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Abstract  

Bacillus subtilis (UP11)is a gram-positive, plant growth-promoting rhizosphere bacterium (PGPR) 
isolated from the rhizosphere soil of wheat. It produces an active compound i.e., siderophore. 
Siderophores are low-molecular-weight and high-affinity molecules produced by bacteria under iron-
limited conditions. In present study, we optimized the culture condition for siderophore production and 
also investigated the antagonistic activity against the foliar blight pathogens. Therefore, the optimum pH 
7 was found maximum siderophore unit (62.95%), mannitol as carbon source (59.14%), ammonium 
nitrate as nitrogen source (63.04%), heavy metal Pb(NO�) � shows (61.36%) highest yield in the 
succinate broth. The optimal iron concentration 50 µM for siderophore production. All these parameters 
and their effects were investigated using the one-factor-at-a-time (OFAT) approach. The resulted 
optimized siderophore is partially purified as in ethyl acetate extract which shows (59.64%,50.88%) 
mycelial fungal inhibition against Alternaria triticinaand Bipolarissorokiniana. After that, this filtrate 
tested for germination potential, resulted shows that itpotential act both biocontrol and plant growth 
promoting agent. It enhances the % germination, root and shoot length. Our findings indicate that Bacillus 
subtilis can produce substantial quantities of siderophores, which exhibit potent antagonistic activity and 
promoting growth of plant. This finding holds promise for advancing the development of novel biological 
control agents. 

 



 

 

 

Graphical abstract – Siderophore producing bacteria (Bacillus subtilis ) shows both antifungal 
and plant growth promoting activity 
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1.Introduction 

Microorganisms produce various secondary metabolites for growth and survival. During iron stress, they 
produce secondary metabolites termed siderophores. Rhizosphere microbiota benefit plants through direct 
and indirect mechanisms. Direct benefits include the production of phytohormones, siderophores, 
antioxidants, cell wall-degrading enzymes, and volatile organic compounds (VOCs). Additionally, they 
enhance plant health by solubilizing minerals such as phosphorus, potassium, and zinc, and by fixing 
biological nitrogen. Indirect benefits are conferred through antibiosis, induced systemic resistance, and 
the formation of biofilms (Singh et al., 2022). 

Iron is crucial for the growth and survival of most microorganisms. However, in natural environments, 
iron predominantly exists as insoluble Fe3+ (10-18 M at pH 7.0), making it challenging for 
microorganisms to access. Siderophores are small, low molecular weight secondary metabolites (400–
2,000 Da) with a strong affinity for Fe3+. They are produced and secreted by microorganisms to sequester 
iron from their surroundings as needed (Albelda-Berenguer et al., 2019). In aerobic environments, where 
Fe2+ is scarce, bacteria must actively uptake Fe3+ to maintain cellular iron homeostasis.Based on their 
iron-binding moieties, siderophores can be classified into three basic types: catecholate, hydroxymate, 
and carboxylate and mixed types (Khan et al., 2020). In iron-deficient environments, microorganisms 
produce siderophores to acquire iron for growth. Some plant growth-promoting rhizobacteria (PGPR) 
synthesize siderophores, enabling them to compete with pathogens for iron and inhibit pathogen growth 
(Leventhal et al., 2019).We previously reported that Bacillus subtilis usedbiocontrol bacterium against 
foliar blight pathogens (Jaggi et al., 2020). The primary objective of this study was to identify and 
maximize siderophores produced by Bacillus subtilis.  

