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Abstract 
 
Indole-3-acetic acid is an important phytohormone synthesized by plant growth-

promoting rhizobacteria (PGPR), widely used in agriculture due to its various abilities. 

This study aimed to develop an economical PGPR-based nano-bioformulation with 

high Indole-3-acetic acid production capacity. In this context, Bacillus subtilis 4-Ka-22 

was used, and initial optimization of the growth medium was carried out. 

Subsequently, iron salts (FeSO₄ and FeCl₃) were added separately at different 

concentrations and under varying conditions, both before and after bacterial 

cultivation. Changes in Indole-3-acetic acid levels were evaluated along with the 

antagonistic activity and protease enzyme production. In addition, the potential of iron 

salt addition to induce iron-based nanomaterial/nanoparticle formation was 

investigated. According to the results, the addition of 15 mM FeSO₄ after cultivation, 

followed by incubation at 68°C and pH 13 with stirring at 300 rpm for 48 h, led to a 

9.15-fold increase in Indole-3-acetic acid production in the B. subtilis 4-Ka-22 culture 

broth, compared to the control group. These findings suggest that the methodology 

applied in this study could be adapted to other bacterial strains with similar 

biosynthetic pathways to enhance Indole-3-acetic acid production. In this regard, the 

study provides a valuable foundation for the development of PGPR-based nano-

biotechnological applications. 

 
Introduction 

Plant Growth-Promoting Rhizobacteria (PGPR) 
have gained significant importance in sustainable 
agriculture practices due to their ability to support plant 
development through direct or indirect mechanisms. 
These microorganisms not only protect plants against 
phytopathogens via the production of secondary 
metabolites with antimicrobial properties, but also 
promote plant growth through pathways such as 
phytohormone synthesis, siderophore production, and 
enhancement of phosphate solubility. Indole-3-acetic 
acid (IAA), synthesized by PGPRs, has become one of the 
most widely used phytohormones in agricultural 
practices by increasing root growth, cell division and 
plant tolerance to stress conditions (Patani et al., 2024; 
Poveda & González-Andrés, 2021; Wagi & Ahmed, 
2019). IAA regulates fundamental physiological 

processes such as apical dominance, root initiation, and 
shoot and root elongation, as well as mechanisms 
including phototropism, geotropism, intracellular 
osmotic balance, and cell wall synthesis. In addition, it 
has been reported to promote flowering and fruit 
development while delaying leaf abscission (Abacı et al., 
2025; Maya et al., 2021).  

Bacillus subtilis, which has the GRAS (Generally 
Recognized as Safe) status, stands out with various 
biological functions such as IAA production cyclic 
lipopeptides (iturin, surfactin, fengicin), lytic enzymes 
(protease, chitinase, chitosanase etc.) production that 
show antifungal properties and siderophore synthesis, 
phosphate solubilization. Bacillus spp. is among the 
basic components of multifunctional biofertilizer 
formulations. In addition, their ability to form 
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endospores provides a great advantage in the industrial 
scale production and long-term storage of these 
bacteria (Alexis et al., 2023; Balleux et al., 2024; Chompa 
et al., 2024; Karaca et al., 2025; Khan et al., 2022; 
Mohanty et al., 2021). However, despite the commercial 
and academic interest in Bacillus-based 
bioformulations, problems like short shelf life or stability 
limit the effectiveness of these products (İşlek et al., 
2025). In this context, nanotechnology-supported 
approaches have been developed to increase the 
effectiveness of microbial biofertilizers (Chukwuneme et 
al., 2024). 

Iron, which is essential in agricultural soils but not 
readily available to plants, can be delivered in the form 
of iron nanomaterials through nanotechnological 
methods, increasing its bioavailability (Molnár et al., 
2023; Zeng et al., 2025). Nano biofertilizer not only 
enhance the efficiency of plant nutrient elements but 
also play an active role in bioremediation processes 
aimed at reducing heavy metals and soil pollution. The 
bacteria in these formulations contribute actively to the 
conversion, detoxification, degradation, and 
immobilization of pollutants into less toxic forms in the 
soil (Akhtar et al., 2022). Bioformulations supported by 
nanomaterials enhance both the quality of the inoculant 
and plant growth, thus providing dual benefits 
(Chaudhary et al., 2022). However, the number of nano-
bioformulation products available in the global market 
is still limited, and new research in this field holds great 
potential (Kurdish et al., 2021; Spruogis et al., 2013). 

This research focused on developing 
bioformulations enriched with high levels of IAA, 
utilizing the PGPR strain Bacillus subtilis 4-Ka-22. For this 
purpose, a production medium optimized with agro-
industrial by-products was supplemented with different 
concentrations of iron salts (ferric chloride [FeCl₃] and 
ferrous sulfate [FeSO₄]), both before and after the 
microbial production phase in the medium. The effect of 
different iron salt concentrations on the growth of B. 
subtilis 4-Ka-22 was investigated, and the impact of the 
iron salt-enriched bionanoformulation on proteolytic 
enzyme activity, antifungal properties, and IAA 
production was evaluated. Additionally, the potential of 
the added iron salts to form 
nanoparticles/nanomaterials was examined using DLS 
(Dynamic Light Scattering) analysis. 

