific activity (U.mg−1 protein), was detected in treatment T8 (1.09), and the highest value of 3.67 was recorded at T2 among the treatments T1–T8. Xylanase activity (U.mg−1 protein), found highest in T1 (0.75) followed by the treatments T2 (0.67), T6 (0.45), T4 (0.42), T5 (0.40), while decreased activity observed in T7 (0.20), followed by T8 (0.28) and T3 (0.34) (Figure 4a). 
The presence of the biological agent was found to enhanced the expression of lytic enzymes i.e., chitinases, β-1,3-glucanase and protease. These are also categorizes in  pathogenesis related enzymes  that degrade core components of fungal cell walls ( Giri et al.1998; Gajera et al. 2012).
Chitinase activity, expressed as specific activity (U.mg−1 protein), significantly increased in treatment T7 (7.76) (CNS), followed by the treatments T8 (6.23), T3 (3.82), T4 (3.75), T5 (3.65), T6 (2.76), while decreased cellulase activity observed in the both control fungal pathogen T1 (0.53), followed by T2 (0.59). β-1,3-Glucanase noted in T7 (3.68 U.mg-1protein) and it was significantly reduced to 3.07 U.mg-1protein during T8 antagonism followed by T3 (2.09), T4 (2.07), T5 (1.64), T6 (1.46), T1 (0.92), T2 (0.65) at 96 hr. Protease specific activity found maximum in T7 (2.29) followed by T8 (2.01), T3(1.41), T4(1.30), T5(1.25), T6(1.04), and minimum in T2 (0.38) and T1(0.49) (Figure 4b). The siderophore production higher in T7 (73.84) followed by T8 (70.82), T4 (58.21), T3(55.40), T5(47.15), T6(41.51) and minimum in control fungus T2(25.34) and T1 (31.74) (Figure 4c). 
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Figure 4 Effect of hydrolytic enzyme and siderophore production in mono culture of fungal pathogens and with antagonistic strains co culture with fungal pathogens (a) Effect of cell wall degrading enzymes on fungal pathogen (b) Effect of Pathogenesis-related enzymes on fungal pathogen (c) Effect of siderophore production on fungal pathogen (T1- Alternaria triticina (F1) alone, T2- Bipolaris sorokiniana (F2) alone, T3- P10+F1, T4- P10+F2, T5- UP11+F1, T6- UP11+F2, T7- CNS+F1, T8- CNS+F2. Values are presented as mean ± SE (n = 3). The mean diameters with the same letter are not significantly different according to the least significant difference (LSD) test (p < 0.05).
3.9 Correlation between percentage growth inhibition of foliar blight fungal pathogens with lytic enzymes and siderophore 
The correlation between % growth inhibitions of foliar blight fungal pathogens and CWDEs cellulase, PG and xylanase showed significant (p=0.01) negative relationship (Table 2). This indicates that the % growth inhibition decreased with an increasing concentration of cellulase, PG and xylanase in the culture medium at 96 hrs. A significant positive correlation (p=0.01) with chitinases, β-1,3-Glucanase, protease enzymes and also with iron chelating compound i.e., siderophore in the culture medium of antagonists established a relationship to inhibit the growth of fungal pathogen by increasing the levels of these lytic enzymes and siderophore. 




Table 2 - Pearson, s correlation among the % Growth inhibition with hydrolytic enzymes and siderophore activity 
	
	% Growth
Inhibition
	Cellulase
	Poly galacturonase
	Xylanase
	Chitinase
	β-1,3-
Glucanase
	Protease
	Siderophore

	% Growth
Inhibition
	1
	
	
	
	
	
	
	

	Cellulase
	-.906**
	1
	
	
	
	
	
	

	Poly galacturonase
	-.802**
	.715**
	1
	
	
	
	
	

	Xylanase
	-.879**
	.894**
	.701**
	1
	
	
	
	

	Chitinase
	.805**
	-.810**
	-.826**
	-.872**
	1
	
	
	

	β-1,3-
Glucanase
	.752**
	-.753**
	-.826**
	-.824**
	.982**
	1
	
	

