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Cellulase is known to be an important enzyme in the field of industrial biotechnology. In the present study, cellulase 
production by Bacillus subtilis strain 2I was statistically optimized using melon peels in submerged fermentation. During 
initial optimization by OFAT, the highest CMCase (40.892 IU/mL/min) and FPase (98.398 IU/mL/min) activity were 
obtained at 24 h incubation time, 3% substrate concentration and 2% inoculum size. Six nutritional variables (X1-X6) in 
the cellulase production medium were screened through the Plackett–Burman design (PBD), out of which two variables 
were identified as significant for each CMCase and FPase. Further optimization by response surface methodology (RSM) 
through CCD indicated that K2HPO4 (0.25%) and KH2PO4 (0.5%) were significant for CMCase, while yeast extract 
(0.1%) and ammonium sulphate (0.275 %) were significant for higher FPase production, respectively. Characterization 
revealed cellulases displayed maximum activity with 1% substrate at 50 ℃ and pH 7. Furthermore, higher activities were 
observed in the presence of Ca+2 and Fe+2. Among solvents, n-hexane, ethyl-alcohol and butanol enhanced cellulase 
activity, while SDS showed inhibitory effects. Cellulases showed activation energy (Ea) of -11.013 and -10.53 kJ/mol, 
enthalpy change (∆H) of 8.32 and 7.84 kJ/mol, and entropy (∆S) of -16.50 and -15.54 kJ/mol for CMCase and FPase, 
respectively. Additionally, cellulases produced in the current investigation could be utilized for cheap and effective 
enzymatic saccharification of lignocellulosic biomass. 
 
Keywords: cellulase, CMCase, FPase, Bacillus subtilis, melon peels, optimization, response surface methodology, central 
composite design 
 
INTRODUCTION 

Fruits and vegetables are essential for human 
nutrition and well-being. Also, for such 
commodities, a significant demand increase has 
been observed due to increasing population growth 
and changing dietary habits. The overall food 
wastage along the food supply chain, such as 
during production, post-harvesting, processing, 
distribution and consumption by the final 
consumer, is referred to as “food waste”. Annually, 
1/3rd (app. 1.3 BMT) of the global food produced 
is  lost   or  squandered.1  However,  this  wastage,  

 
which is literally referred to as food waste, cannot 
be regarded as waste because of its unique 
biochemical nature. For example, fruit peels are 
rich in nutrients, such as vitamins, minerals, fats, 
proteins, anti-oxidants, growth-promoting factors 
and an abundance of both simple and complex 
sugars, e.g. cellulose. So, the eco-friendly 
utilization of these nutritionally rich peels is their 
bioconversion into various industrially valuable 
enzymes, especially cellulase, using potential 
microbes under specified fermentation conditions.2 
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Cellulase is a consortium of hydrolytic 
enzymes consisting of endo-1,4-β-D-glucanase 
(EC 3.2.1.4), β-glucosidase (EC 3.2.1.21) and exo-
1,4-β-D-glucanase (EC 3.2.1.74) that act 
synergistically on cellulose to convert it into 
simpler reducing sugars. Cellulase is widely used 
in various industrial applications as most 
developing countries are transitioning toward 
urbanization, leading to the establishment of 
industries that mostly use cheap and abundantly 
available lignocellulosic raw material to lower the 
cost of final products.3 

In recent years, melon peels have attracted the 
attention of researchers around the globe due to 
their rich nutritional content, including higher 
levels of carbohydrates, proteins, minerals, 
antioxidants and phenolic compounds. Melon 
peels have been regarded as the gold mine of 
valuable bioactive compounds.4 Considering their 
biochemical profile, melon peels have been 
recently used in biofuel production,5 enzyme 
synthesis,6 and cancer treatment.7 They have also 
been used to prepare dietary fiber,8 fortified foods9 
and value-added drinks.10 In Pakistan, the massive 
production and wastage of melon necessitates its 
appropriate utilization. So, in the present study, the 
potential of melon peels as a substrate for cellulase 
production was investigated using Bacillus subtilis 
strain 2I in submerged fermentation. Optimization 
of culture conditions and medium composition 
through OFAT and response surface methodology 
was performed. The cellulase produced was 
characterized and applied for saccharification of 
lignocellulosic biomass. 
 