Various factors, including carbon source, nitrogen source, pH, temperature, and metal ions, influence 
siderophore synthesis (Srivastava et al., 2022). Additionally, carbon and nitrogen sources play vital roles; 
for instance, maltose as a carbon source and NH4NO3 as a nitrogen source significantly enhance 
siderophore production in endophytic fungi from Cymbidium aloifolium (Chowdappa et al., 2020). 
Optimal conditions for maximum siderophore production vary between strains. For example, Bendale 
found that Streptomyces fulvissimusachieves peak siderophore production with sucrose as the carbon 
source (Bendale et al., 2009), whereas Santos identified glycerol as optimal for Bacillus megatherium 
growth (Santos et al., 2014). Bacillus sp. PZ-1 showed highest siderophore production with a glucose 
concentration of 21.84 g/L, B. brevis sucrose as carbon source and asparagine as nitrogen (Yu et al., 
2017; Sheng et al., 2020). pH is critical; plays sensitive role, neutral pH generally supports maximum 
siderophore production in fluorescent pseudomonads (Sayyed et al., 2005; Tailor and Joshi, 2012). Iron 
availability crucially impacts organism growth by influencing siderophore production. Furthermore, the 
presence of metal ions in the medium, such as cadmium, influences siderophore production in 
Streptomyces tendae, MnCl2  inP. monteilii B8 (Sayyed and Chincholkar, 2010; Srivastava et al., 2022). 



 

 

Siderophore-producing bacteria are crucial for enhancing crop nutrition and suppressing phytopathogens 
(Yasmin et al., 2012; Sayyed et al., 2013). Ghazy and El-Nahrawy (2021) studied Bacillus 
subtilisMF497446 and Pseudomonas koreensis MG209738, showing their efficacy against 
Cephalosporium maydis in maize. Additionally, Wang et al. (2022) demonstrated that siderophore-
producing Pseudomonas putida controls Fusarium wilt in cucumber, radish, and flax, highlighting their 
role as effective biocontrol agents (PGPB).Siderophore-producing bacteria offer a sustainable alternative 
to chemical pesticides in agriculture. They help immobilize toxic metals in soil (Trindade et al., 2021; 
Hardcore et al., 2022) and assist in bioremediation efforts (Rani et al., 2022). Commercializing these 
bacteria as bio-inoculants can effectively control fungal diseases by limiting iron availability to pathogens 
(Basu et al., 2021; Malgioglio et al., 2022), promoting sustainable agriculture.Our study reported 
that Bacillus subtilis produce hydroxymate-catechol mixedtype siderophores and has a strong antagonistic 
effect on wheat foliar blight fungal pathogens. However, in this study also included the factor that 
influence the production of siderophore production and their effect on antifungal and seed germination 
were also evaluated.  

2. Materials and Methods 

2.1Antagonistic Strains and Medium 

Antagonistic wheat rhizobacteria strains (UP11) Bacillus subtilis accessionno MN099431.1 previously 
isolated and stored at the Rhizosphere Biology Laboratory, Department of Microbiology, Govind Ballabh 
Pant University of Agriculture and Technology, Pantnagar, Uttarakhand were cultured and maintained on 
Nutrient Agar (NA). 

2.2 Chrome Azurol S (CAS) medium assay 

The CAS agar plate method (Schwyn and Neilands, 1987) was used to qualitatively assay siderophore 
production. Strains were grown in Nutrient Broth (NB) for 48 hours at 30°C and 120 rpm, then 0.05 ml of 
a suspension (2 × 10^8 cells/ml) was spotted onto CAS-agar plates and incubated for 5 days at 30°C. 
Clear halo around colonies indicated siderophore production.  

Quantitative assay  

To quantify siderophore activity in culture supernatant extracts, the CAS solution method (Schwyn and 
Neilands, 1987) was used. Tested strains were grown in Nutrient Broth for 48 hours on a rotary shaker at 
30°C and 120 rpm, then centrifuged for 15 minutes at 3000 rpm. A mixture of 0.5 ml of supernatant (2 × 
10^8 cells/ml), 0.5 ml CAS solution, and 10 µl shuttle solution (sulfosalicylic acid) was incubated at room 
temperature for 2 hours. Absorbance was measured at 630 nm using a UV/Vis spectrophotometer. 
Reference samples (blanks) were prepared with Nutrient Broth medium, CAS solution, and shuttle 
solution. Siderophore units (SU) were calculated using the formula SU = [(Ar - As) / Ar] × 100%, where 
Ar represents the reference absorbance and As represents the sample absorbance. 

2.3 Characterization of siderophores 

Hydroxamate 

Tetrazolium salt test: A small amount of tetrazolium salt and 1-2 drops of 2N NaOH were added to 0.1 
mL of the test culture supernatant. The immediate appearance of a red to deep-red color indicated the 
presence of hydroxamate siderophores (Rashmi et al., 2013). 

