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Abstract
The aim of the study was to optimize fermentation parameters for coproduction of protease and cellulase from Bacillus 
subtilis M-11 in solid state fermentation by a statistical approach and to evaluate the stability and compatibility of enzymes 
for detergent formulation. Eight different substrates were investigated to find the best medium supporting maximum enzyme 
productions. Box–Behnken design (BBD) was employed to optimize culture conditions for the coproduction of proteases 
and cellulose. The effect of pH and temperature, surfactants and commercial detergents on stability of the enzymes was 
evaluated. Oat flour was found to be the best substrate for production of both enzymes. The results indicate that BBD is an 
effective tool for optimizing the medium for coproduction of enzymes and the fermentation parameters that affect produc-
tion of the enzymes. Furthermore, the enzymes showed excellent compatibility with detergents, as well as high stability in 
wide ranges of temperature (25–60 °C) and pH (7.0–9.5). In conclusion, the present study offers a cost-effective method to 
coproduce protease and cellulase from B. subtilis M-11. Also, it can be suggested that both the enzymes have strong potential 
for usage in the detergent industry.
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Introduction

Use of cellulose and protease in industrial applications such 
as laundry detergents, animal feed paper, and waste man-
agement are rapidly increasing due to their economic and 
ecological advantages (George et al. 2014; Kalaiyarasi et al. 
2017). Cellulase, lipase, protease and amylase are major 
enzymes incorporated in detergent formulations (Hmidet 
et al. 2009). Microorganisms are preferred for the production 
of the enzymes, because of a significant yield, and low-cost 
(Niyonzima and More 2015a). Especially, there are many 
studies on the production of cellulase (Irfan et al. 2017; 
Sreena and Sebastian 2018; Shahid et al. 2016) and protease 

(Sahin et al. 2015; Singh and Bajaj 2016; Kalaiyarasi et al. 
2017) from the genus Bacillus.

The detergent industry exploits about 60% of all enzymes 
produced but needs more amounts of enzymes. The most 
important challenge in meeting this need is the high cost of 
enzyme production. The substrates used for the fermenta-
tion medium account for 30–40% of the production cost of 
industrial enzymes (Niyonzima and More 2015a). In a single 
fermentation medium, combined production of enzymes can 
be an important step to reduce the cost.

Another way of reducing the cost of production is the 
usage of cheap substrates such as agroindustrial products 
(Niyonzima and More 2015a). At the same time, production 
of enzymes in the SSF currently gains more attention due to 
its advantages such as higher volumetric productivity and 
less water usage (Kalaiyarasi et al. 2017; Krishna 2005). 
Substrates used in SSF are commonly natural products such 
as agroindustrial wastes that render a carbon source (Pandey 
et al. 1999).

Microbial production of enzymes with the SSF process is 
influenced by various major factors such as the selection of 
a suitable substrate and microorganism, the moisture level 
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of substrate, temperature, pH and incubation time (Krishna 
2005). Performing this process using the conventional one-
factor-at-a-time approach of optimization is both laborious 
and time-consuming. However, the process disregards the 
combined interaction of the variables and does not guar-
antee to attain optimal conditions. In recent years, to solve 
this problem model-based optimization techniques have 
been proposed (Zhang et al. 2018). The use of statistical 
approaches such as Box–Behnken Design has gained a lot 
of impetus to predict optimal fermentation conditions and to 
understand the interactions among various parameters with a 
minimum number of experiments. Kalaiyarasi et al. (2017) 
reported that protease and cellulase productions increased 
four-fold in the statistical design-optimized medium, com-
pared to the non-optimized medium.

The utilization of enzymes in detergents is limited 
due to the high cost of production (Niyonzima and More 
2015a). The coproduction of enzymes in a single-cultivation 
medium with inexpensive substrates can bring down the 
cost. The industrial demand for enzymes, which are stabile 
to pH, temperature, and surfactants, continues to stimulate 
the search for new enzyme sources. Therefore, the study 
aimed to coproduce protease and cellulase from Bacillus 
subtilis M-11 in the same SSF medium and to optimize fer-
mentation parameters for maximal enzyme activity using 
Box–Behnken Design (BBD). The stability and compat-
ibility of the obtained enzymes for detergent formulation 
was evaluated in the presence of commercial detergents and 
some detergent constituents.

