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Bacillus subtilis strains are extensively integrated into aquafeeds, serving either as probiotics or single-cell proteins, 
due to their proven nutritional advantages for farmed fish. However, low biomass yields and high production costs 
limit their usefulness as microbial proteins in aquafeeds. Hence, a pioneering effort was made to statistically optimize 
the growth medium for enhancing the biomass production of a beneficial aquaculture probiotic bacterium, B. subtilis 
PW12, which holds potential for contributing to the production of high-value additives for aquaculture diets. Plackett-
Burman Design was used for the primary screening of nutrient components and culture conditions. Four of the eleven 
variables investigated in the PBD, such as soya peptone, glucose, pH, and inoculum size, had a significant influence on 
the biomass production of the bacteria. These factors were further optimized by using the Central Composite Design 
and Response Surface Methodologies. The predicted biomass yield was 14.19 g/L, whereas the obtained biomass 
yield as dry cell weight was 14.29 ± 0.23 g/L. A glucose and soya peptone-based medium demonstrated efficacy 
in promoting both growth and nutritional enrichment of the target bacteria. Furthermore, this optimized medium 
facilitated the attainment of high cell density, a critical factor for the future production of quality microbial products 
tailored for aquaculture applications.
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1. INTRODUCTION

The practice of incorporating beneficial microorganisms into feeds in 
the form of single-cell proteins and probiotics represents a promising 
strategy in aquaculture, as it enhances the growth and immunological 
resilience of farmed fish. Single-cell protein, or microbial protein, 
refers to the dried cells of bacteria, fungi, algae, and yeast, which has 
been regarded as a potential substitute for fish meal up to 25-50% in 
aquaculture diets. Bacterial cells outpace other microbial proteins in 
terms of their rich crude protein concentration (50-80 wt.%), large 
amino acid spectrum, carbohydrate, vitamin content, etc. Although 
bacterial meal serves as a valuable source of protein, the efficiency 
of its mass production relies on the final product yield; therefore, 
using cost-effective methods to maximize cellular growth is a crucial 
prerequisite for microbial protein production [1-3]. A culture medium 
exacting in terms of the nutritional requirements of the selected 
bacteria can exert greater influence on its growth, nutrient content, and 
biomass yield [4]. The nutritional requirements and composition of a 

bacterial cell are in fact attributed to the species and strain to which it 
belongs. Since their growth tactics are nutrient-sensitive, finding the 
optimal growth medium and conditions for the bacterial strain under 
study is pivotal for obtaining the desired biomass yield with a high 
crude protein content.

Bacillus subtilis is a common probiotic bacterium used in aquafeeds. 
They are frequently incorporated into aquaculture diets as live or heat-
killed probiotics, and research indicates that they enhance fish nutrition 
and exhibit potent immunomodulatory effects. [5-7]. Furthermore, 
different Bacillus species have been proven to produce single cell 
proteins with high crude protein content [8-10]. This microbial protein 
is highly sought after for its essential amino acid profile, which 
complies with Food and Agriculture Organization and World Health 
Organizations standards [2,3,11]. B.subtilis PW12 (MTCC 10402) is a 
non-pathogenic, salt tolerant, probiotic bacterium with anti-microbial 
activity against aquaculture pathogens. The ability of the bacteria to 
thrive in normal to higher salinities renders it a valuable water probiotic 
that can find application across diverse aquaculture sectors spanning 
freshwater, brackish water, and marine environments [12,13]. The 
bacterium has been found to have anti-microbial properties, particularly 
against Vibrio species, and the primary compounds produced are 
anti-microbial chemicals of aquaculture grade, such as N-substituted 
phenazinecarboxylate, propyl/phenethyl 2-oxoacetates [14]. Microbial 
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formulations, comprising B. subtilis strains and other bacterial species 
producing similar antimicrobial compounds, have been developed with 
elevated nutritional value and antagonistic properties that are intended 
for incorporation into aquafeeds, aiming to improve fish health and 
promote growth [15]. Production of high-quality microbial products, 
however, demands enhancement of microbial biomass production. 
Since biomass production of B. subtilis PW12 has not yet been the 
subject of extensive research, the current study deals with pioneering 
efforts on optimizing the medium to maximize the biomass production 
of the bacteria in batch culture to overcome the low yield challenge 
associated with the production of microbial proteins. Moreover, the 
research fosters the opportunity to explore the potentiality of this 
microbial biomass in aquafeed as a single-cell protein.