EXPERIMENTAL 
Selection of microbe 

The pre-isolated and pre-characterized strain 2I of 
Bacillus subtilis was obtained from the Microbiology 
Laboratory of the Biotechnology Department, 
University of Sargodha, Pakistan. B. subtilis was 
revived on nutrient agar slants. These slants were 
maintained and stored at 4 ℃ for use throughout the 
process.2 
 
Substrate collection 

Melon peels were collected from household waste, 
local fruit shops, and fruit processing industries in the 
district of Sargodha, Pakistan. The collected peels were 
brought to the laboratory in polythene bags. These peels 
were then sterilized by repeated washing with distilled 
water, followed by oven drying (at 60 ℃), grinding, 
sieving, and preservation in sterile airtight jars.11  
 
 
 

Inoculum preparation 
The culture of B. subtilis was taken on a sterile 

inoculum loop from the prepared nutrient agar slants. It 
was then incubated in sterile nutrient broth vessels at 37 
℃ for 24 h. The turbid appearance of broth 
demonstrated the successful preparation of inoculum 
that can be used as stock during study.2 
 
Fermentation technique 

General fermentation media containing 1% substrate 
was taken in a 250 mL Erlenmeyer flask and sterilized 
in an autoclave at 121 ℃ and 15 Psi. After sterilization, 
flasks were allowed to cool at room temperature and 
then inoculated with 1% fresh vegetative culture of B. 
subtilis under a sterilized environment. These flasks 
were placed in a shaking incubator at 35-37 ℃ and 120 
rpm for 24 h. After incubation, the enzyme was 
harvested by centrifugation of fermentation media at 
10,000 rpm for 20 minutes. The supernatant obtained 
was used for further analysis.12 
 
Cellulase assay 

CMCase (carboxymethyl cellulase) and FPase (filter 
paper activity) assays were performed using the DNS 
method.2 CMCase activity was estimated by incubating 
0.5 mL of 1% CMC with 0.5 mL of crude enzyme for 
30 minutes in a water bath heated at 50 ℃. Meanwhile, 
FPase activity was accessed by incubating 500 µL of the 
crude enzyme with 1 x 6 cm strips of filter paper 
(Whatman No. 1) dipped in 0.5 mL of sodium citrate 
buffer (0.05 M and pH 5) in a water bath maintained at 
50 ℃ temperature for 30 minutes. After incubation, the 
hydrolytic reaction was stopped by adding 1.5 mL of 
DNS and incubating the mixture for 10 minutes in 
boiling water. At last, spectrophotometric analysis was 
performed at 540 nm. Samples were studied in 
duplicates, and 1% glucose was used as standard. 
 
Optimization of process parameters 

The process parameters are classified into culture 
and nutritional parameters in enzyme production. OFAT 
optimized culture parameters, while nutritional 
parameters were first screened by PBD and then 
optimized using the CCD of response surface 
methodology. The statistical optimization of these 
parameters was performed to maximize the titers of 
cellulase produced with minimum resources being used 
and lesser costs of the final product. The process 
optimization was done in the steps described below. 
 
Optimization by OFAT 

The one factor at a time approach involves the 
classical monothetic analysis of certain process 
parameters. This method is mostly used by researchers 
to optimize enzyme production.13 OFAT was used in 
this study for initial optimization of enzyme production. 
In the present study, some cultural parameters were 
investigated, i.e., incubation time of fermentation media 
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(24, 48, 72 and 96 h), substrate concentration (0.5-4%), 
and inoculum size (0.5-4%). 
 
Screening media by PBD 

Placket-Burman Design (PBD) is an efficient tool 
for identifying and screening the key influencing factors 
among many different process variables.14 In this study, 
PBD was used to screen the significant factors that were 
promoting increased cellulase production. A total of six 
variables were studied, which include some nutritional 
parameters of media like X1 = yeast extract, X2 = NaCl, 
X3 = MgSO4, X4 = (NH4)2SO4, X5 = K2HPO4 and X6 = 
KH2PO4, as shown in Table 1. This PBD study was 
conducted in 12 runs with the range of every variable in 
Table 3.  

Optimization by RSM 
Response surface methodology (RSM) is a powerful 

approach to the statistical optimization of enzyme 
production. It is a combination of statistical and 
mathematical techniques that allow the interactive 
cumulative analysis of process variables involved in 
enzyme production.15 After identifying significant 
variables by PBD, the Central Composite Design (CCD) 
with 3-levels was employed for the evaluation of 
optimal concentrations of each variable. Based on PBD, 
only two variables were identified as significant. For 
further optimization studies, the values assigned to each 
variable are given in Table 2. 

 
Table 1 

Nutritional variables screened by Placket-Burman design 
 

Variables Symbols Coded values 
+1 -1 

Yeast extract (%) X1 0.5 0.1 
NaCl (%) X2 0.09 0.03 
MgSO4 (%) X3 0.3 0.1 
(NH4)2SO4 (%) X4 0.5 0.05 
K2HPO4 (%) X5 0.75 0.25 
KH2PO4 (%) X6 0.75 0.25 