Materials and methods

Materials and microorganism

Casein from Carlo Erbaa, Carboxymethylcellulose (CMC) 
Sodium Salt from Alfa Aesar and Folin-Ciocalteu reagent 
from Merck were purchased. Other chemical reagents used 
in experiments were analytical grade.

Bacillus subtilis M-11 strain was isolated from soil, Tur-
key. The bacterial isolate was identified at Adnan Menderes 
University, Arts and Science Faculty, Biology Department. 
Bacillus subtilis M-11 was grown on nutrient agar at 37 °C 
for 24 h for inoculum preparation. A loopful of the growth 
was transferred to nutrient broth. The broth culture was incu-
bated at 37 °C at 120 rpm for 24 h. It was used as an inocu-
lum through all the study.

Solid state fermentation and substrate selection

Eight different organic substrates, including wheat bran, 
corncob, barley flour, Phaseolus vulgaris L. Hull, oat stalk, 
oat flour, bean flour, and chickpea flour, were obtained from 

local market. To select a potential substrate that supported 
maximum enzyme production for SSF, the organic substrates 
were screened individually to produce both the enzymes. 
The SSF medium containing 3 g of the organic substrates 
in a 100 mL Erlenmeyer flask was autoclaved at 121 °C for 
15 min. The medium was inoculated with 100 µL of 24 h 
grown culture broth under sterile conditions and incubated 
at 37 °C, after adding phosphate buffer (0.05 M, pH 7.5) to 
adjust the moisture level (75%) of the medium. After that, 
production of both the enzymes was checked every 24 h for 
96 h. For activity assays, the cells were separated from the 
medium by centrifugation at 8000 rpm for 20 min. The clear 
supernatant was used as the enzyme source. The best sub-
strate, which provided the maximal activities of protease and 
cellulase, was used for optimization of enzyme production 
by BBD.

Enzymes production and statistical optimization

In the present study, the Box–Behnken statistical experi-
mental design method was utilized to define the effects of 
parameters such as incubation time, temperature, initial 
pH, and initial moisture level on the coproduction of the 
cellulase and protease (Pawar and Rathod, 2018). The fer-
mentation parameters, including incubation time (24–72 h), 
incubation temperature (27–57 °C), initial pH (5.5–9.5), 
and initial moisture level (60–90%), were selected for BBD. 
BBD at three levels was described as high, medium and 
low (− 1, 0, and + 1) (Table 1). A total of 29 experiments 
were constructed in the experimental design method and 
the center point was repeated five times to test the reproduc-
ibility of the test results. All the experiments were carried 
out in duplicates and the response function coefficients were 
determined by regression using the experimental data and 
Design-Expert V7 trial version. For four variable systems, 
the model equation is as follows:

(1)

Y = β
0
+ β

1
A + β

2
B + β

3
C + β

4
D + β

11
A

2 + β
22
B
2

+ β
33
C
2 + β

44
D

2 + β
12
AB + β

13
AC

+ β
14
AD + β

23
BC + β

24
BD + β

34
CD

Table 1   Levels of the factors tested in Box–Behnken design as inde-
pendent variables and their experimental designs levels for optimiza-
tion of protease and cellulase production

Symbol Variable Units Coded levels

− 1 0 + 1

A Incubation temperature 27 42 57
B Initial pH °C 5.5 7.5 9.5
C Initial moisture % 60 75 90
D Incubation time H 24 48 72
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where Y is the predicted response, β0 is the model constant; 
A, B, C, and D are independent variables; β1, β2, β3 and β4 
are linear coefficients and β11, β22, β33 and β44 are the quad-
ratic coefficients.

ANOVA was used to analyze the experimental results of 
protease and cellulase production. The optimum values of 
the variables were obtained by analyzing three-dimensional 
plots. After optimization, experiments were conducted to 
validate the predicted protease and cellulase activities under 
the optimum fermentation conditions predicted by the sta-
tistical model.

Determination of enzyme activities

Protease activity was determined using the Cupp-Enyard 
methods (2008). Enzyme (25 µL) was incubated for 10 min 
at 37 °C after adding 0.65% (w/v) casein solution (1 mL) 
prepared in 50 mM phosphate buffer (pH 7.5). The reaction 
was stopped by addition of 1 mL of TCA (trichloroacetic 
acid). The reaction mixture was centrifuged at 4000 rpm for 
5 min after the incubation for 10 min. After that, 500 µL of 
supernatant was transferred to another test tube and 2 mL 
of Na2CO3 solution and 1 mL of fivefold-diluted Folin–Cio-
calteau reagent were added. The mixture was incubated 
for 10 min at 37 °C. The amount of tyrosine released was 
determined spectrophotometrically at 660 nm against the 
enzyme blank. One unit of protease activity was defined as 
the amount in micromoles of tyrosine equivalents released 
from casein per minute at 37 °C, pH 7.5. The enzyme activ-
ity was expressed as IU/gds (gram dry substrate).

