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ABSTRACT 

The development of medium for the production of cutinase from Pseudomonas cepacia NRRL B 2320 was carried out 
using Plackett-Burman experimental design followed by central composite design. The medium components were 
screened by Plackett-Burman experimental design which suggested that cutin, peptone, KCl and MgSO4·7H2O have 
influenced the cutinase production significantly with very high confidence levels. The concentration levels of these four 
components were optimized using 24 full factorial central composite design. An optimum combination of 10.06 g·L−1 of 
cutin, 17.77 g·L−1 of peptone, 0.635 g·L−1 of KCl and 5.455 g·L−1 of MgSO4·7H2O in the medium gave a maximum 
cutinase activity of 336 U·mL−1. An overall 2 fold increase in the production of cutinase was observed in the optimized 
medium. Growth and production of cutinase from P. cepacia NRRL B 2320 have been studied in shake flask and batch 
bioreactor. Time course of cell growth and enzyme production was fitted to the existing kinetic models reported in the 
literature to estimate the biokinetic parameters. These models suggested that the production of cutinase is growth asso- 
ciated in shake flask and it is a mixed growth type in a batch bioreactor. 
 
Keywords: Cutinase; Kinetics; Bioprocessing; Optimization; Parameter Identification 

1. Introduction 

Cutinases (3.1.1.74) are hydrolytic enzymes, the smallest 
member of α/β hydrolase family [1], that degrade cutin, 
which is the cuticular polymer of higher plants, com- 
posed of hydroxy and epoxy fatty acids polyester [2,3]. 
Cutinase is a versatile enzyme and shows several pro- 
perties, which is used in various industries. In addition to 
hydrolysis, it also catalyzes esterification and transesteri- 
fication reactions that make it a highly potential indus- 
trial enzyme. Cutinase has potential use in dairy industry 
for hydrolysis of milk fat, house hold detergents, oleo- 
chemical industry, synthesis of structured triglycerides, 
polymers and surfactants [4], synthesis of ingredients for 
personal-care products, synthesis of pharmaceuticals and 
agrochemicals containing one or more chiral centers 
[5,6]. At low water activities transesterification of fats 
and oils or stereo selective esterification of alcohols can 
be achieved using cutinase. 

Previously, we have screened different Pseudomonas 

strains for potential cutinase producer using cutin as sole 
carbon source and inducer (data not shown). Among 
tested microorganisms, Pseudomonas cepacia NRRL 
B-2320 was found to be the best producer and selected 
for further optimization of medium components. Screen- 
ing and assessment of nutritional requirements of micro- 
organism are important steps for bioprocess develop- 
ment. An optimization study using the one-variable-at- 
a-time approach is tedious and also fails to explain the 
effects of interaction among the factors and might lead to 
misinterpretation of results. In contrast, statistical metho- 
dologies are generally preferred due to their advantages 
[7,8] such as reducing the number of experiments and al- 
lowing extraction of more information about possible in- 
teraction effects among the factors. Statistically designed 
experiments can also reduce the error in determining the 
effect of parameters in an economical manner [9]. Pro- 
cess optimization plays a major role in industrial produc- 
tion processes in which even small improvements would 
be crucial for commercial success. In any bioprocess, the 
improvement in productivity of any metabolite would be *Corresponding author. 
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achieved through manipulation of nutritional and physi- 
cal parameters. The Plackett-Burman experimental de- 
sign is applied for screening the most significantly 
influencing parameters from a pool of a large number of 
process variables. So, these designs are pretty useful in 
preliminary studies in which the principal aim is to select 
variables that can be fixed or removed for further opti- 
mization processes such as response surface methodol- 
ogy (RSM), which is an efficient strategic experimental 
tool by which the optimal conditions of a multivariable 
system would be determined.  

In the present study, the statistical experimental design 
techniques were applied for the development of media 
and enhanced production of cutinase from P. cepacia 
NRRL B 2320. Initially, the medium components were 
screened by using the Plackett-Burman experimental 
design. The optimal levels of significantly influencing 
medium components were determined by using the cen- 
tral composite experimental design. The time course of 
cell growth and enzyme production was fitted to the ex- 
isting kinetic models. 