Statistical medium optimization using Response Surface Methodology 
(RSM) is an excellent strategy to formulate nutritionally balanced 
as well as cost-effective culture mediums for obtaining desired 
products from microorganisms before stepping into their large-scale 
manufacture. Statistical medium optimization surpasses conventional 
strategies such as the one-factor-at-a-time approach in terms of cost, 
time efficiency, accuracy in result interpretation, and understanding of 
the interactive effects of variables. This approach combines statistical 
and mathematical techniques to build models, analyze the impact of 
numerous independent variables, and determine the optimal values 
for each variable. In essence, response surface methodology is a 
combination of steps comprising experimental design, mathematical 
modeling, and statistical inference that, when used together, enable 
the researcher to analyze the response that is influenced by a number 
of variables [16].

Statistical medium optimization studies have successfully yielded 
various growth-associated secondary metabolites and facilitated the 
preparation of bio-control formulations utilizing different strains of 
B.subtilis. However, the current investigation aims at optimizing a 
medium specifically for enhanced biomass production of B. subtilis 
PW12 (MTCC10402) in a batch culture, to unlock its potential in 
aquafeeds. In the present study, Plackett-Burman design (PBD) was 
used to select the medium components and culture conditions that 
significantly affect biomass production. The selected factors were then 
optimized using RSM with a Central Composite Design (CCD) to 
achieve a higher biomass yield for the bacterium.

2. MATERIALS AND METHODS

2.1. Microorganism
Bacterial strain B. subtilis PW 12 (MTCC 10402) was procured 
from CSIR- Microbial Type Culture Collection Centre (MTCC), 
Chandigarh, Punjab, India. The culture was preserved in 40% glycerol 
and kept at −20°C. The bacterial culture was maintained on nutrient 
agar slants and plates for routine work. The slants were kept at 4°C and 
periodically subcultured in nutrient broth medium.

2.2. Preparation of Seed Culture
Pure culture was used to inoculate 100 mL of Tryptic Soy Broth 
medium contained in a 250 mL Erlenmeyer’s flask and cultured in an 
orbital shaker at 37°C and 150 rpm for 24 h.

2.3. Medium Components and Culture Conditions
Medium components such as glucose, peptone, yeast extract, soya 
peptone, NaCl, MgSO4.7H2O, and KH2PO4 were chosen, while culture 

conditions like temperature (°C), pH, agitation (rpm) and inoculum 
size (% v/v) were selected for the study. The incubation period for the 
strain was chosen as 48 h following a trial.

2.4. Statistical Experimental Design for Optimization
2.4.1. Primary screening of medium components and culture 
conditions using Plackett- Burman design (PBD)
Plackett-Burman Design (PBD), based on the first order model 
[Equation 1], was employed for determining the relative significance 
of the medium components and culture conditions on the biomass 
production of the bacteria [17].

Y    X
i i

� �� �
0

�
                                                            [Equation 1]

Where Y is the response, β0 is the model intercept, βi is the linear 
coefficient, and Xi is the level of the independent variable. According 
to the design, the total number of experimental trials is n+1, where 
n is the number of variables. Nutrient components such as glucose, 
peptone, yeast extract, soya peptone, NaCl, MgSO4.7H2O and 
KH2PO4, while culture conditions like pH, temperature, inoculum size, 
and agitation were subjected to screening with 15 experimental runs. 
Concentration ranges of medium components and culture conditions 
applied in the PBD were determined by an initial one-factor-at-a-
time method (OFAT). The response variable was the biomass yield 
(g/L) produced after 48 h of culture. Each component in the PBD was 
examined at two different levels: low (-) and high (+) (Table 1). Centre 
point (0) replications were done in triplicate.

2.4.2. Medium optimization by Response Surface Methodology 
(RSM)
A central composite design with five coded levels (-ɑ, -1, 0, +1, and 
+ ɑ) was used to explicate the effects of the factors selected by the 
PBD on biomass yield. A full factorial design was used in the central 
composite design, with 31 experimental runs. Biomass yield, measured 
as dry weight (g/L) obtained after 48 h of cultivation, was considered 
the response variable. The variables in the CCD were tested at low 
(−) and high (+) levels, and six replications at center point (0) were 

Table 1: Coded and uncoded values of experimental variables used in 
Plackett- Burman design.

Factor Name Coded levels

Low level(−) High level(+)

A Glucose (g/L) 10 20

B Peptone (g/L) 10 20

C Yeast extract (g/L) 10 30

D Soya peptone (g/L) 10 30

E NaCl (g/L) 5 10

F MgSO4.7H2O (g/L) 2 4

G KH2PO4 (g/L) 2 3

H Temperature (oC) 28 37

J pH 6 7

K Agitation (rpm) 150 250

L Inoculum size (% v/v) 5 10
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performed (Table 2). The CCD model was explained by a second-order 
polynomial equation [Equation 2].

Y   � � � � �� � � �
0

2� � �i
k

i ii
k

i i i i j ij i ji X X X X
      [Equation 2]

where Y is the predicted response, β0 is the offset term, βi is the ith 
linear coefficient, βii is the ith quadratic coefficient, and βij is the ijth 
interaction coefficient [17].