Cellulase activity was determined using the DNS 
(3,5-dinitrosalicylic acid) method (Ghose 1987). In this 
assay, the amount of reducing sugars released from carbox-
ymethylcellulose (CMC) dissolved in 50 mM citrate buffer 
(pH 5) was determined. The enzyme and 1% (w/v) CMC 
solution were incubated for 30 min at 50 °C. After the reac-
tion was stopped by addition of DNS solution, the samples 
were boiled for 15 min and then cooled. The optical density 
was measured at 540 nm. The cellulase activity was deter-
mined using a calibration curve for glucose. One unit of 
enzyme activity was defined as the amount of enzyme that 
released 1 µmol of glucose per minute. The enzyme activity 
was expressed as IU/gds (gram dry substrate).

Effect of temperature and pH on activity 
and stability of protease and cellulase

The effect of pH on activity and stability of both enzymes 
was defined by incubating the enzymes (1 mL) with 50 mM 
phosphate buffer (1 mL) with pH of 6.5–10.0, without sub-
strate, for 1 h at room temperature and the residual activities 
were then estimated.

The effect of temperature on activity and stability of both 
enzymes was defined by measuring the residual activity of 
the enzyme at 25–70 °C, without substrate, after incuba-
tion for 1 h. Also, thermostability of the enzymes at 40 °C 
was evaluated. The half-life time is determined as the time 
required to detect the loss of 50% of the protease and cel-
lulase activity (Petlamul and Boukaew 2019).

Relative activities for all tests were determined by taking 
100% as the enzyme activity at the start of the experiment 
and were measured by the standard assay procedure.

Detergent compatibility of the enzymes

The effect of surfactants and oxidizing agent on enzymes 
was tested by incubating the enzymes with anionic (SDS-
sodium dodecyl sulfate) and nonionic (Tween 20, − 40 and 
− 80) surfactants and oxidizing agent (H2O2) at 40 °C for 
1 h, and subsequently assaying for the residual enzymes 
activities. Activities of both the enzymes were measured to 
compare with the control sample without any surfactants.

To evaluate detergent compatibility of both the enzymes, 
the detergent brands used were Alo®, Omo®, Tursil®, 
Persil®, and Peros®. Detergents were diluted in distilled 
water to give a final concentration of 7 mg/mL to simulate 
washing conditions. The mixture was heated at 100 °C for 
15 min to neutralize the enzymes that could be present in 
the detergent formulations. Later, these enzymes (2560 IU/
gds of protease activity, 24.33 IU/gds of cellulase activity) 
were incubated in detergent solution prepared in water of 
630 ppm total dissolved solids (TDS) at 40 °C for 1 h. The 
enzyme activities were measured compared with the control 
sample without any detergent (Hmidet et al. 2009; Rekik 
et al. 2019).

Results and discussion

Effects of different substrates on protease 
and cellulase activity

The choice of microorganisms and substrate are the most 
important factors in SSF (Soccol et al. 2017). In this study 
eight different organic materials were investigated to deter-
mine a suitable medium for production of both enzymes in 
SSF. The maximum production of both enzymes from Bacil-
lus subtilis M-11 was performed at 48 h (37 °C, 75% ini-
tial moisture level, pH 7.5) under the same conditions. The 
results obtained from 3 substrates were very close; however, 
oat flour supported the highest enzyme activities (Table 2). 
Therefore, the coproduction of cellulase and protease was 
maintained with oat flour as substrate and optimized by a 
statistical approach.
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Inexpensive and readily available substrates can be used 
to produce commercial enzymes by SSF. Given recent lit-
erature, proteases produced from agro-industrial sources 
are the third most studied group of enzymes produced by 
SSF (Soccol et al. 2017). In this study, it was found that the 
maximum activities obtained were 19.13 IU/gds for cellu-
lase and 678.66 IU/gds for protease in SSF with oat flour. 
There are many studies that use various organic sources as 
the substrate in protease production. Singh and Bajaj (2016) 
found that cotton seedcake supported maximum protease 
production. The protease production by Bacillus spp. was 
carried out using agro-industrial materials (chickpea, gram 
black, gram husks, and wheat bran) as substrate (Prakasham 
et al. 2006; Govarthanan et al. 2014).