Materials and Methods 

Microorganisms 
Bacillus subtilis 4-Ka-22, known to be producing 

CLPs and previously identified for its antifungal and 
biofertilizer properties (Maral-Gül & Eltem, 2024; Mis et 
al., 2024), was obtained from the Microbial Culture 
Collection of the Department of Bioengineering at Ege 
University. The phytopathogens Rhizoctonia solani, 
Botrytis cinerea, and Fusarium solani were provided by 
the Manisa Viticulture Research Institute (Republic of 
Türkiye, Ministry of Agriculture and Forestry). Activation 

of B. subtilis 4-Ka-22 was carried out at 30°C on Nutrient 
agar (NA), while the phytopathogens were activated at 
27°C on Potato dextrose agar (PDA), before related 
experiments. 

Modification of bacterial culture medium composition 
In order to increase B. subtilis 4-Ka-22’s CLP 

production with a low-cost approach, different cost-
effective raw materials (molasses, soybean meal, 
glycerol, CaCl2, and monosodium glutamate (MSG)) 
were selected, and the optimization of the medium was 
performed using Response Surface Methodology (RSM) 
in Design Expert® (Version 13.0). After transferring a 2% 
inoculum from B. subtilis 4-Ka-22 cultured in sterile 
Nutrient broth (NB) at 30°C for 20 h while being shaken 
at 180 rpm to 50 mL of the optimized medium, the 
cultures were incubated for six days at the same 
conditions. The peak CLP production period was 
determined by taking daily samples, extracting and 
analyzing them (Huang et al., 2024; Öztopuz et al., 
2018). B. subtilis 4-Ka-22 was also utilized in Luria–
Bertani (LB) and Landy broth, which is known to be 
efficient in terms of CLP production (Bertani, 1951; 
Landy et al., 1948) for comparison. Bacterial growth 
kinetics in the optimized CLP-production medium were 
assessed as colony forming unit (cfu)/ml by collecting 
samples every 12 h over a period of 8 d, with live cell 
count by pour plate on NA plates (İşlek et al., 2025). 

Determination of antifungal effect  
After CLP production, the cells were removed from 

the medium by centrifugation at 9000 rpm for 10 min. 
Then, the pH was reduced to 2 with 6 N HCl using the 
HCl-methanol extraction method (Mis et al., 2024) and 
left overnight. Afterwards, it was centrifuged at 10,000 
rpm for 10 min and 2 mL methanol was added to the 
remaining pellet and extraction was performed for 
another night. The methanol process was performed 
twice in total. Antifungal activity against the mentioned 
R. solani, B. cinerea, and F. solani was determined with 
agar well diffusion in PDA plates, using the following 
Equation 1 and expressed as % growth inhibition (PGI) 
(Maral-Gül & Eltem, 2024). 

𝐺𝑟𝑜𝑤𝑡ℎ 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 (%) =
𝑅−𝑟

𝑅
× 100           Equation (1) 

𝑅 = 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑝ℎ𝑦𝑡𝑜𝑝𝑎𝑡ℎ𝑜𝑔𝑒𝑛𝑖𝑐 𝑓𝑢𝑛𝑔𝑢𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑝𝑒𝑡𝑟𝑖 𝑑𝑖𝑠ℎ 

𝑟 = 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑝ℎ𝑦𝑡𝑜𝑝𝑎𝑡ℎ𝑜𝑔𝑒𝑛𝑖𝑐 𝑓𝑢𝑛𝑔𝑢𝑠 𝑔𝑟𝑜𝑤𝑖𝑛𝑔 𝑎𝑔𝑎𝑖𝑛𝑠𝑡 𝐿𝑃 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 

Determination of IAA production 
For quantitative determination of IAA production, 

4-Ka-22 adjusted to a concentration of 10⁸ cfu/mL by 
McFarland method and inoculated into the CLP-
production medium which contain 2 mL of 0.5% filter-
sterilized L-tryptophan (25 µg mL⁻¹) and incubated at 
180 rpm and 30°C for 48 h. After incubation, cells were 
separated from the medium by centrifugation at 9000 
rpm for 10 min, and 2 mL of the supernatant was mixed 
with 2 drops of orthophosphoric acid and 4 mL of 
Salkowski reagent. The IAA concentration was 
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determined by measuring the optical density (OD) at 
530 nm (Sözer Bahadir et al., 2018).  

Determination of protease activity 
In order to evaluate the effect of iron salts on lytic 

enzymes, only protease activity was determined in the 
cell-free supernatant after production, as the 
composition of the medium permitted the production of 
protease exclusively. For this, 450 μL of 1% azocasein 
solution was mixed with 50 μL of enzyme solution, and 
the mixture was incubated in a water bath at 50°C for 30 
min. At the end of the incubation period, the reaction 
was stopped by adding 25% trichloroacetic acid, and the 
mixture was then centrifuged at 10,000 rpm for 5 min. 
The absorbance of the resulting supernatants was 
measured at 440 nm using a spectrophotometer, and 
enzyme activity was calculated using the following 
Equation 2 (Joo et al., 2002; Yang et al., 2021). 

𝑃𝑟𝑜𝑡𝑒𝑎𝑠𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (
𝑈

𝑚𝑙
) =

𝐴𝑏𝑠440𝑛𝑚
0.01

30
𝑥20     Equation (2) 

Dynamic light scattering (DLS)  
DLS analysis was performed to characterize Fe 

nanomaterials potentially synthesized in the culture 
medium. Particle size distribution and polydispersity 
index (PDI) were measured using a Malvern Zetasizer 
Nano ZS (Mendes et al., 2021). All measurements were 
performed in triplicate. 