2.4.3. Statistical analysis
The statistical design and analysis were performed using Minitab 21. 
The analysis of variance (ANOVA) was used to statistically analyze 
the models. The coefficient of determination (R2) and its statistical 
significance, determined by the F-test was used to evaluate the 
statistical quality of the polynomial model equations. The significance 
level for all statistical tests was set at 0.05. The student t-test was used 
to assess the statistical significance of the regression coefficients. In 
PBD, the Pareto chart was used to screen out insignificant variables at 
a significance level of p = 0.05. Contour plots and three-dimensional 
response surface plots were applied to elucidate the main and interactive 
effects of the independent variables on the biomass production of B. 
subtilis PW 12. By solving the regression equation and evaluating the 
response surface and contour plots, the optimum values for the study 
variables were determined.

2.5. Evaluation of Biomass Production
Biomass production of B. subtilis PW 12 grown in optimized medium 
was evaluated in a laboratory bioreactor. The dry weight of the bacterial 
cell biomass was determined by centrifuging 10 mL of culture sample 
at 5000 g for 20 min, drying at 80°C overnight, and weighing the 
resulting dry cell biomass in grams per liter.

3. RESULTS AND DISCUSSION

3.1. Screening of Significant Nutrient Components Using 
Plackett-Burman Design
The Plackett-Burman design is a key tool in screening the effects of 
the variables on the final response [18]. The biomass yield showed 
variation across the 15 experimental runs (Table 3). ANOVA results 
for PBD revealed that only 4 out of 11 variables had a significant 
effect on the response, i.e., biomass yield. Soya peptone, glucose, pH, 
and inoculum size had a significant influence on biomass production 
(p < 0.05) [Table 4, Figure 1]. Hence, only these factors were used 
for further optimization experiments. The polynomial equation for 
biomass yield is represented by Equation 3.

Biomass 1 64  716 Glucose  336 Peptone  1532 � � � � �. . . .0 0 0 0 0 0 YYeast extract

 6157 Soya Peptone  13 3 NaCl  1527 � � �0 0 0 0 0. . . MMgSO4 7H2O

 142 KH2PO4  148 Temperature  89  pH  

.

. . .� � � �0 0 0 0 0 00 00 0

0

.

. .

4 7 

Agitation  1469 Inoculum size  1 256 Ct Pt� �

                                                                                            [Equation 3]

The linear regression coefficient of determination, R2, was 0.99, 
which indicated that the predicted model could account for 99.17% 
of the variability in the experimental data. The model was fit to the 
data, as the lack of fit was found to be insignificant (p > 0.05). Since 
the curvature was significant (p < 0.05), a higher order model was 
necessary to optimize the levels of significant variables.

The Selection of medium components and their concentrations is 
fundamental to medium optimization, as the availability of substrates 

Table 2: Coded and uncoded values of experimental variables used in the 
central composite design.

Factor Name Coded levels

−ɑ −1 0 1 +ɑ

A Soy Peptone (g/L) 5.86 10 20 30 34.14

B Glucose (g/L) 7.93 10 15 20 22.07

C pH 5.586 6 7 8 8.414

D Inoculum size(% v/v) 3.965 5 7.5 10 11.035
ɑ=1.414.

Table 3 : Design and responses of the Plackett - Burman Design (PBD).

Run A B C D E F G H J K L Biomass yield (g/L)

1 - + + + - + + - + - - 9.34

2 0 0 0 0 0 0 0 0 0 0 0 7.55

3 0 0 0 0 0 0 0 0 0 0 0 7.06

4 + - - - + + + - + + - 9.85

5 - + + - + - - - + + + 7.98

6 + - + + - + - - - + + 8.36

7 - - - + + + - + + - + 9.22

8 - - + + + - + + - + - 9.00

9 + + - + - - - + + + - 10.45

10 0 0 0 0 0 0 0 0 0 0 0 7.50

11 + + + - + + - + - - - 8.57

12 - + - - - + + + - + + 7.33

13 + + - + + - + - - - + 9.08

14 - - - - - - - - - - - 6.74

15 + - + - - - + + + - + 7.58
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influences growth rate, and the limitations of different substrates can 
significantly affect the nutritional value of microbial biomass [19]. An 
adequate supply of carbon and nitrogen, together with ideal growing 
conditions, are the most essential requirements for bacterial growth. 
The variables investigated in the present study were selected to account 
for the sources of carbon (glucose), nitrogen (peptone, yeast extract, 
and soya peptone), inorganic nutrients for the supply of phosphate, 
sulfate, and minerals (KH2PO4, MgSO4.7H2O, NaCl) and culture 
conditions (temperature, pH, agitation, and inoculum size). Since no 
other optimization experiments had been conducted on B. subtilis 

PW12, the medium components and culture conditions for the study 
were chosen based on prior research on other strains of B. subtilis. 
Prior to screening, OFAT studies provided information on the ranges 
of concentrations for each individual component that should be used in 
the Plackett-Burman design.