Most of the scientific studies published in the recent 
literature on SSF are related to cellulases and xylanases 
production (Soccol et al. 2017). Bacillus spp., which has 
excellent fermentation properties, is considered to be an 
important microbial source, but has been less used for cel-
lulase production. Cellulase production has been obtained 
from bacterial strains such as B. subtilis K-18 (Irfan et al. 
2017), B subtilis strain MU S1 (Sreena and Sebastian 2018), 
and B. megaterium (Shahid et al. 2016). In this study, cel-
lulase production was carried out successfully from Bacillus 
subtilis M-11.

Statistical optimization of protease and cellulase 
coproduction

A new medium design is needed to increase enzyme pro-
duction by low-cost solid substrates due to the commercial 
importance of enzymes. The combination of medium and 
fermentation conditions is an important factor that remark-
ably changes the yield in SSF (Govarthanan et al. 2014). Sta-
tistical design techniques were successfully used to perform 
cellulose, protease and uricase production (Kalaiyarasi et al. 
2017; Pawar and Rathod 2018). BBD is one of the Response 

Surface Methodology (RSM) designs. BBD is more influ-
ential and easier to adjust and interpret the experiments. 
Therefore, this method is widely applied in many studies 
(Li et al. 2012).

In the study, BBD was employed to define the optimum 
level of parameters that provided maximum enzyme produc-
tion and to understand the relationships between the fermen-
tation parameters (incubation time, temperature, initial mois-
ture, and pH) and the enzyme activities. The experimental 
design is presented in Table 3 with the experimental results. 
The variance analysis of the quadratic regression models 
suggested that the models are significant as summarized in 
Table 4. For protease and cellulase activity responses the 
regression equations obtained are as follows:

The importance of model terms is controlled by their 
respective p values. Also, “The Lack of Fit F-value” results 
indicate that the lack of fit is not significant relative to the 
pure error. Non-significant lack of fit is desirable. For pro-
tease and cellulase productions, the predicted R2 (0.96 and 
0.94, respectively) and adjusted R2 (0.98 and 0.97, respec-
tively) values were in reasonable agreement with the value 
of R2 (0.99 and 0.98, respectively). The values of R2 imply 
a correlation between the experimental results and predicted 
values. It shows that the experiments are very reliable (Garai 
and Kumar 2013).

The statistical analysis indicates that the variables tested 
have a significant effect on protease and cellulase produc-
tion. As shown in Table 5, A, B, D, AB, AD, BD, A2, B2, 
C2, D2 are significant model terms for protease production. 
Also, A, B, D, AB, A2, B2 are significant model terms for 
cellulase production.

The three-dimensional (3-D) response surface graphs 
were plotted to illustrate the interaction of two variables and 
the optimum level of each variable for maximum protease 
and cellulase activities. The 3-D plot graphical representa-
tions are shown in Figs. 1 and 2.

Figure 1 presents the interaction between the two vari-
ables for protease production. Temperature affects the micro-
bial growth, spore and product formation. Figure 1a shows 

(2)

YProtease activity = +332.36 + 64.57 ∗ A − 117.97 ∗ B − 1.73 ∗ C

+ 45.81 ∗ D − 67.64 ∗ A ∗ B + 1.96 ∗ A ∗ C

+ 19.50 ∗ A ∗ D − 1.39 ∗ B ∗ C − 50.60 ∗ B ∗ D

+ 10.32 ∗ C ∗ D − 91.46 ∗ A2 − 115.99 ∗ B2

− 89.53 ∗ C2 − 80.07 ∗ D2

(3)

YCellulase activity = + 3.07 + 0.44 ∗ A − 0.36 ∗ B − 0.073 ∗ C

+ 0.58 ∗ D − 0.25 ∗ A ∗ B − 0.092 ∗ A ∗ C

+ 2.500E − 03 ∗ A ∗ D + 0.015 ∗ B ∗ C

− 0.085 ∗ B ∗ D − 0.14 ∗ C ∗ D − 0.56 ∗ A2

− 1.84 ∗ B2 + 0.023 ∗ C2 + 0.046 ∗ D2

Table 2   Productions of protease and cellulase from Bacillus subtilis 
M-11 on different organic materials

Substrate Cellulase 
activity (IU/
gds)

Protease activity (IU/gds)

Chickpeas flour 15.30 ± 1.56 234.53 ± 1.03
Bean flour 13.13 ± 1.05 231.06 ± 0.94
Phaseolus vulgaris L. 