Iron salt-mediated nanomaterial production strategies 
Two different iron salts—ferric chloride (FeCl₃) and 

ferrous sulfate (FeSO₄)—were used in three distinct 
applications to investigate whether they produce iron 
nanoparticles (FeNPs), and if so, to evaluate their roles 
and efficiencies in the production process. Following the 
trials involving iron salts, their effects on antifungal 
activity, IAA production, protease activity and cell 
growth were evaluated using the strategies previously 
described. 

Direct addition of Fe salts during cultivation 
Initially, FeCl₃ and FeSO₄ were tested at low 

concentrations (1, 3, and 5 mM) in CLP-production 
medium, based on previous studies suggesting the 
influence of iron on microbial metabolism and 
secondary metabolite production (Crespo et al., 2017; 
Sharma et al., 2021). Based on performance, FeSO₄ was 
selected for testing at higher levels (10 and 20 mM). In 
each experiment, a 2% inoculum of B. subtilis 4-Ka-22 
grown for 20 h in NB was inoculated into CLP-production 
medium and incubated at 30 °C, 180 rpm for 8 days. 
Bacterial growth and sporulation were monitored by 
total viable counts (cfu/ml) and endospore 
quantification every 24 h. Endospore counts were 
determined by heat-treating the samples at 85 °C for 15 
min to eliminate vegetative cells, followed by pour plate 
(Sözer Bahadir et al., 2018).  

A preliminary assessment of Fe-nanomaterials 
potentially synthesized in either intracellular or 
extracellular environments after production was 

conducted based on their magnetic properties using an 
external neodymium magnet. To isolate Fe-
nanomaterials synthesized intracellularly, the 
production medium was subjected to cell disruption in 
an ultrasonic water bath at room temperature for 30 
min. For the separation of Fe-nanomaterials potentially 
suspended in colloidal form, an external neodymium 
magnet was applied to the supernatant obtained after 
centrifugation (Crespo et al., 2017; Fatemi et al., 2018; 
Shi et al., 2022).  

Addition of Fe salts to cell-free supernatant 
As previously described, B. subtilis 4-Ka-22 

cultivated in the CLP-production medium was separated 
from the medium by centrifugation at 9000 rpm for 10 
min. The supernatants were collected into falcons, and 
it was anticipated that the CLPs present in the 
supernatants would reduce the iron salts added to the 
medium, leading to Fe-nanomaterials synthesis under 
appropriate conditions. The effects of pH (9-13), 
incubation time (24 h and 48 h), temperature (40°C and 
68°C), iron salt type, and concentration were analyzed 
using the Optimal (Custom) Design method in Design 
Expert® (Version 13.0) software (Crespo et al., 2017; 
Sharma et al., 2021). In order to evaluate the potential 
relationship between the magnetic effect and other 
responses (IAA production, antifungal effect, protease 
activity), four randomly selected samples from the 
group without magnetic effects and all of the samples 
with magnetic effects were subjected to the previously 
mentioned analyses. 

Addition of Fe salts to culture broth 
15 mM FeSO₄ was added to the culture broth after 

cultivation and its effect on IAA production was 
evaluated under conditions of pH 13, 68 °C, 48 h of 
incubation, both with (300 rpm) and without mixing. 

Statistical analysis 
All experimental designs and optimization steps 

were performed using Design Expert® v13.0 (Stat-Ease 
Inc., USA). The significance of variables on CLP and IAA 
production was assessed by analysis of variance 
(ANOVA). 

Results 

Evaluation of CLP-production medium 
In the medium optimization, containing 8 g/L 

molasses, 15 g/L soybean meal, 9.5 g/L MSG, 6.6 g/L 
CaCl₂, and 10 g/L glycerol, which was suggested by the 
RSM in Design Expert®, provided the best results in 
terms of CLP production. Bacterial growth was 
monitored every 12 h throughout the 8-day production 
process in the optimized culture medium, during which 
the maximum viable cell count reached 1.45 × 10⁹ 
CFU/mL. Analysis of these samples revealed that B. 
subtilis remained in the lag phase for the first 60 h. 
Following this period, the cells entered the logarithmic 
(log) growth phase, which progressed gradually 
between 60 and 72 h, and then peaked before tapering 
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Figure 1. Response surface plots generated in Design Expert® based on Box-Behnken RSM optimization, illustrating the effects of 
different factor interactions on viable cell count: A) Soybean meal–molasses interaction, B) MSG–molasses interaction, C) MSG–
soybean meal interaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

off at 96 h. However, after day 6, both the cell counts 
and the inhibition percentage began to decline 
noticeably. As a result, the production process was 
terminated at the end of day 6. Based on the viable cell 
count achieved through RSM optimization, interaction 
plots illustrating the effects of individual components 
are presented in Figure 1. After validation, this medium 
was designated as the CLP-production medium and used 
for a standardized 6-day production period in the 
subsequent stages of the study. 

The antifungal activities of extracts produced by 
Bacillus subtilis 4-Ka-22—previously confirmed by Maral 
et al. (2025) to produce CLPs—are presented in Table 1 
as PGI values across three different media. The results 
clearly demonstrate that the CLP-production medium 
has a significant impact on the biological activity of CLPs. 
Compared to extracts from LB medium, those produced 
in the CLP-optimized medium exhibited approximately 
3.48-fold and 1.8-fold higher antifungal activity against 
R. solani and F. solani, respectively. When compared to 
the Landy medium, the increases were 63% and 22% for 
the same pathogens. For B. cinerea, CLPs from the CLP-
production medium showed 101% higher inhibition than 
those from LB, while CLPs from the Landy medium were 
15% less effective. 