Screening experiments using PBD showed that soya peptone, 
glucose, pH, and inoculum size had substantial impacts on biomass 
yield. The nitrogen source has a key role in determining the rate of 
bacterial growth [20]. Soya peptone had the highest effect on biomass 
production by B. subtilis PW12. Other nitrogen sources used in the 
PBD study, such as yeast extract and peptone, had an insignificant 
effect on biomass production. The effective use of soya peptone or soya 
protein hydrolysate as nitrogen sources by some strains of B. subtilis 
has been reported, where high cell density biomass production was 
a prerequisite for the synthesis of certain secondary metabolites and 
industrially important enzymes [21-23]. Several prior investigations, 
in contrast to the current study, have utilized other organic nitrogen 
sources, such as peptone and yeast extract, to produce biomass using 
some specific strains of B. subtilis [24-26]. In the present study, the 
enhanced production of biomass may be attributed to the complex 
mixture of amino acids, short peptides, carbohydrates, etc. contained 
in soya peptone. Despite being a non-essential amino acid, glutamate 
is the one amino acid that B. subtilis prefers [27,28]. According 
to the study by Leibs et al. [29] the exponential growth phase of B. 
subtilis showed considerable intake of glutamate, aspartate, serine, 
and alanine from the growth media. Moreover, soya peptone has a 
high reserve of amino acids and a total glutamic acid concentration 
higher than other amino acid contents [30]. Together with other 
growth factors, the presence of these amino acids might have helped 
the bacteria produce more biomass. Additionally, it is possible that B. 
subtilis may efficiently use soya peptone as it can produce the enzyme 
protein glutaminase (PG), which has the ability to hydrolyze amides 
of glutamine in proteins and thereby enhance the solubility of plant 
proteins. During fermentation, B. subtilis may produce extracellular 
proteases that can self-activate protein glutaminase, which is released 
in the inactive pro-enzyme form and can facilitate efficient substrate 
utilization by the bacterium [31].

The effect of glucose was also statistically significant on the biomass 
production of the bacteria. Previous studies also show that glucose 
is a preferred carbon source for B. subtilis and other Bacilli [32-34]. 
The phosphoenolpyruvate: sugar phosphotransferase system (PTS) 
in B. subtilis aids them to take up and phosphorylate the sugar, and 
the presence of PTS dependent and independent glucose transporters 
also facilitates the bacteria in efficiently utilizing glucose as the carbon 
source [32,35]. Additionally, as glucose is a readily metabolized 
carbon source, it may accelerate the fermentation process and enhance 
the production of bacterial biomass. Previous studies have found that 
glucose was the preferred carbon source for obtaining a high biomass 
yield in B. subtilis strains for the synthesis of several secondary 
metabolites and enzymes that are linked to high cell densities using 
batch or fed batch fermentation methods [21,36,37].

Among the culture conditions, pH and inoculum size significantly 
affected biomass production. Since pH is the primary control of 
bacterial metabolism, optimum pH is necessary for their maximum 
biomass production. Besides pH, inoculum size also showed a 
significant impact on biomass production. As inoculum concentration 
determines the lag phase of bacterial growth, the addition of adequate 
inoculum of bacteria at the appropriate developmental stage is 
important to achieve increased biomass yield [38].

Table 4: Analysis of variance for the experimental results of the Plackett - 
Burman Design (PBD).

Source DF Adj SS Adj MS F-Value P-Value

Model* 12 16.6529 1.38774 19.84 0.049

Linear 11 12.8638 1.16943 16.72 0.058

Glucose* 1 1.538 1.53797 21.99 0.043

Peptone 1 0.338 0.33802 4.83 0.159

Yeast extract 1 0.2815 0.28152 4.03 0.183

Soya Peptone* 1 4.5485 4.54855 65.04 0.015

NaCl 1 1.2727 1.27271 18.2 0.051

MgSO4.7H2O 1 0.2797 0.27969 4 0.184

KH2PO4 1 0.0608 0.06078 0.87 0.45

Temperature 1 0.0531 0.05307 0.76 0.476

pH* 1 2.3745 2.37452 33.95 0.028

Agitation 1 0.4978 0.49776 7.12 0.116

Inoculum 
size*

1 1.6192 1.61921 23.15 0.041

Curvature* 1 3.7891 3.7891 54.18 0.018

Error 2 0.1399 0.06994

Total 14 16.7927

R2 = 0.9917
*Statistically significant at a probability level of 95%; DF: degree of freedom; SS: Sum 
of squares; MS: mean square.

