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Abstract 

Background Cholesterol oxidase has numerous biomedical and industrial applications. In the current study, a new 
bacterial strain was isolated from sewage and was selected for its high potency for cholesterol degradation (%) 
and production of high cholesterol oxidase activity (U/OD600).

Results Based on the sequence of 16S rRNA gene, the bacterium was identified as Bacillus subtilis. The fermenta‑
tion conditions affecting cholesterol degradation (%) and the activity of cholesterol oxidase (U/OD600) of B. subtilis 
were optimized through fractional factorial design (FFD) and response surface methodology (RSM). According to this 
sequential optimization approach, 80.152% cholesterol degradation was achieved by setting the concentrations 
of cholesterol, inoculum size, and magnesium sulphate at 0.05 g/l, 6%, and 0.05 g/l, respectively. Moreover, 85.461 U 
of cholesterol oxidase/OD600 were attained by adjusting the fermentation conditions at initial pH, 6; volume of the fer‑
mentation medium, 15 ml/flask; and concentration of cholesterol, 0.05 g/l. The optimization process improved 
cholesterol degradation (%) and the activity of cholesterol oxidase (U/OD600) by 139% and 154%, respectively. No 
cholesterol was detected in the spectroscopic analysis of the optimized fermented medium via gas chromatography‑
mass spectroscopy (GC–MS).

Conclusion The current study provides principal information for the development of efficient production of choles‑
terol oxidase by B. subtilis that could be used in various applications.

Keywords Bacillus subtilis, Box–Behnken design, Cholesterol oxidase, Optimization, Plackett–Burman design

Background
Cholesterol (5-cholesten-3-ol) is a major lipid molecule 
in the cell membrane of eukaryotic cells and an essential 
precursor in the biosynthesis of other lipids [1]. Choles-
terol oxidase is involved in the degradation of choles-
terol to 4-cholesten-3-one [2]. Cholesterol oxidase has 
various industrial and medicinal applications such as the 
determination of serum and food cholesterol levels and 
synthesis of intermediates for the production of steroid 
drugs, prevention of skin keratinization, treatment of 
liver diseases, and control of obesity [2, 3]. Bacteria use 
cholesterol oxidase for oxidation of cholesterol in host 
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macrophages during infection or for the decomposition 
of cholesterol to obtain their carbon source [3]. Choles-
terol oxidase has been isolated from several Gram-posi-
tive and Gram-negative bacteria such as Brevibacterium 
[4], Pseudomonas [5], Mycobacterium [6], Nocardia [7], 
Arthrobacter [8], Rhodococcus [9], Burkholderia [10], 
Streptomyces [11], Cellulomonas [12], Chromobacterium 
[13], and Schizophyllum [14]. However, Streptomyces is 
the most widely used microbial source for the industrial 
production of cholesterol oxidase.

There are few reports in the literature focusing on the 
production of cholesterol oxidase from the Gram-posi-
tive endospore-forming Bacillus spp. [15–22]. Two cho-
lesterol oxidases were purified from Bacillus sp. SFF34 
that was isolated from Korean traditional fermented 
flatfish [18]. Production of cholesterol oxidase from two 
strains of B. cereus viz., KAVK4 and KAVK5, has been 
also optimized [17]. Optimization of the fermentation 
medium enhanced the productivity of cholesterol oxi-
dase from B. cereus KAVK5 affording a consistent con-
version of cholesterol into 4-cholesten-3-one [20]. The 
bioconversion of cholesterol into 4-cholesten-3-one has 
been also performed using B. subtilis 168 cloned with 
cholesterol oxidase genes from Mycobacterium neoau-
rum JC-12 [19]. The production of cholesterol oxidase 
from B. pumilus was optimized using classical methods 
[21] and via Plackett–Burman and Box–Behnken statisti-
cal approach [15]. The traditional one variable at a time 
(OVAT) and the Plackett–Burman design were also used 
to optimize the production of cholesterol oxidase from B. 
cytotoxicus [22]. Bacillus sp. that was isolated from tiger 
fecal samples and biochemically identified as B. subtilis 
was capable of producing cholesterol oxidase [16].

Screening and predicting the levels of optimal variables 
using a mathematical model through fractional factorial 
design (FFD) and response surface methodology (RSM) 
have been reported in various biotechnological applica-
tions [23–28]; however, these techniques have not been 
applied to the synthesis of cholesterol oxidase by B. subti-
lis. In the present work, FFD and RSM were implemented 
to enhance the cholesterol oxidase synthesis by B. sub-
tilis. Optimization of the process parameters affecting 
the production of cholesterol oxidase by B. subtilis was 
thoroughly considered. Moreover, this investigation will 
be valuable for the development of efficient large-scale 
production of cholesterol oxidase by B. subtilis.

Methods
Media and chemicals
The following media were used throughout the current 
study: nutrient broth (NB) composed of (g/l) peptone, 
5; beef extract, 1.5; yeast extract, 1.5; sodium chloride, 5, 
pH 7.4 ± 0.2; and modified minimal salt (MMS) medium 

composed of (g/l)  K2HPO4, 0.25; NaCl, 1;  MgSO4, 0.025; 
 FeSO4, 0.01;  KNO3, 1 and cholesterol, 1. Cholesterol 
was used as the sole carbon source and was prepared 
separately by dissolving 1 g of cholesterol in 20 ml tween 
80 previously heated to 90 °C for 5 min, then added to 
medium components. All media were prepared and steri-
lized according to the instructions of the manufacturer. 
Sterilization was carried out by autoclaving (SJ-FW, Shin 
Jin Engineering, Korea), and media were prepared by the 
addition of 20 g/l agar to the liquid medium. Croma-test 
cholesterol determination kit was purchased from Linear 
Chemicals, Barcelona, Spain. All chemicals used in the 
present work were of analytical grade (HiMedia Labora-
tories, India).