Hull
9.06 ± 0.55 272.66 ± 0.45

Oat flour 19.13 ± 0.78 678.66 ± 0.59
Oat stalk 4.01 ± 1.01 41.53 ± 1.12
Barley flour 18.66 ± 1.13 552.93 ± 0.95
Wheat bran 18.33 ± 0.34 639.53 ± 0.16
Corncob 18.13 ± 0.98 458.80 ± 0.79
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that protease activity increases between 48 h and 60 h, as 
well as that an incubation temperature higher than 42 °C 
causes a sharp decrease in the protease production. This 
could be because of the denaturing of the protein struc-
ture (Niyonzima and More 2015b). Pouryafar et al. (2015) 
observed the highest protease production from B. licheni-
formis at an optimum incubation time of 48 h. The optimal 
values of protease production from B. mojavensis A21 are 

67.68 h and 30.26 °C (Mhamdi et al. 2014). The incubation 
time and temperature required for maximum production of 
the enzyme vary among Bacillus species and depend upon 
environmental and cultural conditions (Singh and Bajaj 
2015).

Figure 1b shows that the increase in incubation time with 
a corresponding increase in pH resulted in an increase in 
protease activity. In the model, protease production was 

Table 3   Box–Behnken 
experimental design for the 
optimization of cellulase and 
protease production

a Experimental results

Run order Initial pH Incubation tem-
perature (°C)

Initial mois-
ture (%)

Incubation 
time (h)

Protease 
activitya (IU/
gds)

Cellulase 
activitya (IU/
gds)

1 7.50 57.00 75.00 24.00 69.66 2.33
2 7.50 27.00 60.00 48.00 1564.06 11.13
3 9.50 42.00 75.00 72.00 1896.40 24.66
4 9.50 57.00 75.00 48.00 71.66 4.06
5 7.50 27.00 90.00 48.00 1599.80 10.60
6 7.50 42.00 75.00 48.00 2201.66 21.26
7 9.50 42.00 90.00 48.00 1450.06 17.73
8 7.50 42.00 75.00 48.00 2245.20 20.06
9 7.50 57.00 90.00 48.00 67.26 5.13
10 7.50 42.00 90.00 24.00 637.26 18.66
11 7.50 42.00 60.00 24.00 859.26 17.93
12 7.50 27.00 75.00 24.00 1136.8 5.93
13 5.50 42.00 75.00 24.00 466.46 8.80
14 7.50 57.00 60.00 48.00 68.53 5.26
15 9.50 42.00 60.00 48.00 1425.86 20.46
16 7.50 42.00 75.00 48.00 2119.26 20.06
17 7.50 27.00 75.00 72.00 2501.46 15.40
18 5.50 27.00 75.00 48.00 654.46 2.80
19 9.50 27.00 75.00 48.00 2436.53 1.69
20 7.50 57.00 75.00 72.00 84.93 1.43
21 5.50 57.00 75.00 48.00 93.26 2.33
22 5.50 42.00 75.00 72.00 712.60 17.00
23 5.50 42.00 90.00 48.00 645.40 14.13
24 7.50 42.00 75.00 48.00 2253.46 20.06
25 9.50 42.00 75.00 24.00 1130.33 16.40
26 5.50 42.00 60.00 48.00 673.40 14.40
27 7.50 42.00 60.00 72.00 1357.86 26.26
28 7.50 42.00 90.00 72.00 1411.00 23.33
29 7.50 42.00 75.00 48.00 2259.2 21.0