Figure 1: Pareto chart showing standard effects of 11 variables on biomass 
production of B. subtilis PW 12.
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In the present study, temperature and agitation had the least effect on 
biomass yield among the culture conditions. Previous studies on B. 
subtilis strains suggest that their optimal temperature and agitation 
ranges are 30°C-37°C and 200–250 rpm, respectively [34,39,40]. The 
temperature and agitation ranges applied in the present PBD study 
were ideal for B. subtilis PW12 growth. Consequently, the temperature 
and agitation values in the CCD optimization study were set at 37°C 
and 200 rpm, respectively.

3.2. Optimization of Biomass Production by RSM and CCD
The Central Composite Design was carried out to optimize the levels 
of significant variables to maximize the biomass yield. The design 
matrix and the associated experimental results show that biomass 

yield varied across the experimental runs (Table 5). The second-order 
polynomial equation for biomass yield is represented by the following 
equation [Equation 4].

Biomass = 40.96 + 0.4153 Soya peptone + 2.129 Glucose + 3− 77.21 pH

+ 0.324 Inoculum size 0.01180 Soya peptone*Soya pe− pptone 

 0.02657 Glucose*Glucose 2.638 pH*pH 0.0692 Inocul− − − uum size*

Inoculum size  0.00985 Soya peptone*Glucose + 0.− 00140 Soya

peptone*pH + 0.02488 Soya peptone*Inoculum size − 00.1153 Glucose

*pH 0.02612 Glucose*Inoculum size + 0.1369 − ppH*Inoculum size

                                                                                            [Equation 4]

The coefficient of determination, R2, which was 0.98, indicated that 
98.71% of the variability in the response could be elucidated by the 
model (Table 6). ANOVA was conducted to assess the statistical 
significance of the polynomial equation, and the results showed that 

Table 5 : Design and responses of the central composite design (CCD).

Run A B C D Obtained
biomass 

yield

Predicted 
biomass 

yield

1 1 −1 −1 1 9.76 9.82

2 −1 1 −1 −1 9.54 9.90

3 −1.414 0 0 0 10.17 9.70

4 1 −1 1 1 12.00 11.65

5 0 0 −1.414 0 7.99 8.12

6 −1 −1 −1 −1 5.89 5.79

7 1 −1 1 −1 7.05 7.32

8 0 1.414 0 0 12.93 12.79

9 0 −1.414 0 0 10.89 10.93

10 0 0 0 0 13.06 13.19

11 0 0 0 0 13.83 13.19

12 0 0 0 0 13.43 13.19

13 0 0 0 0 13.05 13.19

14 0 0 0 0 13.61 13.19

15 0 0 1.414 0 7.94 7.71

16 0 0 0 0 12.53 13.19

17 −1 1 1 1 7.73 8.03

18 −1 −1 1 1 7.35 7.53

19 1 1 −1 −1 9.15 9.00

20 −1 −1 1 −1 5.69 5.69

21 −1 1 −1 1 9.30 9.07

22 −1 1 1 −1 7.52 7.50

23 1 1 1 1 10.04 10.18

24 0 0 0 0 12.63 13.19

25 1 1 −1 1 10.65 10.65

26 1 −1 −1 −1 7.15 6.86

27 0 0 0 −1.414 10.99 11.09

28 1 1 1 −1 7.33 7.15

29 −1 −1 −1 1 6.07 6.26

30 1.414 0 0 0 11.58 11.96

31 0 0 0 1.414 13.75 13.56

Table 6 : Analysis of variance for the experimental results of the Central 
Composite Design (CCD).