2. Materials and Methods 

2.1. Preparation of Cutin 

Cutin was prepared from fresh tomato peels using the 
method described by [10]. In brief, tomato peels col- 
lected from fresh tomatoes were boiled in oxalic acid/ 
ammonium oxalate buffer for 3 - 4 hours. After cooling 
to room temperature, the peels were digested with en- 
zymes (cellulase and pectinase) to remove pectin and cel- 
lulose and subjected to extensive solvent extraction with 
methanol-chloroform in soxhlet apparatus to remove the 
embedded waxes and then dried in an oven at 40˚C. 
These dried peels were ground to powder (<20 mesh) to 
get cutin. 

2.2. Microorganisms and Its Maintenance 

The bacterium used throughout the study, P. cepacia 
NRRL B 2320 (also known as Burkholderia cepacia) 
was procured from Agricultural Research Service (ARS- 
Culture collection), USDA, Peoria, USA. The organism 
was grown on nutrient agar medium at 28˚C. The organi- 
sm was sub-cultured every month and maintained at 4˚C 
± 1˚C.  

2.3. Seed Culture Medium 

The medium used for the development of seed culture 
contained (g·L−1): glucose 6.0, beef extract 3.0, peptone 
15.0, urea 6.0, KH2PO4 2.0, KCl 0.5, MgSO4·7H2O 5.0 
and pH 7 [11]. The seed culture medium was inoculated 
with a loop full of pure culture grown on nutrient agar 
slant. The culture was then incubated for 10 h (to reach 
culture OD at 600 nm: 0.6 ~ 0.8) at 28˚C and 180 rpm.  

2.4. Production Medium 

The following medium was used for the production of 
cutinase (g·L−1): beef extract 3.0, peptone 15.0, urea 6.0, 
KH2PO4 2.0, KCl 0.5, MgSO4·7H2O 5.0 and cutin 4.0. 
The pH of the medium was adjusted to 7. A 2% of ino- 
culum from the above seed culture was added to 50 ml of 
the medium in 250 ml Erlenmeyer flasks. The flasks 
were incubated in a shaking incubator at 28˚C and 180 
rpm. Samples were withdrawn at regular interval of time 
and measured for cutinase production. Experiments were 
conducted in duplicates and enzymatic assay was per- 
formed in duplicates for each sample.  

2.5. Cutinase Assay 

Samples were centrifuged at 10,000 × g for 10 min at 
4˚C ± 1˚C. The supernatant was separated and used for 
assaying cutinase activity. The activity was measured by 
following the hydrolysis of p-nitrophenyl butyrate (p- 
NPB) (Sigma) as substrate. An aliquot of (0.020 ml) cul-
ture supernatant was added to 0.98 ml of reaction mix-
ture, which was prepared by adding 1 ml 23 mM pNPB 
in tetrahydrofuran to 40 ml of 50 mM potassium phos-
phate buffer containing 11.5 M sodium deoxycho- late. 
The reaction was monitored for 15 minutes at 37˚C and 
absorbance of released p-nitrophenol measured at 410 
nm. One enzyme unit is defined as the amount of enzy- 
me required to release one µMol of p-nitrophenol min−1 
under assay condition.  

The production of cutinase was confirmed by cutinase 
assay using cutinase specific substrate, p-nitrophenyl 
(16-methyl sulphone ester) hexadecanoate (p-NMSH)). 
p-NMSH was prepared in our laboratory according to the 
method described [12]. Assay was performed using the 
method described in enzyme assay, with the change in 
incubation period for 1 hour instead of 5 min at 55˚C. 
One unit of enzyme activity is defined as release of 1 
µmol of p-nitrophenol per min. Specific activity is de- 
fined as the activity of an enzyme per milligram of total 
protein (expressed in μmol/min/mg).  

2.6. Growth Measurement 

Due to the presence of cutin, cell dry-weight concentra- 
tion could not be measured directly and therefore, intra- 
cellular protein concentration was measured [13]. The 
relationship with cell dry weight and intracellular protein 
was established as: 

1 1Cell dry weight in h l Intracellular protein in g l

                                         19.03

 


 

2.7. Protein Determination 

The total protein contents of the samples were deter- 
mined according to the method described by Lowry’s 
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level of the independent variable. The significance of 
each variable was determined using student’s t-test. All 
experiments were conducted in duplicates and averages 
of the results were taken as the response. 

method to determine the specific activity of cutinase. The 
bovine serum albumin (Sigma) was used as standard. 