Table 1. The PGIs of CLPs Produced by the B. subtilis 4-Ka-22 in 
different media against three phytopathogenic test fungi (R. 
solani, F. solani, and B. cinerea) 

Media 
PGI 

R. solani F. solani B. cinerea 

LB 7.01±0.31 16.85±2.3 16.0±1.8 
Landy 14.95±0.6 24.82±1.8 33.33±2.03 

CLP production 
medium 

24.41±2.15 30.36±2.5 32.18±0.86 

Throughout the production process, antifungal 
activity of CLPs against F. solani was assessed at 24-h 
intervals. CLP activity was observed as 5.07% after the 
first 24 h, increased to 32.85% on the second day, and 
continued to rise in the following days, although at a 
slower rate compared to the initial phase (Table S1, 
Figure S1). The highest antifungal activity was observed 
on the sixth day, reaching 39.86%. As illustrated in 
Figure 2, the B. subtilis 4-Ka-22 enters the logarithmic 
growth phase after 48 h and transitions into the 
stationary phase around the fourth day. CLP production 
occurs predominantly during both the logarithmic and 

stationary phases, with extended cultivation up to the 
sixth day enabling maximum yield and antifungal 
efficacy (Lv et al., 2024). Simultaneously, daily analyses 
revealed that the B. subtilis 4-Ka-22 consistently 
produced IAA, with concentrations increasing in parallel 
with bacterial growth. The IAA production peaked at 
12.93 μg/mL on the fifth day, coinciding with the 
stationary phase, suggesting a link between IAA 
biosynthesis and bacterial growth. Examination of the 
antifungal activity data indicates that growth inhibition 
of F. solani increased over time, particularly from the 
48th h. This rising inhibition may be partially attributed 
to IAA production, supporting a potential synergistic 
role of IAA in enhancing the antifungal effects of CLPs 
(Markelova & Chumak, 2025; Ngangom et al., 2019). 
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Figure 2. Growth curve of B. subtilis 4-Ka-22 strain in CLP 
production medium, IAA amounts (μg/mL) and antifungal 
effect (PGI) results. 

Effects of iron salt supplementation on PGPR metabolic 
activity  

Direct addition of Fe salts during cultivation 
The addition of low concentrations of iron salts to 

the medium during the cultivation process caused 4-Ka-
22 to transition to the log growth phase earlier. It was 
observed that the earliest transition to the log phase 
occurred especially in the group treated with 5 mM 
FeSO₄. In addition, at the end of the eight-day 
production process, a live cell density of approximately 
10⁹ cfu/ml was reached in all experimental groups, 
including the control group (Table S2). Cell growth under 
different concentrations of FeSO₄ and FeCl₃ 
supplementation is presented in Figure 3. However, no 
magnetic activity was detected in the preliminary 
magnetic tests performed to evaluate the formation of 
Fe-based magnetic nanomaterial, indicating that FeNP 
production did not occur under the current conditions.  

 

https://biotechstudies.org/uploads/BIO-1574_Supp1.pdf
https://biotechstudies.org/uploads/BIO-1574_Supp1.pdf
https://biotechstudies.org/uploads/BIO-1574_Supp1.pdf
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Figure 3. Cell growth under different concentrations of A) 
FeSO₄ and B) FeCl₃. 

Since cell growth was not negatively impacted and 
the transition to the log phase rapidly, greater 
concentrations of FeSO₄ were employed in subsequent 
production trials. Similar to earlier results, the viable cell 
counts in the control group without FeSO₄ 
supplementation reached 2.4x10⁹ cfu/ml at the end of 
day 6. However, from day one, there was an obvious 
decrease in the number of viable cells in the groups 
treated with FeSO₄. The viable cell counts in the CLP-
production medium with 10 mM FeSO₄ decreased 
initially but when B. subtilis 4-Ka-22 adapted to the 
environment, it started increasing on day three and 
reached 1.3x10⁸ cfu/ml by day six. In contrast, in the 
CLP-production medium containing 20 mM FeSO₄, a 
similar initial decrease in cell count was observed, but 
the cells failed to adapt to the high FeSO₄ concentration, 
resulting in a final count of only 3.3x10¹ cfu/ml by day 6. 
Furthermore, endospore counts at the end of 
production followed a similar trend. In the group 
without FeSO₄, the endospore count reached 4.1x10⁸ 
cfu/ml, whereas in the group supplemented with 10 mM 
FeSO₄, the count decreased to 2.8x10⁷ cfu/ml, and no 
endospores were detected in the group supplemented 
with 20 mM FeSO₄ (Table 2). These findings indicate that 
the B. subtilis 4-Ka-22 strain is directly affected by the 
environmental iron salt concentration gradient. It was 
observed that FeSO₄ concentrations significantly 
inhibited cell growth, and this effect became more 
pronounced with increasing FeSO₄ concentrations. 