Microorganism
The bacterium used throughout this work was isolated 
from the sewage of Edko 9 (geographic coordinates 
31.299146, 30.308738), Al-Behira governorate, Egypt. The 
bacterial isolate was molecularly identified by sequenc-
ing 16S rRNA gene. The genomic DNA was isolated and 
purified according to a protocol stated by Sambrook et al. 
[29]. Polymerase chain reaction (PCR) was used in the 
amplification of the full length of 16S rRNA gene (1500 
bp) of the bacterial isolate. A universal 16S rRNA primer 
set F8-27 (5′-AGA GTT TGA TCC TGG CTC AG-3′) and 
R-1510–1492 (5′GGT TAC CTG TTA CGA CTT -3′) was 
used in the current study [30]. The reaction mixture 
included the following: 5 µl of genomic DNA (30 ng), for-
ward and reverse primer (2 µl), 25 µl of 2 × TAQ Green 
master mix (Thermo Fisher Scientific Co., USA) and 16 
µl of nuclease free water. PCR conditions were applied as 
follows: initial denaturation at 95 °C for 5 min, 30 cycles 
each cycle (denaturation 94°C, 45 s; annealing 55 °C, 45 
s; and extension 72 °C, 1.5 min, and a final extension of 
72 °C for 10 min). After termination of PCR, aliquots 
of each PCR reaction were set to run on 1% agarose gel 
electrophoresis along with DNA ladder to check the PCR 
product. The PCR product of 16S rRNA gene was puri-
fied using PCR clean-up Kit SV Wizard (Promega Co., 
USA) according to the instructions of the manufacturer. 
The purified PCR product was sequenced along with 
the aforementioned universal primer set. The obtained 
nucleotide sequence of the 16S rRNA gene was processed 
to select the clean nucleotide sequence with sharp non-
overlapped peaks using Bio Edit version 7.0.5.3 software. 
The processed sequence of nucleotides was analyzed by 
BLASTN (Basic Local Alignment Search Tool, Nucleo-
tide) of the National Centre for Biotechnology Informa-
tion (NCBI) to determine the hits of subject sequences 
deposited in the international nucleotide databases giv-
ing the best matching with the query sequence. Based on 
the multiple sequence alignment result, a phylogenetic 
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tree was constructed via CLC Sequence Viewer 6.8 soft-
ware to determine the taxonomic correlation with closely 
related bacteria to the bacterial isolate.

Seed inoculum
An Erlenmeyer flask of volume 100 ml containing 25 ml 
NB was used for growing the isolated B. subtilis strain at 
30 °C under shaking at 110 rpm until the optical density 
(OD) reaches 1 at 600 nm. The OD was measured using 
spectrophotometer (T80 + UV/VIS, PG Instruments 
LTD, UK). An inoculum size (%) from the broth culture 
was used as the seed bacterial inoculum as specified 
under each experiment.

Cholesterol assay
Culture supernatant fluid was obtained by centrifugation 
of the culture broth for 20 min at 10,000 × g and 4 °C, and 
then residual cholesterol was determined using a Croma-
test kit. An aliquot of 10 µl was taken from the culture 
supernatant mixed with 1 ml from the Croma-test rea-
gent for 10 min then incubated at 37 °C for 5 min. The 
pink color which is stable for at least 30 min was meas-
ured at 500 nm against the reagent blank.

Enzyme assay
The activity of cholesterol oxidase was measured accord-
ing to the method described by Richmond [31] which 
is based on the conversion of cholesterol into 4-choles-
tene-3-one. Crude enzyme preparation was obtained by 
cooling centrifugation of the broth bacterial culture at 
5000 × g and 4 °C [32]. The reaction mixture contained 
50 µl of the crude enzyme, 3 ml buffered Triton X-100 
pH 7.0, and 50 µl of 12 mM of cholesterol dissolved in 
isopropanol. The contents of the reaction mixture were 
mixed by inversion, and the absorbance was measured 
at 240 nm. The concentration of 4-colesten-3-one was 
calculated from a previously prepared standard curve. 
One unit of cholesterol oxidase has been defined as 
the amount of enzyme required to produce 1.0 µmol 
of 4-cholesten-3-one per min at pH 7.0 and 37 °C. The 
enzymatic activity of cholesterol oxidase was expressed 
in U/OD600 by dividing the number of enzyme units per 
ml by the OD of bacterial growth at 600 nm.

Time course of cholesterol oxidase production
Growth and cholesterol oxidase activity of B. subtilis 
were monitored at different time intervals during incu-
bation for 48 h (New Brunswick Scientific Edison, USA). 
Bacterial growth on MMS medium was estimated by 
measuring the OD at 600 nm.

(1)Cholesterol degradation(%) =
Initial cholesterol concentration − Remanining cholesterol concentration

Initial cholesterol concentration
×100

Optimization of cholesterol degradation and cholesterol 
oxidase activity
Optimization of cholesterol degradation (%) and the 
activity of cholesterol oxidase (U/OD600) were performed 
through two experimental design steps. In the first step, 
a FFD, the Plackett–Burman design [33], was applied to 
assess the significance of medium constituents and fer-
mentation parameters on cholesterol degradation (%) and 
the activity of cholesterol oxidase (U/OD600). In the sec-
ond phase, levels of variables that significantly influenced 
cholesterol degradation (%) and the activity of cholesterol 
oxidase (U/OD600) were further investigated using a RSM 
design, the Box–Behnken design [34]. The basal medium 
composition of the Plackett–Burman design was formu-
lated based on some preliminary studies.