2.8. Optimization Procedure 

The optimization of medium constituents for maximiza- 
tion of cutinase production by P. cepacia NRRL B 2320 
was carried out in two stages. 

2.8.2. Optimization of Screened Medium Components 
for the Production of Cutinase from P. cepacia 
NRRL B2320 

The central composite experimental design [15] has been 
applied to optimize the levels and explain the combined 
effect of the significantly influencing medium constitu- 
ents, viz. cutin, peptone, KCl and MgSO4·7H2O on the 
production of cutinase from P. cepacia NRRL B 2320. 
Each variable (medium component) was assessed at five 
coded levels (−2, −1, 0, +1, and +2) with 30 (=2k + 2k + 
6) treatment combinations, where, k is the number of 
independent variables [16]. Twenty four experiments 
were augmented with six replications at the center points 
to evaluate the pure error. The minimum and maximum 
ranges of the variables were used and the full experi- 
mental plan with regard to their values in actual and 
coded form is provided in Table 3. The quadratic model 
for predicting the optimal levels was expressed according 
to the Equation (2). 

2.8.1. Screening of Significantly Influencing Medium 
Components by Plackett-Burman Experimental  
Design Technique 

The Plackett-Burman experimental design was applied to 
screen the significantly influencing medium components 
to maximize the production of cutinase [14]. Total of 
seven parameters viz., cutin, peptone, beef extract, urea, 
KH2PO4, KCl and MgSO4·7H2O have been considered 
for screening experiment. The data range was varied ba- 
sed on the original medium composition as shown in 
Table 1. Each variable is represented at two levels, i.e., a 
high (+) and low (−). According to Plackett-Burman ex- 
perimental design a total of 12 experiments were per- 
formed. The levels of variables and design matrix in the 
coded levels and real values are shown in the Table 1. 
Plackett-Burman experimental design is based on the 
first order polynomial model: 2

0
1 1

= + X  + X  + X X
k k

i i ii i ij i j
i i i j

Y    
 
       (2) 

 0= + X  i iY                 (1) 
where, Y is the predicted response, k is the number of 
factor variables, Xi and Xj are independent variables, β0 is 
the offset term, βi is the ith linear coefficient, βii is the ith  

where, Y is the response (enzyme activity), 0 is the 
model intercept, i is the linear coefficient, and xi is the  
 
Table 1. Plackett-Burman design matrix with coded and actual values along with the observed and predicted cutinase pro- 
duction. 

Experimental values EnzymeActivity (U/ml) 

Run Order Cutin 
X1 

Peptone 
X2 

Beef 
Extract 

X3 

Urea 
X4 

KH2PO4

X5 
KCl 
X6 

MgSO4·7H2O
X7 

Observeda Predicted 

Specific 
activity
(U/mg)

Cell 
Growth 

(g/L) 