Addition of Fe Salts to Cell-Free Supernatant 
According to the Design Expert (Version 13.0), 

magnetic response was observed in only 11 out of the 
26 different experimental runs (Figure S2). This indicates 

that specific conditions are effective in imparting 
magnetic properties. Notably, magnetic response was 
observed in all trials adjusted to pH 13, except for one 
(Trial 6), while no magnetic response was detected in 
any of the trials conducted at pH 9. These findings 
suggest that pH is a critical parameter in the formation 
of magnetic materials. In the control group without iron 
salt addition, the antifungal activity of CLP extracts 
resulted in 41.82% growth inhibition, whereas in the 
iron-supplemented trials, this value dropped drastically 
to a range of only 0–6%. Similarly, antifungal activity in 
samples without CLP extraction was measured at 22.3%, 
supporting the contribution of CLPs to antifungal 
effects. In iron-supplemented, non-extracted samples, 
antifungal activity remained within 2–6%, indicating that 
both CLPs and proteases contribute to the inhibitory 
effect. Protease enzyme activity in the control group 
was measured at 150.67 U/ml, whereas in all iron-
supplemented trials, it dropped significantly to a range 
of 0–11.33 U/ml, proving iron salt addition may have a 
suppressive effect on protease synthesis.  

Table 2. Viable cell counts (cfu/ml) in CLP-Production Media 
containing higher (10 and 20mM) FeSO₄ concentrations 

Time (Days) 

FeSO₄ Concentrations 

0 mM 10 mM 20 mM 

Viable Cell Counts (cfu/ml) 

0 1.9x10⁵ 5.9x10⁵ 2.9x10⁵ 
1 9.5x10⁷ 5.7x10⁴ 7.3x10¹ 
2 8.5x10⁸ 1.6x10³ 1,0x10² 
3 1,0x10⁹ 7,0x10³ 1.1x10² 
4 5.8x10⁸ 1.1x10⁵ 5.1x10¹ 
5 8.5x10⁸ 5.5x10⁵ 4.4x10¹ 
6 2.4x10⁹ 1.3x10⁸ 3.3x10¹ 

In contrast to the reduction in antifungal activity, 
IAA production exhibited an opposite trend. Among the 
15 evaluated trials, only two (Trials 8 and 13) showed 
IAA levels close to that of the control (6.32 µg/mL), while 
the others demonstrated increased IAA production. 
Particularly under the conditions of 48-h incubation at 
pH 13 and 68 °C, a notable increase in IAA production 
was observed in three trials (7, 9, and 12) compared to 
other treatments. In Trial 7, which involved 25 mM FeCl₃ 
supplementation, IAA concentration reached 
25.1 µg/ml, while the highest levels (31.23 µg/ml and 
31.43 µg/ml) were recorded in Trials 9 and 12 using 
15 mM and 20 mM FeSO₄, respectively. Although the 
FeSO₄ concentrations differed in these two 
experiments, no significant increase was observed in IAA 
levels (Table 3). Therefore, it shows that after a certain 
threshold value, Fe+2 ions reach saturation in the 
medium and cannot further promote IAA formation. In 
addition, comparative analysis of Fe+2 and Fe+3 ions in 
the medium reveals that Fe+2 ions are more effective in 
terms of IAA production.  

Addition of FeSO4 to culture broth 
Based on previous experiments, FeSO₄ was 

selected, and further trials were conducted using both 
cell-containing and cell-free culture broths under the 

https://biotechstudies.org/uploads/BIO-1574_Supp1.pdf
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Table 3. Effect of Different Concentrations of FeCl₃ and FeSO₄ applications on IAA production, antifungal activity and protease enzyme 
activity under magnetic induction conditions 

Group No. 
Trial 
No. 

Fe salt 
concentration 

(mM) 

Time (h), pH, 
Temperature (°C) 

Magnetic 
effect 

IAA 
(µg/ml) 

Antifungal activity  
(PGI against F. solani) Protease enzyme 

activity (U/ml) 
Culture broth 

Crude CLP 
extract 

Group 1 
(FeCl3) 

1 15 24, 13, 68 Present 26.71 2.95 5.36 3.33 

2 15 48,13, 40 Present 15.26 2.56 0 0 

3 20 24, 13, 68 Present 18.7 2.52 8.93 10.13 

4 20 48, 13, 40 Present 14.98 6.59 0 11.33 

5 20 48, 9, 68 Absent 16.36 4.15 3.57 0.53 

6 25 24, 13, 40 Absent 13.53 3.29 0 2.4 

7 25 48,13, 68 Present 25.1 4.65 0 4.53 

Group 2 
(FeSO4) 

8 15 24, 9, 68 Absent 6.26 2.92 21.43 4.13 

9 15 48, 13, 68 Present 31.23 3.44 7.14 4.07 

10 15 24, 13, 40 Present 18.16 2.31 0 0.67 

11 20 24, 13, 40 Present 10.07 5.87 3.57 2.27 

12 20 48, 13, 68 Present 31.43 3.29 7.14 5 

13 25 24, 9, 40 Absent 5.62 4.02 8.93 3.47 

14 25 24, 13, 68 Present 25.62 2.06 0 0 

15 25 48, 13, 40 Present 11.81 4.07 1.79 0.87 

Control (No 
Fe Salts) 

- - - 6.32 22.3 41.8 150.67  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

conditions of pH 13 and 68°C for 48 h. The control group 
without iron salt, the IAA level was measured as 8.89 
µg/ml. In contrast, in cell-free and static conditions, the 
addition of FeSO₄ resulted in a 3.62-fold increase in IAA 
production, reaching 32.15 µg/mL. Under static 
conditions with cells, the IAA level further increased to 
56.34 µg/mL, representing a 6.33-fold increase 
compared to the control group. This indicates that both 
Fe⁺2 ions and cellular components have a positive effect 
on IAA production. Additionally, mixing significantly 
enhanced IAA production in both trials. In the cell-free 
culture broth, stirring at 300 rpm increased the IAA level 
to 65.97 µg/mL, corresponding to a 2.05-fold increase 
compared to static conditions. In the cell-containing 
broth, IAA production reached 81.40 µg/mL under the 
same stirring conditions, which representing a 1.45-fold 
increase compared to the static condition and a 9.15-
fold increase compared to the control group (Table 4). 
The highest IAA production observed in the cell-
containing and stirred environment indicates that the 
interaction of biological content and physical conditions 
such as uniform mixing and proper heat distribution 
together enhances the yield (Nutaratat et al., 2015).  