 
Table 2 

Values of significant variables assigned by CCD 
 

CMCase 
Variables 
(%) Symbols Coded values 

+1 0 -1 
K2HPO4 X5 0.75 0.5 0.25 
KH2PO4 X6 0.75 0.5 0.25 

FPase 
Variables 
(%) Symbols Coded values 

+1 0 -1 
Yeast extract X1 0.5 0.3 0.1 
(NH4)2SO4  X4 0.5 0.275 0.05 

 
Characterization of crude cellulase 

Temperature: The activity and stability of crude 
cellulase at different temperatures was assessed by 
incubating the enzyme at various temperatures under 
study. Cellulase activity was checked by incubating 
crude cellulase + substrate (CMC or filter paper) 
separately at 20, 30, 40, 50, 60 and 70 ℃ for 30 minutes 
in water bath. Whereas enzyme stability was checked by 
the pre-incubating the enzyme separately at the above 
temperature range for 2 hours. This pre-incubated 
enzyme was then analyzed by the cellulase assay 
described above. However, in case of stability, enzyme 
activity is expressed in terms of relative or residual 
enzyme activity. 

pH: Cellulase activity and stability was checked by 
incubating the enzyme in buffers of different pH, 
including 4, 5, 6.2, 7, 10 and 11, during enzyme assay. 

While performing cellulase assay, buffers of the above-
mentioned pH were used to prepare substrates (CMC 
solution for CMCase and filter paper in buffer for 
FPase). After the addition of crude cellulase separately 
in these different substrates, it was incubated and then 
analyzed for its activity according to rest of the steps of 
cellulase assay. In contrast, the stability of cellulase was 
checked by pre-incubating the enzyme separately with 
the substrates (prepared in buffers of different pH as 
explained earlier) for 2 hours. After the pre-incubation, 
this enzyme was then analyzed for its activity by 
performing the remaining steps of cellulase assay. 
Again, in stability studies, residual cellulase activity 
(contrast of activity of pre-incubated enzyme at 
different pH with that of the activity of non-pre 
incubated enzyme) was evaluated.  
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Substrate concentration: The activity and stability 
of the enzyme were simultaneously checked by 
incubating it with a range of different substrate 
concentrations (0.2-1%) of CMC solution for CMCase, 
while different dimensions of filter paper were used for 
FPase during the assay. 

Metal ions: Cellulase activity and stability were 
checked by pre-incubation of enzyme with metal 
solutions (CaCl2, MgSO4, NH4Cl2, FeSO4, NaCl, 
CuSO4, MnSO4, ZnSO4, KCl and EDTA) of varied 
concentrations, i.e. 1 mM, 3 mM, and 5 mM. Relative 
enzyme activity was then checked using this pre-
incubated enzyme in the cellulase assay as per the 
standard procedure described above. 

Solvents: Simultaneous evaluation of cellulase 
activity and stability was done by pre-incubating crude 
cellulase with solvents like SDS, Tween-80, butanol, n-
hexane, ethyl alcohol, isopropanol, and methanol, 
separately. Different concentrations, i.e. 10%, 20%, and 
30% of each solvent were used for better 
characterization. This pre-incubated enzyme was then 
analyzed by cellulase assay for evaluation of relative 
cellulase activity. 
 
Measurement of kinetic and thermodynamic 
parameters 
Kinetic parameters 

The kinetic parameters of the cellulolytic reaction, 
such as Vmax (maximal velocity) and Km (Michaelis–
Menton constant), were calculated by a Lineweaver-
Burk plot (LB) from the optimal assay conditions by 
conducting a series of tests with varying initial substrate 
concentrations (0.2-1%).16 

The Lineweaver-Burk plot is the graphical 
representation of the Michaelis-Menton equation that 
explains enzyme-substrate relationship. The reciprocal 
equation of the LB plot modified from the Michaelis-
Menton equation is as follows: 
1/V0 = Km/Vmax * 1/S + 1/Vmax               (1) 
In addition, the linear slope equation is: 
Y = m x + b                 (2) 

As the Line-weaver-Burk plot shows, the linear 
correlation of enzyme activity with its substrate 
concentration, the values of kinetic parameters Vmax and 
Km were derived by comparing Equations 1 and 2 in the 
following manner: y=1/V0, m=Km/Vmax, b=1/Vmax. 
These kinetic parameters can be easily evaluated by the 
slope equation of the LB plot in Excel. However, results 
with greater statistical accuracy can be obtained using 
the Graph Pad Prism that was used in this kinetic 
analysis.  
 
Thermodynamic parameters 

Thermodynamic parameters like entropy and 
enthalpy were evaluated on the basis of cellulase 
activity at different temperatures (20-70 ℃). The 
activation energies (Ea) for both CMCase and FPase 
were first estimated using the Arrhenius method, which 

was later used to calculate thermodynamic parameters 
like entropy (∆S) and enthalpy change (∆H):16 
Ea = -slope * R                (3) 
∆H = Ea-RT                (4) 

The following Equation (6) was used to calculate ∆S 
entropy change: 
Ln Vmax/T = Ln (KB/h) + ∆S/R - ∆H/R. 1/T              (5) 
∆S = R (Ln(Vmax/T) - Ln (KB/h) + ∆H/R . 1/T         (6) 
where the Boltzmann constant R = 8.314 J/K-1.mol-1, the 
gas constant KB= 1.38*10–23 J.K-1, Planck's constant h 
= 6.63*10-34 J.s, and T is the absolute temperature. 
 