Plackett–Burman design
The Plackett–Burman design is a two-level FFD (− 1 
and + 1) that locates significant variables for the produc-
tion by screening “n” variables in “n + 1” experiments. 
All nine factors chosen in the present investigation were 
tested at these two levels, based on the Plackett–Burman 

matrix design. After incubation for 48 h at 30 °C under 
shaking at 110 rpm, the main effect was calculated basi-
cally as a difference between the average measurements 
of each variable made at a high level (+ 1) and a low level 
(− 1). According to the following equation:

where Exi is the variable main effect, Pi + and Pi − are 
cholesterol degradation (%) or cholesterol oxidase activity 
(U/OD600) in trials where the independent variable (Xi) 
was present in high and low concentrations, respectively, 
and N is the number of trials divided by 2. The main 
effect figure with a positive sign indicates that the high 
concentration of this variable is nearer to the optimum, 
and a negative sign indicates that the low concentration 
of this variable is nearer to the optimum. Statistica 10.0 
software was used to determine the main effect and the 
significance of each variable.

Box–Behnken design
In the second phase of optimizing cholesterol degrada-
tion (%) and cholesterol oxidase activity (U/OD600), the 
Box–Behnken design was applied. In this model, the 
most three significant independent variables, coded X1, 

(2)Exi =
Pi +− Pi−

N
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X2, and X3, were included in the matrix design and each 
factor was examined at three different levels, low ( −), 
high ( +) and central or basal (0). Fifteen combinations 
were constructed, and their observations were deter-
mined after incubation for 48 h at 30 °C under shaking 
at 110 rpm. The observations were fitted to the following 
second-order polynomial model:

where Y is the dependent variable cholesterol degrada-
tion or cholesterol oxidase activity; X1, X2, and X3 are 
the independent variables; b0 is the regression coefficient 
at center point; b1, b2, and b3 are linear coefficients; b12, 
b13, and b23 are second-order interaction coefficients; 
and b11, b22, and b33 are quadratic coefficients. The 
regression analysis, the values of the coefficients, and the 
optimum concentrations were determined using Statis-
tica 10.0 software.

Determination of biodegradation end products
The bacterial culture was grown under the optimized 
conditions described under the Results section, col-
lected, and centrifuged at 5000 × g at 4 °C, and the super-
natant was filtered using a 0.45-µm nitrocellulose filter. 
The solution was injected into GC–MS (Thermo Agilent 
Technologies—7890A, USA) using helium as carrier gas 

(3)Y = b0 + b1X1 + b2X2 + b3X3 + b12X1X2 + b13X1X3 + b23X2X3 + b11X1
2
+ b22X2

2
+ b33X3

2

in Trace Gold System Qualification Column (TG-SQC). 
Analysis of samples was applied on temperature pro-
gram as follows: initial temperature 50 °C for 1 min, then 
increased to 250 °C for 5 min, finally increased to 290 °C 
for 2 min. Samples were injected in split mode constant 
flow 1.5 ml/min. Mass spectral range was set as 40–1000 
Hz, mass transfer line temperature was 300 °C, and ion 

source temperature was 300 °C. Identification of compo-
nents was performed by the use of computer search on 
Wiley Spectral Libraries database.

Statistical analysis
Each experiment was carried out three times in triplicate; 
the mean and standard deviation were calculated using 
Microsoft Excel 2010.

Results
Time course of cholesterol degradation and cholesterol 
oxidase synthesis by the bacterial isolate
Cholesterol degradation and cholesterol oxidase activity 
of the bacterial isolate were monitored at different time 
intervals for 48 h. As shown in Fig. 1, the log phase of the 
bacterial isolate started at 5 h of the incubation, while 
the stationary phase started at 12 h of the incubation and 

Fig. 1 Time course of growth, cholesterol degradation (%), and cholesterol oxidase activity (U/OD600) of the new bacterial isolate
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the growth reached a maximum after 24 h. The activity 
of cholesterol oxidase (U/OD600) increased significantly 
between 6 and 12 h. The highest activity of cholesterol 
oxidase (15.61 U/OD600) was recorded at 32 h of incuba-
tion. On the other hand, a steady rise in the percentage 
of cholesterol degradation over time was obvious. How-
ever, the degradation percentage of cholesterol did not 
increase further after 32 h, achieving its maximum value 
of 33.7%. It was also concomitant with the activity of cho-
lesterol oxidase (U/OD600).

The bacterial isolate was identified via sequencing of 
the 16S rRNA gene approach. BLASTN analysis, multi-
ple sequence alignments, and phylogenetic tree (Fig.  2) 
revealed that 16S rRNA nucleotide sequence of the bac-
terium exhibited 100% identity with 16S rRNA sequence 

of B. subtilis. The sequence has been deposited in the 
GenBank under accession number MW131528.1, and the 
strain was designated as B. subtilis abl 1549.

Evaluating the significance of fermentation conditions 
affecting cholesterol degradation (%) and cholesterol 
oxidase activity (U/OD600) of B. subtilis
The Plackett–Burman design was implemented for 
screening the most significant fermentation factors gov-
erning cholesterol degradation (%) and cholesterol oxi-
dase activity (U/OD600) of B. subtilis. Nine factors were 
included in the design with 13 different combinations; 
cholesterol degradation (%) and cholesterol oxidase 
activity (U/OD600) were observed (Table 1).

Fig. 2 Phylogenetic tree showing the query strain in relation to other Bacillus species

Table 1 A randomized Plackett–Burman design applied on the degradation of cholesterol (%) and the activity of cholesterol oxidase 
(U/OD600) produced by B. subtilis 

Abbreviations: C cholesterol concentration, PP potassium phosphate, PN potassium nitrate, S sodium chloride, M magnesium sulphate, F ferrous sulphate, V volume of 
the media, I inoculum size

Trial Independent variable Dependent variable

C (g/l) PP (g/l) PN (g/l) S (g/l) M (g/l) F (g/l) V (ml/flask) I (%) pH Cholesterol 
degradation (%)

Cholesterol oxidase 
activity (U/OD600)