In cell-free culture broth, due to the absence of 
cell-derived metabolic side reactions, enzymatic 
activities largely depend on a limited number of 
parameters such as substrate availability, dissolved 
oxygen concentration, and enzyme stability. The mixing 
process enhances the interaction between the enzyme 
and substrate in the medium, thereby promoting the 
formation of enzyme-substrate complexes. Previous 
studies have shown that IAA production increases 
significantly in Trp-mediated IAA biosynthesis pathways, 
especially in the presence of oxygen (Castillo-Alfonso et 
al., 2022; W. H. Liu et al., 2019). On the other hand, the 
homogeneity of the medium obtained by mixing, 
supports the stable operation of enzymes by minimizing 
regional pH changes and contributes to the prevention 
of possible enzyme inhibition due to product 

accumulation. The presence of B. subtilis 4-Ka-22 in the 
medium are thought to contribute to the process as a 
natural source of enzymes and cofactors involved in the 
conversion of Trp to IAA, thereby enabling more 
efficient IAA production (Shao et al., 2021). Higher IAA 
levels were generally obtained in experiments carried 
out at 68°C compared to those carried out at 40°C. 
Although Bacillus species show optimal growth in the 
range of 30–37°C (Bolmanis et al., 2024), they can show 
thermotolerance. For instance, B. subtilis 4-Ka-22 was 
reported to grow within a range of 20 to 50°C. 
Considering the growth temperatures of Bacillus spp., it 
has been reported that most of their enzymes, including 
those involved in the IAM and IPA pathways, exhibit 
higher activity at elevated temperatures, indicating that 
they are thermostable enzymes. (Arai et al., 2004; Kelly 
et al., 2020; Y. Li et al., 2013). In fact, Mohite (2013) 
similarly reported that Azospirillum brasilense SM strain 
grew fastest at 30°C, but IAA production reached its 
maximum level at 37°C. Considering the 
thermotolerance of B. subtilis 4-Ka-22, the increase in 
IAA production at the temperature value used in our 
study is attributed to the increase in enzymatic activities 
in cell-free supernatant. 

DLS-based confirmation of iron nanomaterials 
formation 

DLS analysis revealed that iron nanoparticles 
(FeNPs) synthesized in FeSO₄-enriched culture broth 
exhibited an average hydrodynamic diameter of 882.3 
nm with a PDI of ~0.4. The samples were subjected to 
alkaline heat treatment (pH 13, 68°C) to promote 
nanoparticle synthesis. The intensity-based size 
distribution graph of the Fe-nanomaterial sample is 
presented in Figure 4. The polydispersity index 
confirmed the heterogeneous nature of the particles, 
which is typical for biogenically produced NPs (Fatemi et 
al., 2018). No significant particle formation was 
detected in controls lacking iron or pH induction. These 
results indicate that B. subtilis 4-Ka-22 can mediate Fe 
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Table 4. Impact of FeSO₄ and mixing on IAA production in cell-containing and cell-free culture broth 

Culture Medium pH FeSO₄ (mM) Time (h) Temp (°C) Mixing (rpm) Magnetic effect IAA (µg/mL) 

Cell-containing medium 13 15 48 68 0 Yes 56.34 
Cell-containing medium 13 15 48 68 300 Yes 81.40 
Cell-free medium 13 15 48 68 0 Yes 32.15 
Cell-free medium 13 15 48 68 300 Yes 65.97 
Control - - - - - - 8.89 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

nanomaterials synthesis in appropriate chemical 
environments, likely through metabolite-mediated 
reduction mechanisms as suggested by Crespo et al. 
(2017) and (Mendes et al., 2021).  

 
Figure 4. DLS characterization of FeNPs synthesized by B. 
subtilis 4-Ka-22 in FeSO₄-supplemented medium. 

According to the results obtained from the DLS 
analyses, none of the tested samples exhibited an 
average nanoparticle diameter (Z-Average, d.nm) within 
the expected (100 – 500 nm) size range. Despite multiple 
attempts under different experimental conditions, 
successful FeNP synthesis could not be achieved. 

For particle size determination via DLS device, it is 
crucial that the sample is dissolved in a transparent 
solvent which does not exhibit scattering properties. To 
determine the size of the formed nanoparticles and 
their homogeneous distribution in the solvent DLS 
analysis play a critical role (Mudalige et al., 2019). 
However, the polydispersity index (PDI) values, which 
are used to describe particle size distribution and 
potential aggregation in colloidal systems, were found 
to be low across the tested samples. A low PDI value 
indicates a uniform (monodisperse) distribution of 
FeNPs within the suspension without significant 
aggregation, supporting the stability of the particle 
dispersion (Mudalige et al., 2019). The unsuccessful 
FeNP production within the desired size range may be 
related to the rapid increase in the pH of the medium 
using basic solutions. These conditions may have led to 
an increase in the average radius of the resulting 
particles (Ait Kerroum et al., 2019). 