Source DF Adj SS Adj MS F-Value P-Value

Model 14 203.135 14.5096 87.26 0.000

Linear 4 37.249 9.3122 56 0.000

Soya peptone* 1 12.876 12.8757 77.43 0.000

Glucose* 1 8.711 8.7109 52.39 0.000

pH 1 0.411 0.4111 2.47 0.135

Inoculum size* 1 15.251 15.2513 91.72 0.000

Square 4 146.599 36.6498 220.41 0.000

Soya peptone*Soya 
peptone*

1 13.124 13.1244 78.93 0.000

Glucose*Glucose* 1 4.159 4.1594 25.01 0.000

pH*pH* 1 65.587 65.587 394.43 0.000

Inoculum 
size*Inoculum size*

1 1.765 1.7647 10.61 0.005

2-Way Interaction 6 19.287 3.2145 19.33 0.000

Soya peptone*Glucose* 1 3.882 3.8819 23.35 0.000

Soya peptone*pH 1 0.314 0.3139 1.89 0.188

Soya 
peptone*Inoculum 
size*

1 6.191 6.1914 37.23 0.000

Glucose*pH* 1 5.321 5.3211 32 0.000

Glucose*Inoculum 
size*

1 1.705 1.705 10.25 0.006

pH*Inoculum size* 1 1.873 1.8735 11.27 0.004

Error 16 2.66 0.1663

Lack-of-Fit 10 1.237 0.1237 0.52 0.827

Pure Error 6 1.424 0.2373

Total 30 205.795

R2 = 0.9871
*Statistically significant at a probability level of 95%; DF: degree of freedom; SS: Sum 
of squares; MS: mean square.
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the regression was statistically significant (p < 0.05). The significance 
of the regression coefficient of the model reveals that the linear 
effect of all variables except pH (p > 0.05) on the maximum biomass 
production was significant (p < 0.05) (Table 6). However, the squared 
effects of all the variables were significant (P < 0.05) and except for 
the soya peptone - pH interaction (P > 0,05), all other interactions 
were statistically significant (P < 0.05). The lack of fit of the model 
was insignificant (P > 0.05) indicating that the model fits the data. 
The significant interactions of variables described by the model are 
shown in contour plots and three-dimensional response surface plots 
[Figure 2].

Carbon and nitrogen sources are absolutely essential for bacterial 
growth. In the present study, the interactive effects of glucose and 
soya peptone also significantly contributed to biomass production. 
The response surface and contour plots show that the optimal 
concentrations of glucose and soya peptone were around 14 g/L and 
27 g/L, respectively [Figure 2A]. In concordance with the current 
investigation, a single factor optimization study by Naveed et al. [36] 
revealed that the addition of 1.5% glucose and 2.5 % soya peptone 
in the fermentation medium of a newly isolated strain, B. subtilis 
BSN314, caused enhanced biomass production in the bacterium. 
However, studies by Zhong et al. [21] showed that an optimized 
medium containing 30.70 g/L of glucose and 2.4 g/L of total nitrogen 
from soya bean meal hydrolysate was beneficial for high cell density 
cultivation of B. subtilis ZK8 in fed batch fermentation. Investigation 
of Yue et al. [41] demonstrated that cell concentration of B. subtilis 
ZK-H2 could be increased to 7х108 cfu/mL in an optimized medium 
containing glucose and soya peptone, where the optimal concentration 
for glucose and total nitrogen concentration from soybean protein 
were 21 g/L and 4.0 g/L, respectively. Zhong et al. [42] used soya bean 
meal hydrolysate and glucose in the medium of a wild type strain, 
Bacillus sp. H-18W, for the production of chiral acetoin, a metabolite 
associated with fast cell growth. Nguyen [22] used glucose at 5.62 g/L 
and soya bean peptone at 13 g/L in the optimized medium for higher 
biomass production by B. subtilis Natto, whereas a study by Ullah 
et al. [43] showed that soya peptone and glucose at 1% w/v in the 
medium resulted in improved cell growth of a probiotic strain of B. 
subtilis and in contrast to the present study, higher concentrations of 
soya peptone caused a decline in cell growth. Stamenkovic et al. [33] 
reported that biomass production of B.subtilis NCIM2063 could be 
enhanced when the growth medium was supplemented with 10 g/L of 
glucose. Study by Cho et al. [25] demonstrated that supplementation 
of the initial medium with 10 g/L glucose and 50 g/L peptone in a 
fed batch culture caused an increase in the cell density of B. subtilis 
however, exhaustion of glucose after 6 h was also reported. Since B. 
subtilis can work on soya-based proteins, Wang et al. [44] included 
soy bean curd as well as soya peptone at concentrations of 12.2% w/v 
and 5.7% w/v respectively, in the medium for metabolite production 
and growth of B. subtilis. Study by Yanez et al. [45] reported that even 
defatted soy flour (40 g/L) could be used in the growth and metabolite 
production medium of B. subtilis CtpxS2-1 and was found to improve 
bacterial growth. From the present study, it can be concluded that 
B.subtilis PW 12 strain could also successfully utilize glucose at less 
than 15 g/L and soya peptone at less than 30 g/L in the culture medium 
for attaining maximum growth.

Soya peptone and glucose had significant interactions with inoculum 
size as well [Figures 2B, C]. In the current investigation, it was shown 
that biomass production rose in tandem with inoculum size. A high 
inoculum concentration can promote growth up to a certain point, but 
afterwards, it causes the microbial activity to decline because of the 

depletion of nutrients in the medium. Conversely, a low inoculum 
concentration decreases the cell concentration, which may affect the 
amount of bioproduct produced. At lower cell concentrations, it takes a 
long time to attain optimum growth [46]. The optimum inoculum size in 
the current investigation was 11.03% v/v, indicating that the soya peptone 
and glucose-based optimized medium had sufficient nutrients to maintain 
a higher inoculum concentration to enhance the growth of the bacterium. 
Study by Huang et al. [47] on B. subtilis biomass production shows that 
8% v/v of inoculum size may be ideal for achieving optimal production.