1 6.0 0.125 1.5 0.5 0.0125 0.005 75 6.0 8 17.0 32.72

2 4.0 0.250 1.0 1.0 0.025 0.01 50.0 4.0 7.0 33.8 28.28

3 6.0 0.375 0.5 1.5 0.0125 0.005 25 6.0 8 15.4 67.48

4 2.0 0.375 0.5 0.5 0.0125 0.015 75 6.0 6 44.8 37.93

5 2.0 0.375 1.5 0.5 0.0375 0.005 25 2.0 8 35.0 27.32

6 2.0 0.125 0.5 1.5 0.0375 0.015 25 6.0 8 49.0 32.57

7 6.0 0.125 1.5 1.5 0.0125 0.015 25 2.0 6 15.3 68.03

8 2.0 0.375 1.5 1.5 0.0125 0.015 75 2.0 8 21.4 29.82

9 6.0 0.375 0.5 1.5 0.0375 0.005 75 2.0 6 19.2 66.45

10 6.0 0.375 1.5 0.5 0.0375 0.015 25 6.0 6 26.4 60.43

11 2.0 0.125 1.5 1.5 0.0375 0.005 75 6.0 6 41.7 33.18

12 6.0 0.125 0.5 0.5 0.0375 0.015 75 2.0 8 20.9 15.27

13 2.0 0.125 0.5 0.5 0.0125 0.005 25 2.0 6 36.1 61.87
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The results represented in Table 2 and Fig. 3A indicate 
that increasing the level of inoculum size (%), magnesium 
sulphate (g/l), and ferrous sulphate (g/l) is advantageous 
for cholesterol degradation (%) by B. subtilis. On the con-
trary, the high level of cholesterol concentration (g/l), 
potassium nitrate (g/l), pH, sodium chloride (g/l), potas-
sium phosphate (g/l), and volume of the media (ml/flask) 
negatively affected cholesterol degradation (%) by B. 
subtilis. Moreover, according to the calculated t-values, 
the results suggest that cholesterol concentration (g/l), 
inoculum size (%), and magnesium sulphate (g/l) were 
the most significant variables that influence cholesterol 
degradation (%) by B. subtilis. 

The magnitude of each of the nine independent vari-
ables on the activity of B. subtilis cholesterol oxidase 
(U/OD600) is shown in Table  2 and Fig.  3B. The results 
revealed that high levels of cholesterol concentration 
(g/l), sodium chloride (g/l), and potassium phosphate 
(g/l) were advantageous for the activity of cholesterol 
oxidase (U/OD600) produced by B. subtilis. On the other 
hand, the enzyme activity (U/OD600) was negatively 
affected by high initial pH, higher volume of fermenta-
tion medium (ml/flask), and the presence of high con-
centrations of magnesium sulphate (g/l), ferrous sulphate 
(g/l), potassium nitrate (g/l), and inoculum size (%) in the 
fermentation medium. Based on the statistical analysis 
performed (Table 2), initial pH, volume of fermentation 
medium (ml/flask), and cholesterol concentration (g/l) 
were considered significant variables with respect to the 
activity of B. subtilis cholesterol oxidase (U/OD600).

The results virtually demonstrated an imminent opti-
mized medium composition for maximum degradation 
of cholesterol (%) by B. subtilis as follows: cholesterol 
concentration, 2 g/l; potassium phosphate, 0.125 g/l; 

potassium nitrate, 0.5 g/l; sodium chloride, 0.5 g/l; mag-
nesium sulphate, 0.0375g/l; ferrous sulphate, 0.015g/l; 
volume of the medium, 25 ml; inoculum size, 6%; and ini-
tial pH of fermentation medium, 6. On the other hand, 
a proximate optimized medium for maximum activity of 
cholesterol oxidase production by B. subtilis is recom-
mended to be as follows: cholesterol concentration, 6 g/l; 
potassium phosphate, 0.375 g/l; potassium nitrate, 0.5 
g/l; sodium chloride, 1.5 g/l; magnesium sulphate, 0.0125 
g/l; ferrous sulphate, 0.005 g/l; volume of the medium, 
25 ml; inoculum size, 2%; and initial pH of fermentation 
medium, 6.

Optimization of fermentation conditions affecting 
cholesterol degradation (%) and the activity of cholesterol 
oxidase (U/OD600) produced by B. subtilis
Based on the Plackett–Burman experimental results, 
the significant factors affecting cholesterol degradation 
(%) by B. subtilis and the activity of B. subtilis choles-
terol oxidase (U/OD600) were selected, and their lev-
els were further investigated using the Box–Behnken 
design. For cholesterol degradation (%), the interactions 
of cholesterol concentration (g/l) with the inoculum 
size (%) and the concentration of magnesium sulphate 
(g/l) were examined. Whereas, the activity of  choles-
terol oxidase (U/OD600) produced by B. subtilis was 
further studied using the most effective key factors viz, 
initial pH, volume of the medium (ml/flask), and cho-
lesterol concentration (g/l) as independent variables. 
In both cases, each independent variable was examined 
at three different levels in 15 trials as shown in Table 3, 
while the other factors were set at their basal levels. 
The basal condition for cholesterol degradation (%) by 
B. subtilis was as follows: cholesterol concentration,  

Table 2 Statistical analysis of the Plackett–Burman experimental results

Abbreviations: C cholesterol concentration, PP potassium phosphate, PN potassium nitrate, S sodium chloride, M magnesium sulphate, F ferrous sulphate, V volume of 
the media, I inoculum size
* Significant (p-value ≤ 0.05)

Variable Cholesterol degradation (%) Cholesterol oxidase activity (U/OD600)

Coefficient Main effect t-value p-value Coefficient Main effect t-value p-value

C (g/l)  − 9.48333  − 18.966  − 7.47626 0.000676* 7.3075 14.6150 2.10046 0.089701

PP (g/l)  − 1.48333  − 2.9667  − 1.16940 0.294952 3.8158 7.6317 1.09682 0.322714

PN (g/l)  − 2.38333  − 4.7667  − 1.87892 0.119042  − 2.5058  − 5.0117  − 0.7202 0.503612