1 1(10) −1(2) 1(7) −1(1) −1(0.5) −1(0.1) 1(8.5) 162.98 ± 1.91 168.37 61.36 1.97 

2 1(10) 1(20) −1(1) 1(9) −1(0.5) −1(0.1) −1(0.5) 192.35 ± 0.83 200.75 40.96 1.52 

3 −1(2) 1(20) 1(7) −1(1) 1(5.5) −1(0.1) −1(0.5) 164.38 ± 5.87 167.44 32.15 0.74 

4 1(10) −1(2) 1(7) 1(9) −1(0.5) 1(1.1) −1(0.5) 57.20 ± 1.82 61.92 22.80 1.97 

5 1(10) 1(20) −1(1) 1(9) 1(5.5) −1(0.1) 1(8.5) 289.90 ± 5.09 281.49 67.20 2.14 

6 1(10) 1(20) 1(7) −1(1) 1(5.5) 1(1.1) −1(0.5) 235.47 ± 4.26 202.40 44.32 0.73 

7 −1(2) 1(20) 1(7) 1(9) −1(0.5) 1(1.1) 1(8.5) 194.64 ± 6.19 204.45 37.37 1.86 

8 −1(2) −1(2) 1(7) 1(9) 1(5.5) −1(0.1) 1(8.5) 157.65 ± 1.90 137.71 69.32 1.59 

9 −1(2) −1(2) −1(1) 1(9) 1(5.5) 1(1.1) −1(0.5) 26.73 ± 4.63 32.11 25.24 0.40 

10 1(10) −1(2) −1(1) −1(1) 1(5.5) 1(1.1) 1(8.5) 120.58 ± 0.03 143.52 88.48 1.36 

11 −1(2) 1(20) −1(1) −1(1) −1(0.5) 1(1.1) 1(8.5) 205.12 ± 1.61 205.30 51.48 0.95 

12 −1(2) −1(2) −1(1) −1(1) −1(0.5) −1(0.1) −1(0.5) 76.35 ± 2.98 75.81 55.32 0.77 

13(Ct. Pt.) 0(6) 0(11) 0(4) 0(5) 0(3) 0(0.6) 0(4.5) 269.70±1.98 264.69 80.08 1.52 

aTh e observed values of cutinase activity were the mean values of duplicates with standard deviation (Mean ± S.D). *Values in parentheses are actual level. 
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quadratic coefficient and βij is the ijth interaction coeffi- 
cient. The statistical software package, MINITAB® Re- 
lease 15.1, PA, USA was used for the regression analysis 
of the experimental data, and also to plot the response 
surface graphs.  

2.9. Unstructured Model Prediction 

To estimate the biokinetic constants involved in the mi- 
crobial growth and cutinase production process, various 
unstructured models reported in the literature were used 
to fit the experimental data on cutinase production and 
biomass growth of P. cepacia. The equations used for 
growth and production kinetics are given below.  

Logistic model for growth [17]  

0

0 0

t
max

t
max

X X e
X

X X X e




 

            (3) 

where, X is cell biomass (g·L−1), X0 is initial biomass 
(g·L−1), Xmax is the maximum biomass in (g·L−1) and μ is 
specific growth rate (h−1).  

Logistic Model for production [17]  

0
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             (4) 

where, P is the cutinase activity (U·mL−1), P0 is the 
initial cutinase activity (U·mL−1), Pmax is the maximum 
cutinase activity (U·mL−1) and Pr ratio between the ini- 
tial volumetric rate of product formation and the initial 
product concentration P0. 

Luedeking-Piret Model for Production [18]  
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where, P is the cutinase activity (U·mL−1), P0 is the 
initial cutinase activity (U·mL−1), X is cell biomass 
(g·L−1), X0 is initial biomass (g·L−1), Xmax is the maxi- 
mum biomass in (g·L−1) and μ0 is specific growth rate 
(h−1), and α is growth associated term (UgX−1) and β is 
non-growth associated term (UgX−1h−1). 

3. Results and Discussion 

3.1. Production of Cutinase 

Initially, basal medium containing tomato cutin was used 
for the production of cutinase from P. cepacia NRRL B 
2320. The cutinase activity was first checked with p-NPB 
and it was further confirmed with specific substrate, 
p-NMSH. The enzyme activity towards p-NPB was 

found to be 190 U·mL−1 in the unoptimized medium. To 
further enhance the cutinase activity, screening and op- 
timization of medium components were carried out. 

3.2. Screening of Significantly Influencing  
Medium Components 

The experiments were conducted in 12 runs (in duplicate) 
to evaluate the effect of most significantly influencing 
medium components on the production of cutinase. The 
design matrix selected for the screening of significant 
variables for cutinase production and the corresponding 
responses are shown in the Table 1. Production of 
cutinase from P. cepacia varied from 30 to 293.5 U·mL−1 
inferring that the strong influence of medium compo- 
nents on the production. This variation reflects the sig- 
nificance of medium optimization to achieve higher pro- 
duction. To assess the significance of each individual 
factor on the cutinase activity, a student’s t-test was 
performed and the results are given in Table 2. Generally, 
a large t value and lesser p value indicate a high 
significance of the corresponding model term. Factors 
evidencing p-values of less than 0.04 [8] were considered 
to have significant effects on the response, and were 
therefore selected for further optimization studies. The 
lower probability values indicate the more significant 
factors on the production of cutinase. A positive sign 
indicates that at higher level of variables setting results in 
a higher response than the lower level variable setting. 
Alternatively, a negative sign indicates that the lower 
level of variable setting results in a higher response than 
the high level variable setting [8]. The significant 
medium components screened by Plackett-Burman 
design are cutin, peptone, MgSO4·7H2O (with positive 
effect) and KCl (with negative effect). The nitrogen 
source in the medium also regulates the growth and 
fermentation process for cutinase production. Previously,  
 