	Protease
	.818**
	-.811**
	-.855**
	-.850**
	.980**
	.961**
	1
	

	Siderophore
	.830**
	-.798**
	-.871**
	-.847**
	.934**
	.937**
	.936**
	1


n -24, **. Correlation is significant at the 0.01 level (2-tailed).
4. Discussion 
Bacillus spp. are prominently employed in agricultural practices as biocontrol agents owing to their demonstrated efficacy in suppressing diseases caused by phytopathogenic fungi, as evidenced by numerous global studies (Albayrak et al. 2019; Etesami et al. 2023). In this manuscript, antagonistic effect of four different Bacillus spp. on two foliar blight pathogens was observed in vitro through dual assay. Out of these the two potent Bacillus strain P10 (Bacillus methylotrophicus) and UP11(Bacillus subtilis), shows the maximum percent inhibition of mycelial growth against Bipolaris sorokiniana and Alternaria triticina. In previous reports about inhibition of growth of foliar blight pathogens by antagonist action of P10 and UP11, which were very similar to our findings (Jaggi V. 2020). Microscopic observations revealed structural deformities, swollen in fungal structures in the presence of Bacillus strains, indicating the action of diffusible substances. These strains also show positive result for the production of siderophores, ammonia, hydrogen cyanide, and hydrolytic enzymes. Consequently, this Bacillus spp. contribute to the suppression of fungal proliferation through diverse mechanisms, including iron sequestration, disruption of fungal respiration and enzymatic processes, as well as degradation of fungal cell constituents (Rais et al. 2017; Ghazy et al. 2021).
The antagonistic activity of Bacillus strains P10 and UP11 peaks during the late exponential and early stationary growth phase, consistent with previous studies indicating enhanced production of secondary metabolites and hydrolytic enzymes at this stage, bolstering their effectiveness against fungal pathogens (Vining 1990). Carson et al. (1992) and Trivedi et al. (2008) further supported this observation, noting the heightened synthesis of organic acids like malate, citrate, and hydroxamate by root-nodulating bacteria during the late logarithmic or early stationary phase.
The pH of the medium and temperature significantly influenced the antagonistic activity of Bacillus spp. The maximum inhibition of fungal biomass occurred at pH 7 and temperatures ranging from 20°C to 25°C, which are conducive for the production of antifungal compounds by Bacillus strains. The findings suggest that Bacillus strains P10 and UP11 hold promise as biocontrol agents against foliar blight pathogens in agriculture. Their wide temperature ranges for antagonistic activity and effectiveness under different pH conditions make them suitable candidates for development in biological control strategies. The effect of various physiological parameters like pH and temperatures on the production of antifungal compounds by biocontrol agents have been reported (Sidorova et al. 2020).
The study also found that the activity of cellulase, PG and xylanase enzymes was reduced when antagonistic Bacillus strains were in greater abundance during antagonism with the test fungus. 
 Conversely, when the fungal pathogen was cultured alone, without bacterial strains, the activities of these enzymes were higher. This indicates that the presence of the Bacillus strains may inhibit the production of these enzymes in fungal foliar blight pathogens, potentially reducing their ability to penetrate and colonize host tissues. The study underscores the effectiveness of antagonistic Bacillus strains P10 and UP11, either alone or in combination, in suppressing the expression of lytic enzymes responsible for degrading the host cell wall by the fungal pathogen. This inhibition ultimately leads to a decrease in the severity of fungal diseases. 
Conversely, the study observed an increase in the activity of pathogenesis-related enzymes such as chitinases, β-1,3-glucanase, and protease, as well as siderophore production in the presence of antagonistic Bacillus strains. These findings suggest a potential mechanism by which Bacillus strains inhibit fungal growth by enhancing the levels of enzymes and siderophores that degrade fungal cell walls and compete for essential nutrients. Previous reports have also suggested that the production of lytic enzymes and siderophores by antagonistic strains has strong biocontrol abilities against fungal pathogens (Gajera et al. 2012; Solanki et al. 2014).
The correlation analysis revealed significant negative relationships between the percentage growth inhibition of fungal pathogens and the levels of CWDEs (cellulase, PG, and xylanase). The similar result was also observed in reported in Deshmukh et al. (2015). On the other hand, a positive correlation was observed between growth inhibition and the activities of pathogenesis-related enzymes and siderophores. So, it can be abridged that in presence of antagonistic bacteria with fungal pathogens in the same medium can alter the growth dynamics and metabolic activities of both microorganisms, potentially leading to lowers the levels of CWDEs enzymes that are produced by fungal pathogen and enhanced the level of pathogenesis related enzymes which directly degrade fungal cell wall. 
Conclusion 
This study highlights the potential of Bacillus spp. strains P10 (Bacillus methylotrophicus) and UP11 (Bacillus subtilis) as effective biocontrol agents against foliar blight pathogens Bipolaris sorokiniana and Alternaria triticina. These strains demonstrated significant mycelial growth inhibition in vitro, primarily through the production of siderophores, ammonia, hydrogen cyanide, and hydrolytic enzymes. Optimal antagonistic activity was observed at pH 7 and temperatures between 20°C and 25°C. The presence of Bacillus strains reduced the production of cellulase, polygalacturonase (PG), and xylanase enzymes by the fungal pathogens, while enhancing pathogenesis-related enzymes like chitinases, β-1,3-glucanase, and protease. So, these findings suggest that Bacillus strains suppress fungal growth through multiple mechanisms, including enzyme degradation of fungal cell walls and nutrient competition. However, further study is required to explore the exact antagonistic mechanism of hydrolytic enzymes and siderophore produced by P10 and UP11 against foliar blight pathogens in the future. Additionally, pot and field trials could assess the efficacy of these Bacillus strains under natural conditions and integrate them into agricultural practices for sustainable disease management.
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