Table 4   Representation of the 
model and experimental results

Source df Protease activity Cellulase activity

F-value Prob > F Assignation F-value Prob > F Assignation

Linear versus mean 4 7.83 0.0003 1.89 0.1450
Quadratic versus 2FI 4 213.34 < 0.0001 Suggested 251.14 < 0.0001 Suggested
2FI versus linear 6 0.59 0.7343 0.048 0.9994
Cubic versus quadratic 8 1.82 0.2399 Aliased 1.21 0.4214 Aliased
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found to be significantly affected by pH (p < 0.0001). An 
increase in protease activity was observed with an increase 
in pH from 7.5–8.5. In previous studies, pH 9.0 was the opti-
mum for the production of protease from Bacillus subtilis 
K-1 and Bacillus sp. SKK11 (Singh and Bajaj 2016; Govart-
hanan et al. 2014), while Bacillus sp. NB34 was optimum 
at pH 10 for protease production (Kumar et al. 2014). Pawar 
and Rathod (2018) found that the production of protease 
from Bacillus licheniformis increased in range of pH 8–9.5. 
Moreover, the interaction between pH and incubation time 
(A*D) was significant (p < 0.0001) for interactive terms 
(Table 5).

The lower or higher moisture level in SSF affects micro-
bial activity. High moisture level prevents oxygen penetra-
tion and leads to decreased substrate porosity. However, low 
moisture level may cause poor microbial growth (Pandey 
et al. 1999). Figure 1c, d, f show that protease activity was 
affected by altering pH, time, and temperature with initial 
moisture levels. For enzyme production, the effect of initial 
moisture level was limited (p > 0.05) compared with pH, 
incubation temperature and time. The effect of temperature 
and pH on the protease activity is presented in Fig. 1e and 
there is an increase in protease activity at approximately pH 
8.5 and incubation temperature between 35 and 42 °C. The 
interaction between pH and temperature (A*B) was found to 
be significant (p < 0.0001) as seen in Table 5. Based on the 
results, the model predicted the maximum protease activity 

of 2808.13 IU/gds under the optimal condition (pH 8.8, 
29.06 °C, 70.7 h and initial moisture level of 78%). The 
predicted activity was close to the experimental protease 
activity of 2819.15 IU/gds.

Figure 2 indicates the response surface plots for values of 
the variable, while other variables tested are fixed at the zero 
(0) level for analysis of cellulase production except incuba-
tion time (+ 1). In this work, as shown in Fig. 2a, cellu-
lase activity increases at 42 °C and 72 h. As the incubation 
temperature increases, the cellulase activity also increased 
and reached a maximum at the optimum temperature. After 
the optimal temperature, a decrease in cellulase activity was 
observed. Also, pH and temperature have synergistic effects 
on cellulase production (Fig. 2c). An increase in cellulase 
production was observed with an increase in the range of pH 
7.5–9 and at 35–42 °C. Accordingly, the combined effects 
of incubation time and initial pH on cellulase production 
are displayed in Fig. 2f. Figure 2b, d, e show that cellulase 
activity is affected by altering pH, time, and temperature 
(p < 0.0001), whereas there is no significant effect of initial 
moisture level (p > 0.05). As a result, the optimal condi-
tion for maximum cellulase production was predicted to be 
39.5 °C, pH 8.5, 60.3% of moisture level and 71.7 h with 
26.26 IU/gds of cellulase activity, which was close to experi-
mental cellulase activity of 25.45 IU/gds.

There is a strong influence of initial pH, incubation tem-
perature and time on enzyme production. The alkalophilic 
Bacillus strains produce alkaline cellulase in the pH range 
of 8.5–9.5, used as a detergent constituent (Sadhu et al. 
2013). The maximum cellulase production from Bacillus 
spp. was found at 45 °C (Verma et al. 2012). The previ-
ous study reported that cellulase production diminished at 
pH 4.5 and pH 9.5. The maximum cellulase production was 
obtained at a temperature of 42 °C (Shajahan et al. 2017). 
Also, detergent compatible enzymes are mostly reported to 
be secreted in the temperature range of 30–50  °C (Niyon-
zima and More 2015a). These results were consistent with 
our findings. In this work, both enzymes were successfully 
co-produced from B. subtilis M-11 in SSF under optimal 
conditions determined by BBD. Also, the fermentation con-
ditions, including incubation time, temperature and initial 
pH, were found to have a significant effect on the produc-
tions of these enzymes.

Lastly, the statistical model developed for the coproduc-
tion of cellulose and protease was validated. For this, the 
predicted set of optimized conditions which gave maxi-
mum activities for both enzymes was obtained using the 
point prediction feature of the Design Expert software and 
the model validity was tested. The optimum coproduction 
conditions for both the enzymes were predicted to be pH 
8.6, 36.2 °C, 72.6% moisture level and 72 h. The maximal 
protease and cellulase activities were 2501.46 IU/gds and 
25.06 IU/gds, respectively. These predictions were validated 

Table 5   ANOVA for the quadratic model obtained as a result of the 
Box–Behnken method for production of protease and cellulase from 
Bacillus subtilis M-11

a p < 0.01 and bp < 0.05 are significant.