Application of crude cellulase in biomass 
saccharification 

Crude indigenous cellulase with CMCase and FPase 
activity of 39.773 and 98.191 IU/mL/min, respectively, 
was used for lignocellulosic biomass hydrolysis. The 
mixture containing a hundred millilitres of crude 
cellulase and 5 g alkaline pretreated Bermuda grass 
(Cynodon dactylon) in 100 mL of citrate buffer was 
incubated at 50 °C for various time periods. Samples 
were withdrawn every 2 hours, and sugar analysis was 
performed to determine saccharification percentage. 
 
Statistical analysis 

All the experiments were performed in triplicates, 
and their mean values were employed for further 
analysis. All experimental data were graphically 
represented by Excel 2016 and statistically analyzed 
using ANOVA and multiple regression. The 
comparison of correlation coefficients was done to 
determine the significance of the model. 
 
RESULTS AND DISCUSSION 

Melon peels were surprisingly found as a gold 
mine of various biochemical components, 
comprising 84.81% carbohydrates, 34.90% protein 
content, 11.5% ash content, 29.59% crude fiber, 
61% iron, 84% copper, 27.68% cellulose, 8.2% 
hemicelluloses, 26.46% lignin, phenolic 
compounds (0.69 to 2.96 mg of gallic acid 
equivalent/g extract), flavonoids 262 μg catechin 
as equivalent (CA)/100 g and antioxidants 0.13 to 
0.26 (in mg ascorbic acid equivalents/mL 
extract).7,8,17,18,19 This enriched biochemical profile 
of melon peels intrigued researchers for their 
utilization as a perfect carbon and energy source in 
fermentation processes for production of various 
bio-products and valuable secondary metabolites, 
e.g. enzyme production.6 The present study 
involves optimizing several independent culture 
and nutritional parameters with a special focus on 
maximizing cellulase production. Bacillus subtilis 
was used as a producer microbe, and melon peels 
were used as a carbon and energy source. Recent 
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studies showed Bacillus subtilis as an excellent 
cellulase producer.11,12,20-23 
 
Optimization by OFAT 

Microbial cellulase production is greatly 
affected by the culture parameters of the medium. 
OFAT optimized three parameters, primarily by 
amending each variable under study, while 
keeping all other factors constant. 
 
Incubation time 

Fermentation media were incubated for 24, 48, 
72, and 96 h, and cellulase activity was checked 
periodically. At 24 h of incubation time, a 
maximum CMCase activity of 17.592 IU/mL/min 
and a maximum FPase activity of 35.082 
IU/mL/min were observed. A gradual decrease in 
cellulase activity was observed from 24 to 96 h, as 
illustrated in Figure 1. Most researchers reported 
24 and 48 h of fermentation time for Bacillus 
subtilis in submerged fermentation.12,24,25 

Substrate concentration 
The culture medium was further optimized by 

adding 0.5, 1, 1.5, 2, 2.5, 3, 3.5, and 4% substrate 
in fermentation media in separate flasks. After 
incubation, the activity of the cellulase enzyme 
was checked. Cellulase activity gradually 
increased by increasing substrate concentration up 
to a certain point (0.5-3%), after which only 
negligible change was observed. CMCase and 
FPase showed maximum activity of 40.086 
IU/mL/min and 97.046 IU/mL, respectively, at 3% 
substrate concentration, as demonstrated in Figure 
2. Different microbes utilize varied substrate 
concentrations for optimal cellulase production. 
Afzal et al.26 also reported a 3% substrate 
concentration for cellulase production. In another 
study, a 1% substrate concentration was reported 
for the maximum activity of cellulase by Bacillus 
cereus.27 

 

 
 

Figure 1: Optimization of incubation time by OFAT 

  
 

Figure 2: Substrate concentration optimized by 
OFAT 

 
Figure 3: Optimizing inoculum size using OFAT 

approach 
 
 
Inoculum size 

Inoculum size was optimized by adding 0.5, 1, 
1.5, 2, 2.5, 3, 3.5, and 4% inoculum of Bacillus 
subtilis in sterile fermentation media in separate 
flasks. After 24 h of submerged fermentation, 

cellulase assay showed maximum CMCase 
activity (40.892 IU/mL/min) and maximum FPase 
activity (98.398 IU/mL/min) at 2% (v/v) inoculum, 
as shown in Figure 3. Comparable findings were 
reported by some researchers where 2% v/v 
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inoculum size resulted in maximum cellulase 
production by various Bacillus sp.28,29 Some 
reports showed maximum cellulase production at 
3% inoculum size,30 while Yang et al.25 and Afzal 
et al.26 reported that 4% inoculum size was best for 
cellulase production by Bacillus. 
 