Catecholate 



 

 

Arnow's test:  1 mL of the culture supernatant, 0.1 mL of 0.5 M HCl is added, followed by 1 mL of nitrate 
moly date reagent and 1 mL of NaOH.The presence of catecholate in the supernatant is indicated by a 
color change from yellow to bright orange-red after 5 minutes of incubation (Arnow 1937). 

Carboxylate 

Vogel's chemical test:  Prepare a test reagent by adding 3 drops of 2N NaOH to 1 drop of 
phenolphthalein. Add distilled water until the solution turns pink. Add the test sample to this solution. If 
the pink color disappears, it indicates the presence of carboxylate siderophores. 

2.4 Effect of different medium on siderophore production  

Bacillus subtilis was separately inoculated into nutrient broth, Luria-Bertani (LB)medium,Bacillus 
medium broth and succinate medium. Each medium was inoculated with a loopful of bacteria and 
incubated at 37°C for 48-72 hours in a rotary shaker set at 120 rpm. After incubation, the cultures were 
centrifuged to obtain the culture filtrate. 1 ml of cell filtrate was mixed with 1 ml of CAS (Chrome Azurol 
S) solution. The mixture was thoroughly mixed, and the absorbance was measured at 630 nm using a 
spectrophotometer. The percentage of siderophore units was then calculated based on the absorbance 
readings. 

2.5 Optimization of the Cultural Conditions for Siderophore Production 

One factor at a time (OFAT) was conducted to investigate the impact of various physicochemical 
parameters—including pH, carbon source, nitrogen source, and heavy metal, iron concentration on 
siderophore production of the UP11 strain. 

Effect of carbon and nitrogen sources  

The effects of different carbon sources including sucrose, glucose, maltose, sucrose, fructose,lactose, and 
mannitol as well as different nitrogen sources such as sodium nitrate, ammonium sulfate,soybean meal 
powder, yeast extract, ammonium nitrate, peptone, and potassium nitrate were investigated in succinate 
broth (100ml) by supplemented with 1 g/l of these different carbon and nitrogen sources separately. Then 
flasks were incubated at 37°C for 48–72 hours at 120 rpm. After incubation, 1 ml of the culture filtrate 
was mixed with 1 ml of CAS solution, and the absorbance was measured at 630 nm to calculate the 
percentage of siderophore units (Waday et al., 2022; Cornu et al., 2022). 

Effect of pH and heavy metals  

The pH of 100 ml of succinate broth was adjusted to 3.0, 5.0, 7.0, 9.0, and 11.0. To investigate the effect 
of metal ions, the succinate broth was supplemented with 10 µM of HgCl2,ZnSO4, MnCl2, CdCl2, MnSO4, 
andNiCl2 incubated at 37°C for 48–72 hours. The percentage of siderophore units was measured at 630 
nm (Wang et al., 2021). 

Effect of iron concentration 

Log-phase bacterial cultures were separately inoculated into succinate broth containing varying 
concentrations of FeCl3·6H2O (0, 25, 50, 100, and 150 µM) and incubated at 37°C for 48–72 hours at 120 
rpm to identify threshold level that inhibits siderophore production. Siderophore production was 
calculated as a percentage of siderophore units (Patel, 2022). 

2.6 Preliminary Purification of Siderophore 



 

 

After a 48-hour incubation at 30°C and 200 rpm, the liquid culture was centrifuged at 1,000 ×g for 10 
minutes to collect the cell-free supernatant. It was tested for siderophores using the CAS assay. This 
supernatant was further purified by extraction with ethyl acetate. The pH of the supernatant was adjusted 
to 2 - 2.5 using strong acids before being quickly subjected to ethyl acetate extraction. The organic 
fractions were collected and dried by evaporation. The resulting dried siderophore crystals were 
suspended in sterile double-distilled water. The purified siderophore solutions were subsequently used in 
antifungal experiments. 