Source df Protease Cellulase

F-value Prob > F F-value Prob > F

Model 14 169.84 < 0.0001a 96.20 < 0.0001a

A-initial pH 1 279.57 < 0.0001 95.62 < 0.0001a

B-temperature 1 933.35 < 0.0001a 62.77 < 0.0001a

C-initial moisture 
level

1 0.20 0.6615 2.67 0.1248

D-time 1 140.71 < 0.0001a 164.87 < 0.0001a

AB 1 102.27 < 0.0001a 10.54 0.0059b

AC 1 0.086 0.7741 1.41 0.2542
AD 1 8.50 0.0113b 1.033E−003 0.9748
BC 1 0.043 0.8386 0.037 0.8499
BD 1 57.24 < 0.0001a 1.19 0.2930
CD 1 2.38 0.1452 3.12 0.0989
A2 1 303.25 < 0.0001a 83.52 < 0.0001a

B2 1 487.68 < 0.0001a 905.57 < 0.0001a

C2 1 290.54 < 0.0001a 0.14 0.7122
D2 1 232.41 < 0.0001a 0.55 0.4687
Lack of fit 14 2.85 0.1620 3.90 0.1008
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by experiments in which 2560.13 IU/gds of protease activ-
ity and 24.33 IU/gds of cellulase activity were obtained. 
All experimental activity values corresponded well with the 
predicted values. This implies confirmation of the validity 
of the statistical model. These results indicate that the BBD 
is an effective and reliable tool for maximizing protease and 
cellulase coproduction.

Effects of pH and temperature on protease 
and cellulase activities

The pH and the temperature stability of the enzyme are 
very important parameters for their industrial use. For use 

in detergents, enzymes are anticipated to remain stable at 
alkaline pH values, at relatively high temperatures such as 
40–50 °C, and with detergent constituents (Sellami-Kamoun 
et al. 2008). In this study, the effect of pH on enzyme activi-
ties was performed in the pH range between 6.0 and 10.0. 
Protease and cellulase showed optimum activity at pH 8.5 
and 8, respectively. Similarly, the cellulases from Bacilullus 
spp. were found to show optimum activity at pH 7 and 8.0 
(Lee et al. 2008; Ladeira et al. 2015). The proteases used in 
detergent formulations are reported to show maximum activ-
ity at pH values of 8.0–10.0 (Sellami-Kamoun et al. 2008).

As seen in Fig. 3a, b, the effect of the temperature on 
the activity and stability of enzymes was evaluated. Both 

Fig. 1   3-D plots of the combined effects of two variables on protease production
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enzymes retained 100% activity at 40 °C while 83.28% of 
the cellulase activity and 62.3% of protease activity was 
retained at 60 °C for 1 h (Fig. 3a). Cellulases from Bacillus 
species are thermostable in the temperature range of 0–50 °C 
(Shahid et al. 2016).

In this work, thermostability of the enzymes at 40 °C was 
evaluated; the half-life (t1/2) times of protease and cellulase 
were 7 and 10 days, respectively (Fig. 3b). The results show 
that the enzymes were able to maintain their activities for 
a long time, although the enzyme activities decreased at 

prolonged time. Furthermore, the cellulose produced was 
resistant to proteolysis, as seen in Fig. 3b. The stability of 
cellulase may be affected by proteolytic activity of pro-
tease when enzymes are used together in industrial process. 
Therefore, cellulases should be resistant to proteolysis. It has 
been suggested that coproduced enzymes have better resist-
ance to each other (Niyonzima and More 2015a). The results 
indicate that the enzymes were highly active and stable over 
wide ranges of temperature (25–60 °C) and pH (7.0–9.5).

Fig. 2   3-D plots of the combined effects of two variables on cellulase production
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Detergent compatibility

Enzymes are utilized in a very small amount in detergent 
formulations to enhance the cleaning ability of detergents. 
A good detergent enzyme must be stable and compatible 
with all detergent constituents such as oxidizing agents, 
surfactants and other additives (Niyonzima and More 
2015a).