S (g/l)  − 1.51667  − 3.0333  − 1.19568 0.285431 5.1658 10.3317 1.48486 0.197710

M (g/l) 3.51667 7.0333 2.77239 0.039254*  − 5.2192  − 10.438  − 1.5001 0.193857

F (g/l) 1.11667 2.2333 0.88033 0.418975  − 3.7475  − 7.4950  − 1.0771 0.330606

V (ml/flask)  − 1.01667  − 2.0333  − 0.80150 0.459223  − 8.5275  − 17.055  − 2.4511 0.057856

I (%) 3.86667 7.7333 3.04832 0.028479*  − 0.3708  − 0.7417  − 0.1065 0.919258

pH  − 2.06667  − 4.1333  − 1.62927 0.164184  − 10.2258  − 20.451  − 2.9393 0.032283*
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2 g/l; potassium phosphate, 0.125 g/l; potassium nitrate, 
0.5 g/l; sodium chloride, 0.5 g/l; magnesium sulphate, 
0.0375 g/l; ferrous sulphate, 0.015 g/l; volume of the 
medium, 25 ml; inoculum size, 6%; and initial pH, 6. On 
the other hand, the basal condition for the activity (U/
OD600) of B. subtilis cholesterol oxidase was as follows: 
cholesterol concentration, 6 g/l; potassium phosphate, 
0.375 g/l; potassium nitrate, 0.5 g/l; sodium chloride, 
1.5 g/l; magnesium sulphate, 0.0125 g/l; ferrous sul-
phate, 0.005 g/l; volume of the medium, 25 ml; inocu-
lum size, 2%; and initial pH of fermentation medium, 6.

According to the results stated in Table 3, the inter-
actions of the three examined independent variables 
are introduced in the form of 3-D surface plots in 
Figs. 4 and 5. It is evident that the interactive effect of 
high inoculum size (%) and low cholesterol concentra-
tion (g/l) has a significant positive effect on cholesterol 
degradation (%) by B. subtilis. Furthermore, choles-
terol degradation (%) improves with the decrease in 
the concentration of both cholesterol (g/l) and mag-
nesium sulphate (g/l). Further decrease in the inocu-
lum size (%) or increase in both cholesterol (g/l) and 

Fig. 3 The main effect of fermentation factors on B. subtilis cholesterol degradation (%) A and cholesterol oxidase activity (U/OD600) B. Abbreviations: 
C cholesterol concentration, PP potassium phosphate, PN potassium nitrate, S sodium chloride, M magnesium sulphate, F ferrous sulphate, V volume 
of the fermentation media, I inoculum size
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magnesium sulphate concentrations (g/l) causes a 
decline in the degradation of cholesterol (%). On the 
other hand, the activity of B. subtilis cholesterol oxi-
dase (U/OD600) was improved by the simultaneous 
decrease in the volume of fermentation medium (ml/
flask) and cholesterol concentration (g/l) at initial pH 
6.0 till it reaches its optimum and decreases sharply on 
further increase.

The values of coefficients and the statistical analy-
sis are presented in Table  4. The linear effect of cho-
lesterol concentration (p = 0.000064), inoculum size 
(p = 0.037113), and magnesium sulphate concentra-
tion (p = 0.000591) indicates their significance in 
cholesterol degradation (%) by B. subtilis. Whereas, 
the linear effect of fermentation medium initial 
pH (p = 0.000535) and cholesterol concentration 
(p = 0.004703) suggests their magnitude in cholesterol 
oxidase activity (U/OD600) of B. subtilis. The determi-
nation coefficient for cholesterol degradation (%) and 
cholesterol oxidase activity (U/OD600) are 0.9986 and 
0.9842, respectively. Furthermore, as revealed by the 
parity plot (Fig. 6), the distribution of predicted versus 
experimental values reflects a linear relationship and a 
reasonable fitting model.

In order to predict the optimal levels for both cho-
lesterol degradation (%) and the activity of cholesterol 
oxidase (U/OD600) of B. subtilis, the following two sec-
ond-order polynomial functions were fitted based on 

the results obtained from the applied Box–Behnken 
experiment:

where Y is the cholesterol degradation (%); X1, X2, and 
X3 are cholesterol concentration (g/l), inoculum size 
(%), and concentration of magnesium sulphate (g/l), 
respectively.

where Y is the activity cholesterol oxidase (U/OD600); 
X1, X2, and X3 are initial pH of the fermentation 
medium, volume of the fermentation medium (ml/
flask), and concentration of cholesterol (g/l), respec-
tively. According to the previous equations and the 
desirability chart shown in Fig. 7, the predicted concen-
trations of cholesterol, inoculum size, and magnesium 
sulphate in the recommended optimal model of maxi-
mum cholesterol degradation (%) were 0.05 g/l, 6%, and 
0.05 g/l, respectively. On the other hand, optimal model 
parametric settings of maximum cholesterol oxidase 
activity (U/OD600) were determined at initial pH of 
fermentation medium, 6; volume of the fermentation 
medium, 15 ml/flask; and concentration of cholesterol, 
0.05 g/l.