Screening media by PBD 

Some nutritional parameters of fermentation 
media were screened by PBD. A 12-run 
experiment was conducted to screen 6 nutritional 
variables (X1-X6). The results obtained from this 
experiment are shown in Table 3. These were 
analyzed by multiple regression and its response 
showed that 2 variables, i.e. K2HPO4 (X5) and 
KH2PO4 (X6) for CMCase, and yeast extract (X1) 
and ammonium sulphate (X4) for FPase, were 

significantly affecting cellulase production, as 
demonstrated in Figure 4.  
 
Optimization by RSM 

For optimizing the concentrations of significant 
parameters, i.e., X5 and X6 (for CMCase) and X1 
and X4 (for FPase), the CCD design of RSM was 
used with three levels of each variable. This 
optimization experiment was conducted in 9 runs; 
the results are listed in Table 4. The resulting 
response was further calculated by the 2nd-order 
polynomial regression. The results demonstrated 
that maximum CMCase (135.104 IU/mL/min) 
activity was recorded at 0.25% K2HPO4 and 0.5% 
KH2PO4, while the highest FPase (138.84 
IU/mL/min) activity was observed at optimum 
concentrations of 0.1% yeast extract and 0.275% 
ammonium sulphate. 

 
 

Table 3 
Placket-Burman design applied to different variables to screen significant nutritional parameters for the production of 

cellulase enzyme using Bacillus subtilis 2I in submerged fermentation 
 

Run no. Variables  Responses (IU/mL/min) 
X1 X2 X3 X4 X5 X6  CMCase FPase 

1 +1 +1 +1 +1 +1 +1  120.3617 125.836 
2 -1 +1 -1 +1 +1 -1  118.1706 123.2474 
3 -1 -1 +1 +1 +1 +1  119.7728 125.3467 
4 +1 -1 -1 -1 +1 +1  119.4704 124.574 
5 -1 +1 -1 +1 -1 +1  118.664 122.4875 
6 -1 -1 +1 -1 +1 -1  117.9743 122.861 
7 -1 -1 -1 -1 -1 +1  116.3084 120.7617 
8 +1 -1 -1 +1 -1 -1  117.5499 124.3421 
9 +1 +1 -1 -1 +1 -1  118.2926 123.1315 

10 +1 +1 +1 -1 -1 +1  118.2184 123.1315 
11 -1 +1 +1 -1 -1 -1  117.3218 123.1186 
12 +1 -1 +1 +1 -1 -1  115.6877 124.4838 

       
 

Sigma-restricted parameterization

.2884848

.4483174

.8583797

1.397094

2.554309

3.370961

p=.05

t-Value (for Coefficient;Absolute Value)

"X3"

"X1"

"X4"

"X2"

"X6"

"X5"

 

      
 

Sigma-restricted parameterization

.3381795

.5027626

2.211971

2.367399

2.723889

2.897485

p=.05

t-Value (for Coefficient;Absolute Value)

"X6"

"X2"

"X3"

"X5"

"X1"

"X4"

 
Figure 4: Pareto chart demonstrating significant variables for CMCase (left) and FPase (right) 

 
The significant parameters screened through 

CCD were statistically analyzed by ANOVA 
(Table 5). The F and P values indicated by the 
model demonstrated the significance of the 
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proposed model. In addition, the model showed 
multiple regression R2 values of 53.48% and 
79.60%, which indicate variability in the 
production of CMCase and FPase, respectively. 
The accuracy of results was demonstrated by the 
proximity between the values of predicted multiple 
R2 (CMCase: 53.48%, FPase: 79.60%) and 

adjusted R2 (CMCase: 20.26%, FPase: 65.03%).31 
If the R2 score is close to 100%, it indicates a 
higher correlation between predicted and 
experimental values. In this study, its value was 
79% in the case of FPase, which demonstrated the 
suitability of the model for FPase.  

 
 

Table 4 
CCD design for optimizing cellulase production 

 
Runs CMCase  FPase 
 Variables Enzyme activity (IU/mL/min)  Variables Enzyme activity (IU/mL/min) 
 X5 X6 Observed Predicted Residual  X1 X4 Observed Predicted Residual 
1 -1 0 135.10400 134.2332 0.870758  -1 0 138.84000 138.6660 0.173991 
2 -1 +1 132.34000 132.5887 -0.248659  -1 +1 135.29900 135.7825 -0.483453 
3 +1 0 132.80400 133.1453 -0.341310  +1 0 134.78900 134.5036 0.285353 
4 0 -1 131.74000 131.4582 0.281758  0 -1 134.19600 134.2277 -0.031675 
5 -1 -1 132.16700 132.7891 -0.622099  -1 -1 138.05100 137.7415 0.309461 
6 0 +1 131.51200 131.2643 0.247690  0 +1 132.78000 132.2890 0.491020 
7 0 0 132.37300 132.9024 -0.529448  0 0 134.69300 135.1523 -0.459345 
8 +1 -1 132.03500 131.6947 0.340341  +1 -1 133.28100 133.5588 -0.277786 
9 +1 +1 132.15900 132.1580 0.000969  +1 +1 133.67200 133.6796 -0.007567 