2.7 Antifungal activity of purified siderophore  

The purified siderophore was tested for antifungal activity against foliar blight fungal plant 
pathogens,Alternaria triticinaand Bipolarissorokinianaon potato dextrose agar. The fungal mycelium 
(5mm) wereplaced onto center then 5 mm wells were prepared. These wells were then filled with the 
purified siderophore and incubated at 28°C ± 2°C for 6 – 7 days. After the incubation, fungal growth 
inhibition was observed. 

2.8 Seed germination 

To evaluate the effect of bacterial siderophores on seed germination, wheat seeds were collected from a 
Norman E. Borlaug Crop Research Centre U.S. Nagar, Uttarkhand. Healthy seeds of similar sizes and 
shapes were selected for the experiments. The seeds were surface-sterilized by soaking in 75% ethanol, 
repeatedly washing with sterile deionized water to remove any chemicals, and drying with tissue paper. 
Fifteen seeds were soaked in the cell-free supernatant of the siderophore production medium in a Petri 
dish and incubated at 25°C for 1-2 hours. Seedlings were monitored and considered germinated when the 
root protruded at least 2 mm from the seed coat.Seedlings per plate were randomly selected to measure 
root and shoot lengths. The germination percentage was calculated using Equation (Kumar et al., 2018). 

Germination percentage (% GP) = (Seeds germinated/Total seeds) × 100 

2.9 Statistical analysis 

All experiments were conducted in triplicates.Statistical analysis of the data was done using Statistical 
Package for Social Studies (SPSS), version 21.0. software. All data are expressed as means ± SE. 

3. Results 

3.1 Qualitative and Quantitative estimation of siderophore  

Clear halo zone was observed on chrome-azurol S-agar medium (CAS) agar medium shows the strain 
UP11 was siderophore positive. CAS–Fe+3–HDTMA complex was broke by siderophores and formed 
Fe+3–siderophore complex. As dye released, resulted in clear zone formation (Murakami et al., 2021). 
Thequantitative estimations were found to produce siderophores in the range of 53.26 ± 0.72 siderophore 
units (Fig. 1). 
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Figure1: Qualitative and Quantitative estimation of siderophore of Bacillus subtilis (a) Chrome-azurol S-
agar medium plate assay for siderophore production (b) % Siderophore unit of UP11 

3.2 Identification of type of siderophore production  

The immediate appearance of a red to deep-red color confirmed the presence of hydroxamate 
siderophores. B. subtilis had a strong reaction to tetrazolium tests and Arnow’s, which indicate the 
presence of a hydroxamate- catecholate type siderophore in the supernatant of the culture. this indicating 
the occurrence of a mixed-type siderophore (both catecholate and hydroxamate). The no disappearance of 
the pink color upon adding the test sample to the prepared reagent confirmed the absence of carboxylate 
siderophores (Table 1, Fig. 2). 

Table1: Characterization of siderophore type in endophytic strain UP11 (Bacillus subtilis)   

Strain Peak at 425 
nm 
(Hydroxamate) 

Peak at 495 
nm 
(catecholate) 

Hydroxamate 
(Tetrazolium 
test) 

Catecholate 
(Arnow’s 
test) 

Carboxylate 

(Vogel's test) 

 

UP11 

 

+ 

 

+ 

 

++ 

 

+ 

 

- 

Catecholate, carboxylate and hydroxamate-type siderophores were identified using Arnow ,́ Vogel's and 
Tetrazolium test tests, respectively. ++ strong positive result; + positive result; − negative result 

 

 

 

 

 

 



 

 

 

 

Figure 2: Positive results of different types of siderophore produced by Bacillus subtilis. 

3.3 Influence of different media on siderophore production  

Bacillus subtilis shows the maximum % siderophore unit in succinate medium (67.20%) followed upto 
onBacillus broth (55.06%), LB (50.37%), NB (47.82%).Before optimizing physicochemical parameters, it 
is crucial to optimize the nutrient media to ensure maximum growth of the test culture and, consequently, 
maximum siderophore production. Among the four different nutrient media tested, succinate medium 
yielded the highest siderophore production at 630 nm (Fig. 3). Similarly, a study reported that succinate B 
medium to be ideal for siderophore production by P. aeruginosa KSB, P. aeruginosa PAUTI4, P. 
aeruginosa PB19, B. amyloliquefaciens,Bacillus subtilis MF497446, andPseudomonas koreensis(Bindu 
and Nagendra 2016; Srivastava et al., 2022; Ghazy and El-Nahrawy 2021). So, succinate media is further 
used for optimization culture condition for siderophore production. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Effect of different media on % Siderophore units of Bacillus subtilis strain. Values are 
presented as mean ± SE (n = 3). 