In this study, the effect of the surfactants and the oxi-
dizing agent on stability of the enzyme was evaluated after 
1 h of incubation at 40 °C (Table 6). The protease activity 
increased in the presence of various surfactants and oxidiz-
ing agents. Similarly, protease activity was reported to be 
increased in the presence of surfactants in previous studies 
(Beg and Gupta 2003; Rekik et al. 2019). However, there 

are studies reporting a decrease in activity of protease in the 
presence of various surfactants (Ghorbel et al. 2014; Lam 
et al. 2018). Also, we found that the protease activity was 
retained: 64.91% and 68.63% of its initial activity in the 
presence of 0.5% and 0.25% SDS, respectively. The stability 
towards SDS is favored for usage of enzymes in detergent 
(Hmidet et al. 2009).

The bacterial cellulases in detergent formulations must be 
stable in the presence of surfactants (Niyonzima 2019). We 
found that the cellulase activity increased in the presence of 
H2O2, Tween, 40, Tween 80 and SDS. Similar stimulation 
was reported in the presence of SDS, H2O2, Tween 20, 60, 
and 80 for cellulases of Bacillus species (Gaur and Tiwari 
2015). On the contrary, Sadhu et al. (2013) found that the 
cellulase activity was reduced by SDS and Tween-80. As a 
result, in addition to their stability in the presence of other 
surfactants, cellulase activity increased with SDS in the 
study. Our findings are very important because the loss of 
enzymes activity with SDS is a limiting factor in their utili-
zation in detergents (Imran et al. 2018).

In this study, both the enzymes were relatively stable after 
1 h of incubation at 40 °C in the presence of five commercial 
detergent tested (Table 6). It was observed that the protease 
in the presence of detergents showed very good stability, 
ranging from 84 to 98%. Different results were reported 
by other studies. For example, protease from B. licheni-
formis NH1 strain retained 83–100% of its initial activity 
in the presence of all the tested commercial detergents after 
incubation for 1 h at 40 °C (Hmidet et al. 2009). In another 
study, the activity of protease from Virgibacillus sp. CD6 
strain ranged from 63 to 165% in the presence of commercial 
detergents (Lam et al. 2018).
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Fig. 3   a Effect of temperature on  protease and cellulase activity. b 
Thermal stability of protease and cellulase at 40 °C. c Effect of pH on 
protease and cellulase activity

Table 6   Compatibility of protease and cellulase from Bacillus subtilis 
M-11 with detergent constituents and commercial detergents

After 1 h of incubation at 40 °C

Detergent constituents/
commercial detergents

Protease activity Cellulase activity

Control (no addition) 100 100
Tween 20 1% 104.61 ± 0.17 82.28 ± 0.87
Tween 40 1% 133.60 ± 0.23 135.42 ± 0.14
Tween 80 1% 151.03 ± 0.12 114.85 ± 0.19
H2O2 1% 100.59 ± 0.18 159.11 ± 0.12
H2O2 0.5% 103.55 ± 0.15 147.42 ± 0.77
SDS 0.5% 64.91 ± 0.34 118.85 ± 0.56
SDS 0.25% 68.63 ± 0.56 152.01 ± 0.67
Alo® 84.13 ± 0.33 81.71 ± 0.24
Omo® 90.29 ± 0.45 78.57 ± 0.55
Tursil® 85.88 ± 0.21 90.85 ± 0.32
Persil® 98.57 ± 0.67 79.91 ± 0.78
Peros® 89.46 ± 0.56 77.5 ± 0.45
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On the other hand, cellulase was less stable than protease 
in the presence of all detergents tested, except for Tursil®. 
Highest detergent compatibility for cellulase was attained 
with Tursil® 90.85% then, Alo® 81.71%, Persil® 79.91%, 
Omo® 78.57%, Peros® 77.5%. The findings are in accord-
ance with the results of other studies (Sadhu et al. 2013, 
Imran et al. 2018). In this study, the cellulase and protease 
activities displayed significant stability and compatibility 
with the commercial detergents tested. The property of these 
enzymes may make them a good candidate for laundry deter-
gent formulations.

In conclusion, this study can function to develop a more 
economical industrial process for the production of these 
enzymes. Also, both of the enzymes coproduced from B. 
subtilis M-11 showed excellent thermostabity, surfactant and 
detergent compability. Therefore, these detergent-compatible 
enzymes, which can be coproduced on an inexpensive sub-
strate, may be cost-effective suitable candidates to meet the 
detergent enzyme requirement.
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