Table 2. Statistical analysis of Plackett-Burman design 
showing effect, coefficient values, t and P-value for each 
variable. 

Variable 
Symbol 

code 
Effect Coefficient t-Stat P-value

Constant   30.770 36.82 0.000

Cutin X1 38.94 4.867 4.57 0.000a

Peptone X2 113.46 6.299 13.30 0.000a

Beef Extract X3 10.22 1.702 1.20 0.247b

Urea X4 −7.73 −0.966 −0.91 0.377b

KH2PO4 X5 17.68 3.535 2.07 0.054b

KCl X6 −33.98 −33.978 −3.99 0.001a

MgSO4 X7 63.07 7.883 7.40 0.000a

Ct pt   112.753 7.34 0.000a

a significant at P < 0.04, b Non-significant; R2 = 94.52%, Adj R2 = 91.9%. 
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cutinase production was reported from P. putida co- 
cultured with nitrogen fixing bacteria clostridium [19]. 
Although, except peptone other nitrogen sources have 
not shown much significant influence on the production 
of cutinase, KCl and MgSO4·7H2O were shown impact 
on the cutinase production. Increment of KCl concentra- 
tion resulted in fall in cutinase production, whereas in- 
crement in MgSO4·7H2O lead to higher cutinase activity. 
Pio and Macedo and Rispoli and shah [20,21], reported 
that MgSO4·7H2O had minimal effect on cutinase pro- 
duction from C. lindemuthianum and F. oxysporium, re- 
spectively, which is contradictory to our result. The rea- 
son behind may be that, the cutinases from bacterial and 
fungal source differed widely in respect of their pH and 
temperature stability and salt tolerance [1,19]. Though 
KCl and urea have shown negative effect on the produc- 
tion of cutinase in the selected range, but they are neces- 
sary for maximum cutinase production. The necessity of 
presence was checked by removing these components 
from the medium, which results in reduced enzyme pro- 
duction. 

Neglecting the terms which were insignificant, the 
model equation for cutinase production is as follows: 

enzyme activity

30.770 4.867 1 6.299 2 33.978 6 7.883 7

Y

X X X    X
 

(6) 

where, X1, X2, X6 and X7 are the cutin, peptone, KCl and 
MgSO4·7H2O, respectively.  

Pareto chart (Figure 1) shows the ranking of variables 
according to the absolute values of standardized effect, 
important in the design of the experiment for optimiza- 
tion and it is a convenient way to view the results of a 
Plackett-Burman experimental design. The reference line 
(2.11) indicates that effects were significant with α value 
of 0.05. The variables effects, which extend past the line, 
were known to be significant at particular α. The stan- 
dardized effects were the t statistics shown in Figure 1. 
The t statistics were calculated by dividing each coeffi- 
cient by its standard error. The variables cutin, peptone, 
KCl and MgSO4·7H2O were influencing the production 
of cutinase very significantly (Figure 1). The effect of 
other insignificant variables were not included in the next 
optimization experiment, but instead were used in all 
experiments at their middle level (centre point). Plack- 
ett-Burman design of experiment is very useful statistical 
tool for screening of significant media components. 
Previously experiments were carried out to observe the 
effect of different carbon sources on the cutinase pro- 
duction (data not shown), but no other carbon source 
except cutin was able to induce the cutinase. Among the 
seven medium components, peptone, cutin, KCl and 
MgSO4·7H2O were found to be significant with high 
(>99%) confidence level. The major factor for expression  

 

Figure 1. Pareto chart of standardized effects of the factors 
on cutinase production. 
 
of cutinase is the carbon source since cutinases are in- 
ducible enzymes and thus produced in the presence of 
cutin as an essential carbon source.  