3.4 Optimization of culture condition for siderophore production  

The literature indicates that several factors, such as initial pH, carbon source, nitrogen source, iron 
concentration and metal ions, influence siderophore synthesis and secretion(Srivastava et al., 2022). 
Additionally, these conditions can vary significantly depending on the bacterial species and strain used to 



 

 

optimize siderophore production (Sheng et al., 2020). Therefore, the optimum pH 7 was found for 
maximum siderophore unit (62.95%), mannitol as carbon source (59.14%), ammonium nitrate as nitrogen 
source (63.04%), heavy metal Pb(NO�) � shows (61.36%) highest yield in the succinate broth. The 
optimal iron concentration 50 µM for siderophore production. All these parameters and their effects were 
investigated using the one-factor-at-a-time (OFAT) approach (Fig. 4).  
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Figure 4. Effect of physicochemical parameters (a) carbon (b) nitrogen sources, (c) initial pH (d) heavy 
metals (e) iron concentration on siderophore production of Bacillus subtilis 

3.5 Antifungal Activity of Crude Siderophore filtrate  

Siderophore produced by UP11 has a stronger antifungal effect shows fungal mycelial inhibition (59.64 
% ,50.88%) against Alternaria triticinaand Bipolarissorokiniana(Fig. 5). These results indicated that 
siderophore is a crucial component produced by UP11 and plays a significant role in antifungal activity. 
This effect is due to siderophores sequestering iron, depriving fungi of this essential nutrient and 
inhibiting their growth. Additionally, siderophores may directly interfere with fungal iron acquisition 
systems and enhance plant defenses, making plants more resistant to fungal infections (Ghazy and El-
Nahrawy 2021). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Antagonistic activity of purified siderophore extract of UP11 against Alternaria triticina(F1) 
and Bipolarissorokiniana (F2). 

3.6 Seed Germination 



 

 

This study investigated the effect of siderophores on the germination of wheat seeds. Seeds were 
incubated in siderophore-positive supernatant, with water-incubated seeds as controls. The siderophore 
presence was confirmed via the CAS assay, only siderophore-positive supernatant was used. Germination 
percentage was assessed after 36 hours, with sprouting monitored and root length measured every 12 
hours. Bacillus subtilis enhanced seedling growth i.e., root, shoot length and germination percentage for 
each seed with the respective supernatant are shown in the figure 6. The siderophore positive Bacillus 
subtilis ethyl acetate filtrate shows the maximum germination root (3.60 cm) and shoot length (4.17 cm). 
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Figure 6:In vitro seed bioassay to check the effect of partial purified siderophore on seeds (a) control 
(water) (b) Ethyl acetate extract of siderophore (c) percent germination (d) Shoot and root length. Values 
are presented as mean ± SE (n = 3). 

Conclusions 

Iron is an essential and abundant metal on Earth's surface, but it is unavailable to living organisms at 
physiological pH. Under iron-limiting conditions, siderophore-producing microorganisms can act as bio-
fertilizers to enhance wheat growth. Iron deficiency hampers growth and impairs photosynthesis. Bacillus 
sp. WR12 has been shown to improve iron acquisition and mitigate these adverse effects (Yue et al., 
2022). Our study found that Bacillus subtilis as an effective siderophore producing bacterium and it 
produces mixed siderophore types that enhance the antifungal as well as elevated the plant growth of 
wheat. So, it induces the disease resistance of foliar blight disease in wheat plant and enhancement of 
growth promotion and yield. Further research is needed to explore gene-level interactions related to 
siderophore production in plant growth-promoting rhizobacteria (PGPR), pathogenic fungi, and host 
plants. 
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