Y = 59.67− 9.87X1− 3.25X2− 7.125X3− 0.292X1
2

− 0.417X2
2
− 0.292X3

2

Y = 61.84 − 11.939X1− 2.66X2− 8.32X3− 1.235X1
2

− 0.397X2
2
− 1.93X3

2

Table 3 Concentrations of the key variables examined in the randomized Box–Behnken experiment and the observed responses of 
cholesterol degradation (%) and cholesterol oxidase activity (U/OD600) of B. subtilis 

Trial Cholesterol degradation Cholesterol oxidase activity

Cholesterol 
(g/l)

Inoculum 
size (%)

Magnesium 
sulphate (g/l)

Cholesterol 
degradation (%)

pH Volume of the 
medium (ml/flask)

Cholesterol 
(g/l)

Cholesterol oxidase 
activity (U/OD600)

1 0.05 6 0.2 76 6 15 3.5 82.388

2 3.5 7 0.2 58 7 45 3.5 56.522

3 6.95 6 0.2 50 8 15 3.5 45.026

4 3.5 7 0.2 58 7 45 3.5 56.522

5 0.05 8 0.2 64 6 60 3.5 60.354

6 3.5 6 0.35 54 7 15 6.95 58.438

7 6.95 8 0.2 49 8 60 3.5 53.648

8 3.5 6 0.05 72 7 15 0.05 68.976

9 0.05 7 0.05 80 6 45 0.05 87.5612

10 0.05 7 0.35 58 6 45 6.95 63.228

11 6.95 7 0.05 53 8 45 0.05 57.48

12 6.95 7 0.35 47 8 45 6.95 41.8646

13 3.5 8 0.05 62 7 60 0.05 67.8264

14 3.5 8 0.35 51 7 60 6.95 51.732

15 3.5 7 0.2 59 7 45 3.5 55.564
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For verification, a model validation experiment was 
subsequently performed under the predicted parameters 
settings for cholesterol degradation (%) and cholesterol 
oxidase activity (U/OD600). The culture condition after 
applying the Plackett–Burman experiment that preceded 
the Box–Behnken experiment was used as a control 
against the predicted optimized condition of the Box–
Behnken experiment. As shown in Fig. 8, these optimum 
conditions respectively raised the cholesterol degradation 
(80.152%) and the activity of cholesterol oxidase (85.461 
U/OD600) by 1.39 and 1.54 fold when compared to the 
control settings. Moreover, the predicted and observed 
values for both cholesterol degradation (%) and the activ-
ity of cholesterol oxidase (U/OD600) were very close.

Gas chromatography-mass spectroscopy analysis 
of degradation products
GC–MS was used to identify the degradation products 
formed in the culture medium following the growth of B. 
subtilis under optimized conditions (Fig.  9). At the end 

of the fermentation process, the result showed that three 
major end products were produced viz., 13, 16-octadecadi-
ynoic acid, 9-octadecenoic acid, and ursodeoxycholic acid in 
addition to the peak of cholest-4-en-3-one which appeared 
at 36 min; however, no peak was detected for cholesterol.

Discussion
Cholesterol (3β-hydroxy-5-cholestene) is a major compo-
nent of all biological membranes, and it is an important 
precursor in the biosynthesis of other lipids. Intracellular 
accumulation of cholesterol is linked to high blood pres-
sure, diabetes, peripheral vascular disease, coronary heart 
disease, and stroke [35–37]. Cholesterol oxidase is used 
for cholesterol analysis in serum samples and also has var-
ious industrial applications [2, 3]. Several bacterial species 
have been reported to be capable of producing choles-
terol oxidase [21]. The first step of the current work was 
to isolate a bacterial strain from sewage that was capa-
ble of degrading cholesterol and producing cholesterol 
oxidase. Wali et  al. [21] and Saranya et  al. [38] isolated 

Fig. 4 Surface and contour plots showing the interaction between cholesterol degradation (%) by B. subtilis versus A cholesterol (g/l) and inoculum 
size (%), B cholesterol (g/l) and magnesium sulphate (g/l), and C inoculum size (%) and magnesium sulphate (g/l)
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Fig. 5 Surface and contour plots showing the relationships between B. subtilis cholesterol oxidase activity (U/OD600) versus A volume 
of the fermentation medium (ml/flask) and initial pH, B cholesterol (g/l) and initial pH, and C cholesterol (g/l) and volume of the fermentation 
medium (ml/flask)

Table 4 Statistical analysis of the Box–Behnken experimental results

* Significant (p-value ≤ 0.05)

For cholesterol degradation (%): X1, X2, and X3 are the cholesterol concentration (g/l), the inoculum size (%), and the concentration of magnesium sulphate (g/l), 
respectively

For the activity cholesterol oxidase (U/OD600): X1, X2, and X3 are pH, volume of the medium (ml/flask) and cholesterol concentration (g/l), respectively

Effect Cholesterol degradation (%) Cholesterol oxidase activity (U/OD600)

Parameter 
coefficient

Standard error Computed t-value p-value Parameter 
coefficient

Standard error Computed t-value p-value

Intercept 59.66667 1.062704 56.14607 0.000000 61.8389 1.769442 34.94825 0.000000

X1  − 9.87500 1.301542  − 7.58716 0.000064*  − 11.9391 2.147324  − 5.55998 0.000535*

X1
2  − 0.29167 0.957909  − 0.30448 0.768530  − 1.2354 1.580387  − 0.78172 0.456889

X2  − 3.25000 1.301542  − 2.49704 0.037113*  − 2.6584 2.147324  − 1.23803 0.250803

X2
2  − 0.41667 0.957909  − 0.43498 0.675076  − 0.3972 1.620404  − 0.24511 0.812545

X3  − 7.12500 1.301542  − 5.47428 0.000591*  − 8.3226 2.147324  − 3.87581 0.004703*

X3
2  − 0.29167 0.957909  − 0.30448 0.768530  − 1.9300 1.580387  − 1.22120 0.256776
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cholesterol-degrading bacterial strains from industrial 
wastes. The most potent strain, in terms of highest activi-
ties of cholesterol degradation (%) and cholesterol oxi-
dase (U/OD600), was identified as B. subtilis based on the 
molecular sequence of the 16S rRNA gene. Few species of 

the genus Bacillus are reported to have competent abil-
ity of cholesterol degradation [15–22]. Wali et  al. [21] 
reported that B. Pumilus W8 was capable of reducing 
cholesterol by 84% under optimized condition; however, 
they used the conventional OVAT optimization approach 

Fig. 6 Distribution of experimental values of A cholesterol degradation (%) and B cholesterol oxidase activity (U/OD600) of B. subtilis 
versus predicted values (r = 0.99 and 0.987, respectively)
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Fig. 7 Desirability charts of variables for A maximum cholesterol degradation (%) by B. subtilis and B maximum cholesterol oxidase activity (U/
OD600) of B. subtilis based on the results of Box–Behnken experiment
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in their study. Saranya et al. [38] reported 65–80% choles-
terol degradation by Bacillus sp. despite no optimization 
strategies were performed to maximize the enzyme activ-
ity. Kumari and Kanwar [16] successfully purified choles-
terol oxidase from Bacillus sp. isolated from tiger excreta. 
They studied the enzyme characteristics; however, they 
reported no attempts to optimize the enzyme activity.