Discussion 

Optimizing the culture medium components both 
metabolically and economically is crucial for enhancing 
CLP production and ensuring the sustainability of 

biotechnological processes. Our study also 
demonstrated the significant impact of different 
medium on CLP production. The growth profile of B. 
subtilis 4-Ka-22 in the optimized CLP-production 
medium, as well as the IAA concentrations and 
antifungal activity against F. solani measured at 24-h 
intervals, is presented in Figure 2. According to the 
literature, the widely used Landy medium produces 
higher total lipopeptide yield compared to LB medium, 
reaching up to 563.20 mg/L (D. Sun et al., 2019). 
Similarly, in this study, CLPs produced in the Landy 
medium exhibited nearly twice the PGI compared to 
those produced in LB medium. However, the refined 
components in Landy medium contribute to increased 
production costs. In contrast, agro-industrial by-
products such as molasses and soybean meal used in our 
study not only supported the growth of industrial 
microorganisms like B. subtilis but also enhanced CLP 
production (Z.-M. Chen et al., 2010; Grigs et al., 2023; 
Zhou et al., 2023). Using these substrates as carbon and 
nitrogen sources enhanced the growth of 4-Ka-22 and 
improved antifungal activity. These agro-industrial 
substrates provide comparable production yields to 
media containing glucose, sucrose, and yeast extract, 
while offering significant cost advantages for 
commercial-scale production. 

IAA biosynthesis, similar to CLP production, 
typically occurs during the stationary phase of bacterial 
growth through different pathways (Table 5). After 
depletion readily available carbon sources, Bacillus spp. 
utilizes alternative sources (L-Trp), redirecting their 
metabolism toward IAA synthesis (Duca & Glick, 2020). 
The IAA produced not only stimulates plant 
development but also functions as a chemotactic signal 
molecule for rhizobacteria. Through this role, IAA 
contributes to the activation of quorum sensing 
mechanisms, thereby facilitating bacterial aggregation 
(Etesami & Glick, 2024). The aggregated bacterial cells 
exhibit a propensity to form biofilms. Similarly, CLPs are 
known to play a direct role in the establishment of 
biofilm structures (Markelova & Chumak, 2025). In this 
context, the increase in IAA and CLP production 
observed in our study is hypothesized to be primarily 
driven by this synergistic mechanism. Furthermore, 
(Tang et al., 2023) reported that in B. subtilis, the 
expression of genes involved in the IAM pathway is 
linked to global regulators that also modulate the 
production of surfactin and fengycin (Table 5). In 
addition, the utilization of L-Trp as a carbon source 
during the stationary phase alters the intracellular 
amino acid pool balance. This shift can influence the 
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Table 5. Indole-3-Acetic Acid (IAA) biosynthetic pathways in microorganisms 

Pathway name 
Pathway 

type 
Synthesis steps Key enzymes Microorganisms References 

Indole-3-
Acetamide 

(IAM) Pathway 

Tryptophan-
dependent 

L-Trp → L-Trp 
monooxygenase → 
Indole-3-acetamide 
(IAM) → Indole-3-

acetamide hydrolase → 
IAA 

L-Trp monooxygenase 
(IaaM), Indole-3-

acetamide hydrolase 
(IaaH) 

Pseudomonas savastanoi, Agrobacterium 
tumefaciens, Streptomyces sp., Bacillus 

subtilis 

(Ahemad & 
Kibret, 2014; 
Tsavkelova et 

al., 2006) 

Indole-3-
Pyruvic Acid 

(IPA) Pathway 

Tryptophan-
dependent 

L-Trp → 
aminotransferase (TAM) 
→ Indole-3-pyruvic acid 

(IPA) → IPDC → Indole-3-
acetaldehyde (IAAld) → 

aldehyde dehydrogenase 
→ IAA 

Aminotransferase 
(TAM), Indole-3-

pyruvate 
decarboxylase (IPDC), 

Aldehyde 
dehydrogenase (IAD) 

Azospirillum brasilense, Enterobacter 
cloacae, Bacillus subtilis, Bacillus 

thuringiensis 

(Ahmad et al., 
2005; Feng et 

al., 2024; 
Patten & Glick, 
1996; Zhang et 

al., 2019) 

Tryptamine 
(TAM) Pathway 

Tryptophan-
dependent 

L-Trp → L-Trp 
decarboxylase → 

Tryptamine (TAM) → 
Amine oxidase → Indole-
3-acetaldehyde (IAAld) 

→ aldehyde 
dehydrogenase → IAA 

L-Trp decarboxylase, 
Amine oxidase, 

Aldehyde 
dehydrogenase 

Pseudomonas putida, Bacillus cereus, 
some fungi 

(Djami-
Tchatchou et 

al., 2020; 
Perley & Stowe, 

1966; Tang et 
al., 2023) 

Indole-3-
Acetaldoxime 
(IAOx) / IAN 

Pathway 

Partially 
tryptophan-
dependent 

L-Trp → (unknown 
enzyme) → Indole-3-

acetaldoxime (IAOx) → 
aldoxime dehydratase 

(Oxd) → Indole-3-
acetonitrile (IAN) → 

nitrilase/amidase → IAA 

Aldoxime dehydratase 
(Oxd), Nitrilase, 

Amidase 

Bacillus 
amyloliquefaciens, Bradyrhizobium 

sp., Variovorax 
boronicumulans, Xylaria sp. 