 
Table 5 

Analysis of variance (ANOVA) of significant parameters for CMCase and FPase production 
 

CMCase 
Source  df SS MS F P 
Model 5 12.9992 2.59984 1.61 0.273 
Linear 2 9.6329 4.81647 2.98 0.116 
K2HPO4 1 9.6295 9.62946 5.96 0.045 
KH2PO4 1 0.0035 0.00347 0.00 0.964 
Square 2 3.3654 1.68268 1.04 0.402 
K2HPO4* K2HPO4 1 1.1305 1.13050 0.70 0.430 
KH2PO4* KH2PO4 1 1.8050 1.80496 1.12 0.326 
2-Way Interaction 1 0.0009 0.00090 0.00 0.982 
K2HPO4* KH2PO4 1 0.0009 0.00090 0.00 0.982 
Error 7 11.3061 1.61516   
Lack-of-fit 3 10.2413 3.41378 12.82 0.016 
Pure error 4 1.0648 0.26620   
Total 12 24.3053    

FPase 
Effect df SS MS F P 
Model 5 53.2404 10.6481 5.46 0.023 
Linear 2 43.8192 21.9096 11.24 0.007 
YE 1 43.8139 43.8139 22.48 0.002 
(NH4)2SO4 1 0.0053 0.0053 0.00 0.960 
Square 2 6.9405 3.4703 1.78 0.237 
YE*YE 1 0.8583 0.8583 0.44 0.528 
(NH4)2SO4*(NH4)2SO4 1 5.4024 5.4024 2.77 0.140 
2-way interaction 1 2.4806 2.4806 1.27 0.296 
YE*(NH4)2SO4 1 2.4806 2.4806 1.27 0.296 
Error 7 13.6439 1.9491   
Lack-of-fit 3 13.6439 4.5480 * * 
Pure error 4 0.0000 0.0000   
Total 12 66.8843    
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a) b) 
Figure 5: Contour charts of significant factors for CMCase (a) and FPase (b) production 
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Figure 6: Desirability profile for CMCase (a) and FPase (b) production 

 
The predicted and observed values of FPase 

showed a greater correlation between them. 
Different coefficient factors were responsible for 
dissimilarities.11 
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Figure 5 displays the interaction effect between 
yeast extract (X1) and ammonium sulphate (X4) 
on cellulase production. These surface plots 
demonstrate the significance of each parameter on 
cellulase production in submerged fermentation. 
The desirability charts for CMCase and FPase 
production are displayed in Figure 6. These charts 
described the validation of the predicted model 
through repeated experimentation. The model 
revealed that the obtained results were consistent 

with the predicted values. The regression equations 
for CMCase and FPase are as follows: 
Y (CMCase activity, IU) = 133.58 - 11.44 K2HPO4 
+ 5.54 KH2PO4+ 10.1 K2HPO4*K2HPO4-10.06 
KH2PO4 *KH2PO4 - 0.3 K2HPO4*KH2PO4           (7) 
Y (Fpase activity, IU) =139.15 - 21.78 YE 
+ 4.21 (NH4)2SO4+ 8.8 YE*YE 
- 17.4 (NH4)2SO4*(NH4)2SO4+ 17.5 YE*(NH4)2S
O4                                                                           (8) 
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Figure 7: Graphs of observed vs. predicted values for CMCase and FPase 

Figure 7 illustrates the graphs of observed vs. 
predicted values proposed by the model for 
CMCase and FPase.  

These graphs showed the close proximity 
between observed and predicted values in the case 
of FPase, while a lesser correlation between these 
values was observed in the case of CMCase. 
 
 
Characterization of crude cellulase 
Effect of temperature 

Along the temperature range under study (20-
70 ℃), both CMCase and FPase displayed 

maximum activities at 50 ℃ (Fig. 8), after which 
it declined slowly with increasing temperature. 
Listyaningrum et al.21 reported similar results with 
the Bacillus strain. In addition, both FPase and 
CMCase were found stable at 40 ℃, as indicated 
in Figure 9. Islam and Roy32 also reported the 
maximum activity of cellulase produced by 
cellulase-producing bacteria in molasses at 40 ℃. 
Deka et al.33 also stated the maximum stability of 
cellulase within the temperature of 20-45 ℃.  
 