The time course of B. subtilis growth revealed that the 
maximum cholesterol degradation (%) and cholesterol 
oxidase activity (U/OD600) were attained after 32 h of 
incubation. This is most likely due to the availability of 
sufficient nutrients during the exponential growth phase. 
The maximum cholesterol degradation by B. cereus was 
recorded after 4 days [21] and after 24 h of incubation 
[17], while the maximum cholesterol oxidase activity 

(1.20 U/ml) was achieved by B. cytotoxicus after 36 h of 
incubation [22]. Kuppusamy and Kumar [17] reported 
that the optimum incubation time of B. cereus for the 
highest cholesterol oxidase activity was 32 h. Brevibac-
terium sterolicum [39], Arthrobacter simplex [40], Rho-
dococcus sp. [9], Streptomyces sp. [41], and Enterococcus 
hirae [42] have been reported to produce their maximal 
cholesterol oxidase activity after 24, 96, 72, 100, and 40 h 
of incubation, respectively.

FFD and RSM have been applied in several biotech-
nological applications [23–28] as they provide quick 
screening and evaluation of the optimal levels of vari-
ables. In the current work, according to the Plackett–
Burman experiment, cholesterol concentration (g/l), 
inoculum size (%), and magnesium sulphate (g/l) were 

Fig. 8 Cholesterol degradation (%) and cholesterol oxidase activity (U/OD600) of B. subtilis grown under control and optimized fermentation 
conditions compared to the predicted optimum conditions

Fig. 9 GC–MS chromatogram of the optimized fermentation medium after growth of B. subtilis 
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the most significant factors affecting cholesterol degra-
dation (%) by B. subtilis. Whereas, initial pH of fermen-
tation medium, volume of fermentation medium (ml/
flask), and cholesterol concentration (g/l) were found 
to be significant in terms of cholesterol oxidase activity 
(U/OD600) of B. subtilis. The combination of medium 
constituents has a reflective impact on the metabolic 
pathways of the producer strains as it regulates the pro-
duction of different metabolites [43]. Various carbon 
and nitrogen sources have been reported to be sub-
strates for an enhanced cholesterol oxidase production 
[11]. In this context, the best nitrogen source for cho-
lesterol degradation by B. cytotoxicus was the inorganic 
nitrogenous compounds [22]. Ahmad and Goswami 
[44] reported that the activity of cholesterol oxidase 
produced by Rhodococcus sp. NCIM 2891 recorded a 
9.7-fold increase after applying Plackett–Burman opti-
mization. Lee et  al. [45] also investigated the effect of 
different carbon and nitrogen sources on the produc-
tion of cholesterol oxidase by Rhodococcus equi no. 
23. They found that cholesterol (0.1%), yeast extract 
(0.4–0.5%, w/v),  NH4Cl (0.1%, w/v), NaCl (0.2%, w/v), 
and tween 80 (1.0%, v/v) enhanced the production of 
the eznyme.

Box–Behnken optimization was applied to investi-
gate the interaction between the most significant factors 
affecting cholesterol degradation (%) and the activ-
ity of cholesterol oxidase (U/OD600) of B. subtilis. The 
Box–Behnken model revealed that 80.583% cholesterol 
degradation could be achieved by adjusting the concen-
trations of cholesterol, inoculum size, and magnesium 
sulphate at 0.05 g/l, 6%, and 0.05 g/l, respectively. On 
the other hand, the polynomial model estimated cho-
lesterol oxidase value of 87.134 U/OD600 at initial pH, 
6; volume of the fermentation medium, 15 ml/flask; 
and concentration of cholesterol, 0.05 g/l. The attained 
RSM optimization results are in good consistency with 
other reports describing RSM optimization for choles-
terol oxidase production. Applying RSM approach for 
optimization of cholesterol oxidase of S. lavendulae 
[46], S. badius [47], and S. rochei [48] has respectively 
recorded an increase in the enzyme activity by 2, 2.48, 
and 2.58 times their initially used fermentation media. 
Lee et  al. [49] reported a fourfold increase in the pro-
duction cholesterol oxidase (0.242 U/ml) of Rhodococ-
cus equi no. 23 after applying a full factorial design and 
central composite design. Alam et  al. [50] reported a 
2.6-fold increase in the activity of cholesterol oxidase 
(6.56 U/ml) of Streptomyces sp. AN after employing 
Plackett–Burman and Box–Behnken designs. They also 
found that pH, starch,  NH4NO3, and  FeSO4.7H2O were 
the most significant factors affecting cholesterol oxidase 
activity.

In the current study, cholesterol was used as the sole 
carbon source. Both cholesterol degradation (%) and 
cholesterol oxidase activity (U/OD600) of B. subtilis 
were influenced by varying the concentration of cho-
lesterol. It has been reported that the optimal choles-
terol concentration for maximum cholesterol oxidase 
production differs according to the producer strain. 
According to Rhee et  al. [18], degradation of choles-
terol by Bacillus sp. SFF34 from fermented flatfish was 
achieved at concentration of 0.2 g/l. The maximum 
degradation of cholesterol by B. pumilus W1 [21] and 
B. cereus [17] was recorded at cholesterol concentra-
tion of 1.0 g/l, and on increasing the concentration of 
cholesterol, the degradation activity decreased signifi-
cantly [21]. Similar results were reported by Ouf et al. 
[51] on more rapid degradation of cholesterol at low 
cholesterol concentrations than higher concentrations 
by S. fradiae.