(Bak et al., 
2001; K. Chen 
et al., 2021; Li 
et al., 2018; 
Shao et al., 

2021; S.-L. Sun 
et al., 2018) 

Tryptophan 
Side-Chain 

Oxidase (TSO) 
Pathway 

Tryptophan-
dependent 

L-Trp → side-chain 
oxidase (TSO) → Indole-
3-acetaldehyde (IAAld) 

→ aldehyde 
dehydrogenase → IAA 

Side-chain oxidase 
(TSO), Aldehyde 
dehydrogenase 

Pseudomonas fluorescens 

(Etesami & 
Glick, 2024; 
Tang et al., 

2023)  

Tryptophan-
Independent 

Pathway 

Tryptophan-
independent 

Unknown precursor → 
IAA 

Unknown enzymes 
Azospirillum brasilense, Micrococcus 

aloeverae, Cyanodermella 
asteris (endophytic fungus) 

(Prinsen et al., 
1993; 

Tsavkelova et 
al., 2006) 

composition of CLP structures, potentially modifying the 
amino acid chain type and length in different CLP 
families such as iturin, surfactin, or fengycin (Wang et 
al., 2019). Variations caused by the fatty acid chains or 
amino acids employed in the synthesis of CLPs can 
change the production profile, which in turn can impact 
membrane permeability, biofilm formation, and 
pathogen inhibition capability. 

At ideal quantities, iron is known to enhance 
metabolic processes and be a crucial cofactor for cellular 
metabolism (Andrews et al., 2003). In order to improve 
iron absorption and therefore facilitate biofilm 
formation and sporulation processes, bacteria like 
Bacillus subtilis and Klebsiella pneumoniae produce 
more siderophores when iron levels are low 
(Grandchamp et al., 2017; K. Liu et al., 2022; Rizzi et al., 
2019). To prevent excessive iron accumulation and 
related oxidative stress, the Ferric uptake regulator (Fur) 
protein in B. subtilis binds Fe+2 ions to become active and 
represses iron absorption at high iron concentrations 
(Escolar et al., 1999; Imlay, 2008). However, Fur's metal 
ion-dependent regulatory role may be compromised in 
some circumstances, which might result in a disturbance 
of iron homeostasis and increased oxidative stress (Lee 
& Helmann, 2006). In particular, at elevated iron levels, 
accelerated Fenton reactions increase the production of 

reactive oxygen species (ROS) such as hydroxyl radicals, 
causing damage to DNA, proteins, and lipids (Imlay, 
2008). In this study, it is thought that the B. subtilis 4-Ka-
22 strain can adapt to low iron conditions, whereas at 
high concentrations such as 20 mM FeSO₄, cell death 
occurs due to ROS accumulation, and this increased 
oxidative stress likely negatively affects sporulation 
pathways through DNA damage, thereby inhibiting 
endospore formation.  

PGPR exhibit antifungal activity against 
phytopathogens primarily through the production of 
lytic enzymes as well as CLPs. These enzymes disrupt the 
fungal cell wall structure, thereby inhibiting mycelial 
growth and spore formation (Ayaz et al., 2024; Choub et 
al., 2021), while CLPs exert antimicrobial effects by 
compromising the integrity of the cell membrane, 
forming pores, and disturbing ion balance (Balleza et al., 
2019; Cirac et al., 2011). In our study, the difference in 
antifungal activity observed between the crude CLP 
extract and the cell-free culture supernatant is 
attributed to the higher concentration of CLPs in the 
extract. It is assumed that the extraction process yields 
a more concentrated form of CLPs compared to the 
crude culture mixture, resulting in stronger antifungal 
effects. Similarly, Jan et al. (2023) reported that Bacillus 
subtilis FJ3 inhibited Fusarium oxysporum growth by 
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52% in dual culture assays, whereas inhibition increased 
to 92% after extraction. This increase was attributed to 
the collective effect of antifungal metabolites such as 
lytic enzymes, diffusible antibiotics, and siderophores, 
or to the high-level production of CLPs. In assays 
involving iron salts, the observed decline in antifungal 
activity was primarily linked to the elevation of pH to 9 
and 13, which induced saponification of CLPs, 
preventing their acidic degradation (Fałtynowicz et al., 
2019; Taira et al., 2017). In contrast, when no extraction 
was performed, the decrease in activity was associated 
with both CLP saponification and a significant reduction 
in protease activity.  

Conclusion 

In this study, which aimed to develop an 
economical nano-bioformulation, the addition of FeCl₃ 
and FeSO₄ salts to cell-containing and cell-free culture 
broths under different conditions led to a reduction in 
CLP and protease activity, while significantly enhancing 
IAA synthesis. The highest IAA yield was achieved when 
15 mM FeSO₄ was added to the cell-containing culture 
under mixing, resulting in a 9.15-fold increase compared 
to the control group. The dual occurrence of enhanced 
IAA synthesis and Fe nanomaterial generation under 
FeSO₄ supplementation demonstrates the multifactorial 
benefits of PGPR-mediated nano-bioformulations. This 
finding suggests that similar IAA production levels may 
be attainable in other bacterial strains with comparable 
biosynthetic pathways. Although the formation of 
FeNPs could not be achieved under current conditions, 
the methodology established here provides a strong 
foundation for future adaptation to more functional and 
versatile biotechnological applications. 
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