Figure 2: Counter (left) and response surface (right) plots representing 
significant interaction of variables on biomass yield: (A) Glucose vs. soya 

peptone, (B) Inoculum size vs. Glucose, (C) Inoculum size vs. soya peptone, 
(D) pH vs. glucose, and (E) Inoculum size vs. pH.
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Though the linear effect of pH was not significant, its interaction with 
glucose and inoculum size was significant [Figures 2D, E]. Response 
surface and contour plots show that maximum production of biomass 
was obtained at pH 7. The optimal pH for B. subtilis strains varies 
depending on the specific strain and the conditions of the study. In 
general, the optimal pH for B. subtilis strains appears to range from 
pH 4.0 to pH 8.0, depending on the specific strain and the activity 
being measured, and previous studies show that most of the B. subtilis 
strains prefer pH 7 for their optimal growth [22,26,36]. Acidic pH may 
result in rigid and ordered membranes, which can affect the membrane 
dynamics of the bacterium [48].On the other hand, alkaline conditions 
may cause membrane disorder [49] and hence maintaining optimal 
pH is crucial for the membrane properties and thereby the growth of 
B. subtilis. At the optimum pH, glucose at a concentration of 14.07 
g/L contributed to the maximum biomass production [Figure 2D]. pH 
variation during bacterial growth is greatly influenced by the medium 
composition, particularly the carbon source. Since glucose is a reduced 
carbon source, more energy may be derived from its oxidation, leading 
to greater bacterial proliferative potential, and there might be an 
increased proton flux causing acidification of the medium during the 
exponential phase of bacterial growth [50]. Therefore, maintenance of 
optimal pH throughout fermentation is desirable. At the optimal pH, 
an inoculum size of 11% v/v was significant for enhanced biomass 
production [Figure 2E].

By using the equation, the optimal concentrations for the variables 
were predicted. Concentrations of soya peptone (a) glucose, (b) pH (c) 
and inoculum size (d) obtained from the maximum point of the model 
were 27.56 g/L for A 14.07 g/L for B, 7.09 for C and 11.03% v/v for D 
respectively. The model predicted a maximum biomass yield of 14.19 
g/L for this point.

In the present investigation, inorganic nutrients, including NaCl, 
MgSO4 .7H2O, and KH2PO4 had no significant effect on biomass 
production. While this does not necessarily negate their importance for 
bacterial growth, the findings of this study suggest that among the media 
components, soya peptone and glucose notably influence biomass 
production. Inorganic nutrients are the most common inclusions in 
bacterial growth mediums as bacteria require anions like phosphates 
and sulfates, and cations like sodium, potassium, magnesium, iron, and 
calcium. These compounds are essential for the synthesis of nucleic 
acids, proteins, and essential cofactors. The quantity of inorganic 
salts that must be added to the fermentation medium varies depending 
on the nutritional requirements of the organism, the composition of 
the culture medium, and the type of desired end product [51]. In the 
present study, inorganic nutrients were found to have an insignificant 
impact on bacterial biomass production. Since this study did not center 
on the production of specific primary or secondary metabolites by the 
bacteria, there might be room for flexibility in the required quantities 
of these inorganic salts, thus making their optimal concentration 
less strict in the bacterial growth medium. The bacteria were able 
to proliferate at both low and high levels of the inorganic nutrients 
applied in the PBD. As a result, in the final optimized medium, the 
concentrations of these inorganic nutrients were set at the lowest level 
utilized in PBD as 5 g/L, 2 g/L, and 2 g/L for NaCl, MgSO4, 7.H2O, 
and KH2PO4, respectively (Table 1). Furthermore, soya peptone, the 
nitrogen source in the medium, usually contains an ash content of 
less than 15% which indicates the presence of minerals like calcium, 
magnesium, and potassium. However, soya peptone is reported to have 
a very low inorganic phosphorous content [52].The essential minerals 
and vitamins present in the nitrogen sources might have been utilized 
by the bacteria for growth.

3.3. Validation of the Optimized Culture Medium
To validate the modeling results, triplicate experiments were done 
using the optimized conditions. The predicted maximum yield was 
14.19 g/L, and the average value obtained in the experiments was 
14.29 ± 0.23 g/L, which was in agreement with the predicted yield 
of the current optimization study. The biomass yield obtained in this 
investigation was similar to that reported in the study of Ma et al. [23] 
in which a fed batch fermentation experiment with a mutant strain 
of B. subtilis 168 mut-16# was conducted. Feeding of soya peptone 
and hydrolyzed starch to the medium increased the dry cell weight 
of the bacteria, and the highest dry cell weight obtained was 14.3 g/L 
which was comparable to the findings of the present study. However, 
a statistical optimization study conducted by Zhong et al. [21] on B. 
subtilis ZK8 reported 77.5 g/L dry cell weight of the bacterium in fed 
batch culture and 20.38 g/L in batch culture. Yadav et al. [53] used 
peptone as the nitrogen source in the growth medium of B. subtilis and 
a maximum dry cell weight of 7.5 g/L was obtained after optimization. 
Koim-Puchowska et al. [27] used yeast extract (4 g/L) and soluble 
starch (40 g/L) as nitrogen and carbon sources, respectively, for the 
growth of B. subtilis natto BS19 and resulted in a biomass yield of 
less than 6mg/mL. Studies of Nguyen [22], Stamenkovic et al. [33], 
Naveed et al. [36], and Ghasemi and Ahmadzadeh [54] reported 
biomass yields as 3.033 g/L, 6 g/L, 3.81 g/L, and 0.5 g/L, respectively, 
for different B. subtilis strains.