 

  
Figure 8: Effect of different temperatures on 

cellulase activity 

 
Figure 9: Cellulase stability at various temperatures 
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Figure 10: Effect of various pH on cellulase 
activity 

 
Figure 11: Stability of cellulase at different pH 

 

 
Effect of pH 

In the range of pH tested, both CMCase and 
FPase displayed maximum activity at pH 7 (Fig. 
10), while maximum stability was recorded at pH 
4 (Fig. 11). In literature, cellulase is most active 
and stable within a pH range of 4-7. Various 
scientists reported greater cellulase activities at pH 
7.32,34 At the same time, some others reported 
maximum activity and stability at pH 5.21,23 
Cellulase has also shown maximum activity at pH 
5.5 and stability at pH 4-6.16 
 
Effect of substrate 
       Among the tested range of substrate 
concentration (0.2-1%), both CMCase and FPase 
displayed exponential increases in their activities 
and were found most active at 1% substrate (Fig. 
12). Islam and Roy32 claimed corresponding results 
for CMCase, which showed maximum activity at 
1% CMC. Nema et al.27 and Sharif et al.34 also 
indicated similar outcomes with cellulase using 
Bacillus species in their studies.  

 
Effect of metal ions 
Among various metals under study, CaCl2 
supplemented medium showed maximum 
CMCase activity at 3 mM, while maximum FPase 
activity at 5 mM. Followed by this, NH4Cl2 and 
FeSO4 showed greater CMCase activity at 1 mM 
concentration. In contrast, MnSO4 and ZnSO4 
showed minimum CMCase activity. On the other 
hand, after CaCl2, greater FPase activity was 
shown by FeSO4 (1 mM), ZnSO4 (3 mM) and 
EDTA (5 mM), while CuSO4 and MnSO4 showed 
lower FPase activity (Table 6). Other researchers 
also reported maximum cellulase activity with 
CaCl2.16,29  

 
 

 
 
 

Table 6 
Effect of different metals on cellulase activity and stability 

 
Metals/ 
Chemical 

CMCase relative activity (%)  FPase relative activity (%) 
1 mM 3 mM 5 mM  1 mM 3 mM 5 mM 

Control 100 100 100  100 100 100 
CaCl2 122.486 125.812 122.446  112.6 101.992 117.389 
KCl 106.076 108.155 110.969  104.607 109.362 111.089 
NH4Cl2 123.494 116.336 115.299  111.928 109.362 105.747 
MnSO4 101.542 101.487 101.159  101.771 102.887 102.066 
MgSO4 114.63 112.668 109.353  108.813 108.981 104.919 
CuSO4 107.628 111.629 105.718  104.336 103.113 106.106 
FeSO4 121.653 107.167 119.598  114.43 107.565 113.097 
ZnSO4 104.773 105.243 104.715  110.435 112.78 110.957 
EDTA 106.437 108.688 115.833  103.189 106.026 112.151 
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Table 7 
Effect of varied concentrations of different solvents on cellulase activity and stability 

 
Solvents/ 
Chemical 

CMCase relative activity (%)  FPase relative activity (%) 
1 mM 3 mM 5 mM  1 mM 3 mM 5 mM 

Control 100 100 100  100 100 100 
SDS 100.576 108.453 106.882  100 100 100.194 
Tween-80 122.438 116.524 122.243  105.4 102.629 103.954 
Butanol 123.781 121.009 132.321  107.963 103.745 101.979 
n-Hexane 123.225 129.901 114.575  107.602 113.48 112.048 
Ethyl Alcohol 116.524 119.725 120.78  119.425 116.719 121.796 
Iso-Propanol 114.405 116.524 113.76  102.303 104.587 103.62 
Methanol 111.285 114.234 111.967  102.303 102.957 102.629 

 
Effect of solvents 

Among the tested solvents, butanol and n-
hexane showed maximum CMCase activity at 30% 
and 20%, respectively, as depicted in Table 7. At 
the same time, ethyl-alcohol (at 30%) and n-
hexane (at 20%) showed maximum FPase activity. 
In contrast, SDS showed minimum activity for 
both CMCase and FPase. In addition, Tween-80 
showed greater enzyme production for CMCase, 
which resulted in lower titers of enzyme in the case 
of FPase. Various researchers demonstrated 

minimum cellulase activity with SDS and 
sometimes with Tween-80.16,29 
 
Kinetic parameters 

Figure 12 displayed the response of cellulase 
activity according to different substrate 
concentrations (0.2-1% of CMC and filter paper). 
The Y-value intercepts (~1/Vmax) for CMCase 
and FPase were 0.017482 and 0.0077942, 
respectively. The Km values of 5.061 and 4.755 
mg/mL and Vmax of 57.20 and 128.3 IU/mL/min 
for CMCase and FPase, respectively.  
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Figure 12: Lineweaver-Burk plot for CMCase (upper) and FPase (lower) 

 
Different cellulases exhibit diverse kinetics 

depending on several factors, such as biochemical 
composition, 3D structures, interaction with 
substrate, temperature etc. Nisar et al.16 similarly 
calculated these kinetic parameters and reported 

Km as 0.63, and 28.56 mg/mL, while Vmax as 82 and 
80 U/mL/min for endoglucanases and 
betaglucosidases, respectively. In another study, a 
novel cellulase CelC307 was isolated from a 
thermophilic bacterium, Cohnella sp. A01 
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demonstrated Km of 0.46 mM, while kcat 
104.30 × 10–3 (S−1) and kcat/Km as 226.73 (M−1 
S−1) using 1% CMC as substrate.35 A 
comprehensive analysis of kinetic and 
thermodynamic stability under diverse conditions 
is crucial for the evaluation of its potential in 
industrial applications. The investigation of 
enzyme kinetics elaborates on the reaction rate, 
extent of reaction and energy requirements of the 
reaction.36 

In this investigation, both CMCase and FPase 
demonstrated lower Km values, expressing the 
higher affinity of indigenous cellulase for its 
potential substrates and greater reaction rates with 
minor substrate concentrations. 
 