In the current work, the highest cholesterol degrada-
tion was achieved at inoculum size of 6%. Sahu et  al. 
[52] reported an enhanced production of cholesterol 
oxidase at inoculum size of 11.25%; however, further 
increase of inoculum size resulted in a sharp decrease 
in enzyme production. A maximum cholesterol decom-
position of 71% was recorded by B. cytotoxicus at 5% 
inoculum size [22].

The results demonstrated that the maximum degra-
dation of cholesterol was attained at magnesium sul-
phate concentration of 0.05 g/l. Although the activity 
of cholesterol oxidase does not require metal ions [53], 
magnesium sulphate [54] and sodium chloride [55] have 
been reported to influence its activity. Therefore, other 
researchers supported the use of both magnesium sul-
phate and sodium chloride in the fermentation medium 
[46]. Wali et al. [21] reported that the most appropriate 
metallic ion for cholesterol degradation by B. pumilus 
W8 was found to be magnesium sulphate followed by 
calcium chloride. Similar results were reported by Ouf 
et al. [51] and Kuppusamy and Kumar [17] on S. fradiae 
and B. cereus, respectively.

The initial pH of the fermentation medium plays a criti-
cal role in the production of cholesterol oxidase through 
the submerged fermentation process as it may affect the 
dissociation of the medium constituents [56] and the 
physiological performance of cells [42]. El-Naggar et  al. 
[57] demonstrated that the initial pH was the most sig-
nificant factor affecting the production of cholesterol 
oxidase by S. cavourensis NEAE-42 strain. In the current 
study, the optimal initial pH of fermentation medium 
required for attaining the highest activity (U/OD600) of 
B. subtilis cholesterol oxidase was pH 6. This is in close 
agreement with other reports, the maximum cholesterol 
degradation by B. pumilus [21] and Bacillus sp. [38, 58] 
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was attained at pH 7.0. Moreover, initial pH of the value 
6.5, 7.5, 7, and 7.5 are the optimum pH for cholesterol 
oxidase production by Bacillus sp. [38, 58], B. cereus [17], 
S. rimosus [59] and S. aegyptia [32, 60], and B. cytotoxicus 
[22], respectively.

In the current study, the determination coefficient 
values of cholesterol degradation (%) and choles-
terol oxidase activity (U/OD600) respectively indicated 
99.86% and 98.42% match between the observed and 
predicted data. A regression model with a value of 
R2 greater than 0.9 is usually considered to have a 
very high correlation, and a model with a value of R2 
between 0.7 and 0.9 is considered to have a high cor-
relation [61]. Generally, optimization of Bacillus cho-
lesterol oxidase has been optimized in very few studies. 
The cholesterol oxidase activity obtained after opti-
mization (85.461 U/OD600) was compared with other 
previously conducted researches on various bacte-
rial isolates. The cholesterol oxidase production by B. 
pumilus [15] and B. cytotoxicus [22] was optimized 
and their highest activities were 9 U/ml and 2.31U/ml, 
respectively. Similarly, the maximum reported activities 
of cholesterol oxidase were 6 U/ml and 20 U/mg from 
Streptomyces sp. [56, 62], 4.2 U/ml from S. olivaceus 
[52], 2.21 U/ml from S. lavendulae [46], 1.4 U/ml from 
S. badius [47], 5.41 U/ml from S. rimosus [59], 25.5 U/
ml from S. rochei NAM-19 [48], and 4.51U/ml from S. 
anulatus NEAE-94 [63]. Likewise, the maximum activ-
ity of cholesterol oxidase produced by Bordetella after 
optimization was 1.7 U/ml [64]. Moreover, Enterobac-
ter [65], Brevibacterium sp. [66], and Rhodococcus [67] 
showed cholesterol oxidase activity of 0.43 U/ml, 1.469 
U/ml, and 0.398 U/ml, respectively.

Based on the GC–MS result, no cholesterol peak was 
detected at the end of the submerged fermentation that 
was carried out under optimized conditions indicating 
complete degradation of cholesterol by B. subtilis. GC–
MS is the most commonly used method for the quan-
tification of cholesterol [68, 69]. Similarly, Rhee et  al. 
[18] used GC analysis to confirm the conversion of cho-
lesterol into 4-cholesten-3-one by two novel cholesterol 
oxidases of Bacillus sp. isolated from fermented flatfish. 
Cholesterol oxidase catalyzes three chemical conver-
sions: the first one is the dehydrogenation of choles-
terol to produce the intermediate 5-cholestane-3-one 
[70]. In the second chemical conversion, the reduced 
flavin reacts with dioxygen yielding hydrogen peroxide 
and forming the oxidized enzyme state [70]. The final 
catalytic step is the isomerization of the double bond in 
the oxidized steroid ring system to form cholest-4-en-
3-one [70].

Conclusion
Cholesterol oxidase has various biomedical, environ-
mental, and industrial applications. Optimization of the 
process parameters influencing the production of choles-
terol oxidase by B. subtilis was thoroughly investigated. 
The Plackett–Burman optimization design was applied 
to search for the most significant factors affecting cho-
lesterol degradation (%) and the activity of cholesterol 
oxidase (U/OD600) of B. subtilis. The degradation of cho-
lesterol (%) and the activity of cholesterol oxidase (U/
OD600) were enhanced by optimization of the fermenta-
tion medium using Box–Behnken design. The optimiza-
tion process improved both cholesterol degradation (%) 
and the activity of cholesterol oxidase (U/OD600) by 139% 
and 154%, respectively. Overall, this work provides prin-
cipal information for the development of efficient large-
scale production of cholesterol oxidase by B. subtilis that 
could be used in various applications.
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