The biomass yield achieved in this study emphasizes the importance 
of medium optimization in augmenting microbial biomass production. 
It also suggests the potential scalability of this medium to an industrial 
level for the production of single-cell protein from B. subtilis PW12. 
Considering the former in regard to manufacturing costs, finding 
alternatives to the main nutrient of the optimized medium i.e., soya 
peptone, could prove effective in enhancing the production efficiency 
of the scale-up process. However, cost issues associated with this 
nitrogen source have been addressed in some prior research, and 
cost-effective methods of soya peptone synthesis using enzymatic 
hydrolysis of soya beans have been proposed [55,56]. Substrates 
based on soya protein, such as defatted soy flour and soy bean curd, 
have been used in experiments to produce biomass and metabolites 
by fermentation with B. subtilis [44,45]. Considering the adeptness 
of B. subtilis PW 12 at utilizing soya peptone, delving deeper into the 
effects of cost-effective nitrogen sources extracted from soybean meal 
on bacterial growth could offer valuable insights.

Moreover, the most critical juncture of an entire scale-up process is 
the transition from shake flask to laboratory bioreactor. It is imperative 
to understand the hydrodynamic behavior of the bioreactor, including 
mass and heat transfer, mixing, and aeration, especially in aerobic 
fermentation, to verify the efficacy of the scale-up process. [34] This 
information is pertinent to the current study as well, so as to achieve 
yields in the bioreactor that are equivalent to or surpass those in shake 
flasks under the same conditions.

The goal of the current study was to optimize the biomass yield as 
well as the nutritional quality of a beneficial probiotic bacterium, B. 
subtilis PW 12 that could be used as a single cell protein or protein 
supplement in aquafeeds. According to Sakarika et al., the nitrogen 
content of the culture medium may be positively correlated with the 
nutritional quality, especially the protein content of the microbial 
biomass [19]. Since the optimized medium is rich in nutrients, the 
bacteria may synthesize and accumulate more protein due to their 
ability to proliferate extensively, resulting in a high cell density. 
Consequently, the biomass can be utilized as microbial protein in 
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aquafeeds. The current investigation validates that B. subtilis grows 
optimally in a medium based on soya peptone, and glucose, which are 
the standard ingredients of microbiological media. Since the medium 
and culture conditions have been optimized to enhance the growth and 
nutritional quality of the test bacterium, the growth of other strains 
of B. subtilis, particularly those that can achieve high cell densities 
and other probiotic strains, can also be evaluated in this optimized 
medium for increased biomass production. This study has only taken 
into account the maximal biomass yield; nevertheless, due to the fact 
that bacterial cells are dynamic, they may produce extracellular and 
intracellular enzymes, proteins, and metabolites when stimulated 
by external factors, including medium components or the culture 
conditions. However, as the study has not examined the production 
of any particular antimicrobial compound, metabolite, or enzyme by 
B. subtilis PW12 in the optimized medium, future investigations on 
these facets may assist in evaluating the transferability of the medium 
to other similar B. subtilis strains. Given the under-researched status of 
B. subtilis PW12, thorough exploration is needed for a comprehensive 
grasp of its metabolic, antibacterial, probiotic, and nutritional 
properties to probe its potential application in aquaculture and related 
fields.

4. CONCLUSION

Statistical medium optimization aimed to enhance biomass production 
of B. subtilis PW 12 to find application in aquaculture diets as SCP. 
The result obtained from the study indicates that B.subtilis PW 12 
can attain high cell densities, and a batch culture of 48 h is effective 
for the production of improved biomass yield. Using the model, the 
optimized values of soya peptone, glucose, pH and inoculum size were 
found to be 27.56 g/L, 14.07 g/L, 7.09, and 11.03% v/v, respectively, 
and the predicted biomass yield was 14.19 g/L. Under the optimized 
conditions, the highest biomass yield obtained was 14.29 ± 0.23 g/L 
which is comparable to the yield predicted by the response model. 
Hence, the optimized medium can be used for enhanced biomass 
production of the probiotic bacterium B. subtilis PW 12 for microbial 
protein production.
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