Thermodynamic parameters 

The Arrhenius plot was used to evaluate the 
values of Ea, from which ∆H and ∆S were 
estimated using some mathematical expressions 

described above. The activation energy (Ea) of -
11.013 and -10.53 kJ/mol, and enthalpy (∆H) of 
reaction of 8.32 and 7.84 kJ/mol were evaluated for 
CMCase (Fig. 13 (A)) and FPase (Fig. 14 (A)) 
respectively. In addition, the entropy (∆S) was 
estimated by the plot of ln(Vmax/T) against 1/T. 
Hence, ∆S values of -16.50 kJ/mol for CMCase 
and -15.54 kJ/mol for FPase were calculated (Fig. 
13 (B) and Fig. 14 (B)). Nisar et al.16 elaborated 
this method for estimating thermodynamic 
parameters for endoglucanases and 
betaglucosidases. The activation energy (Ea), 
enthalpy (∆H) and entropy (∆S) of these enzymes 
were estimated as 44.55, 50.02 kJ/mol; 42.20, 
47.70 kJ/mol, and 5.1, 5.7 kJ/mol, respectively. 
Another study reported the thermodynamic 
analysis of cellulase CelC307, which demonstrated 
25.36 kJ/mole of Ea, 22.75 kJ mole−1 of ∆H and 
114.51 J mol k−1 of ∆S.35  
 

 

  
Figure 13: Arrhenius plot (A) and estimation of entropy change ∆S (B) for CMCase 

 

  
Figure 14: Arrhenius plot (A) and evaluation of entropy change ∆S (B) for FPase 
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A) 

 
B) 

Figure 15: Estimation of total sugars (A) and percent saccharification (B) during hydrolysis of 
lignocellulosic biomass 

 
The activation energy Ea refers to the energy 

requirements of a reaction to proceed smoothly by 
making a strong enzyme substrate complex (ESC) 
that ultimately leads to product formation. The 
current study showed smaller Ea values for 
CMCase and FPase indicated stronger ES 
complex, hence minimum energy requirements. 
Enthalpy (∆H) generally refers to the difference in 
the total heat content of the system. In this case, 
positive values of ∆H demonstrated the 
endothermic behavior of the cellulolytic reaction. 
Lastly, entropy change (∆S) determining the 
dysfunction of the enzymatic system had negative 
values, indicating a decrease in entropy or 
randomness of the system. The entropy of the 
system may be explained on the basis of thermal 
denaturation of the enzyme, which caused non-
covalent linkages in the enzymatic structure to 
disrupt, hence increased the enthalpy of reaction. 
This disruption in the enzymatic structure allowed 
the interaction of the substrate with the active sites 
of the enzyme. Hence, the entropy and the enthalpy 
of a reaction are interrelated concepts.  
 
Application of cellulase in saccharification of 
lignocellulosic biomass 

Our indigenous cellulase demonstrated 
significant enzymatic hydrolysis of pretreated 
lignocellulosic biomass, yielding maximum total 
sugars of 14.02896 mg/mL (Fig. 15 (A)) and 
reducing sugars of 9.79968 mg/mL at 26 hours 
incubation time, resulting in a 39.19% percent 
saccharification rate as indicated in Figure 15 (B). 
Tabssum et al.28 used the indigenous cellulase 
produced from Bacillus cereus for saccharification 
of raw and pre-treated poplar biomass and reported 
11.50% saccharification for raw/untreated poplar 
biomass. Ghazanfar et al.37 utilized the cellulase 
produced by Bacillus aerius in their research for 

the hydrolysis of raw seed pods of Bombax ceiba. 
The saccharification of 38% of KOH-steam 
pretreated B. ceiba confirmed its industrial 
exploitation in biofuel production.  
 
CONCLUSION 

The current investigation involved cellulase 
production from already isolated Bacillus subtilis 
2I using melon peels as a carbohydrate-rich 
substrate in submerged fermentation. The optimum 
physiological parameters for cellulase production 
were determined. The present study also 
highlighted the statistical efficiency of CCD for 
process optimization. The saccharification 
outcomes depicted that cellulase produced in the 
current study could be exploited as a convenient 
candidate for efficient and cost-effective 
lignocellulosic biomass hydrolysis in bioethanol 
production processes. 
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