3.3. Optimization of Screened Medium  
Constituents for Cutinase Production 

The screened medium constituents (cutin, peptone, KCl, 
MgSO4·7H2O) were optimized using central composite 
experimental design (CCD). The design matrix and the 
corresponding results of CCD experiments to determine 
the effects of four independent variables (cutin, peptone, 
KCl, MgSO4·7H2O) are shown in Table 3, along with 
the mean predicted values. Using the experimental re- 
sults of CCD, regression model equation was developed 
for predicting the maximum cutinase activity given by 
Equation (7).  

specific activity 1 2

2
6 7 1

2 2 2
2 6 7

1 2 1 6 1 7

                     

       

537.287 41.197 36.027

522.274 62.065 2.277

1.239 333.791 4.276

                     

            

0.507 3.093 0.399

  

  

   

Y X

X X X

X X X

X X X X X X

 

 













 



2 6 2 7 6 7                3.006 0.188 21.436

X

X X X X X X

(7) 

where, X1, X2, X6 and X7 are the cutin, peptone, KCl and 
MgSO4·7H2O, respectively.  

The results were analyzed in the form of analysis of 
variance (ANOVA), which is a statistical technique that 
subdivides the total variation in a set of data into com- 
ponent parts associated with specific sources of variation 
for the purpose of testing hypotheses on the parameters 
of the model. Table 4 represents the ANOVA for cuti- 
nase activity. The mean sum of squares (MS) of the 
model term is obtained from the ratio of sum of squares 
(SS) and degrees of freedom (df). The Fisher’s F value is 
calculated by dividing the MS owing to the model by the 
MS owing to error. Table 4 also shows a term for error, 
the MS value, which indicates that the amount of varia- 
ion in the response data is low. The high Fisher’s F  t 
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Table 3. A 24 full-factorial central composite design matrix of four variables in coded and actual values with experimental 
and predicted values of cutinase production. 

Experimental values Enzyme Activity (U/ml) 

Run Order X1 
(Cutin) 

X2 
(Peptone) 

X6 
(KCl) 

X7 
(MgSO4·7H2O)

Observeda Predicted 

Specific 
Activity 
(U/mg) 

Cell 
Growth 

(g/L) 

1 −1(5.5) −1(7.5) −1(0.35) −1(3.25 128.968 ± 1.79 117.233 36.65 1.74 

2 1(12.5) −1(7.5) −1(0.35) −1(3.25) 121.395 ± 1.68 128.680 29.97 1.87 

3 −1(5.5) 1(18.5) −1(0.35) −1(3.25) 185.802 ± 2.58 208.125 38.46 1.12 

4 1(12.5) 1(18.5) −1(0.35) −1(3.25) 279.457 ± 3.87 258.627 59.42 2.26 

5 −1(5.5) −1(7.5) 1(0.85) −1(3.25) 143.534 ± 1.99 146.027 45.82 1.58 

6 1(12.5) −1(7.5) 1(0.85) −1(3.25) 129.470 ± 1.79 146.650 45.32 2.02 

7 −1(5.5) 1(18.5) 1(0.85) −1(3.25) 256.507 ± 3.56 253.450 55.18 1.42 

8 1(12.5) 1(18.5) 1(0.85) −1(3.25) 313.009 ± 0.61 293.129 60.52 1.82 

9 −1(5.5) −1(7.5) −1(0.35) 1(7.75) 127.770 ± 1.77 147.546 41.51 1.41 

10 1(12.5) −1(7.5) −1(0.35) 1(7.75) 141.177 ± 1.96 146.422 31.43 1.52 

11 −1(5.5) 1(18.5) −1(0.35) 1(7.75) 262.727 ± 3.64 247.736 60.23 2.62 

12 1(12.5) 1(18.5) −1(0.35) 1(7.75) 288.266 ± 4.00 285.668 55.04 3.11 

13 −1(5.5) −1(7.5) 1(0.85) 1(7.75) 105.091 ± 1.46 128.109 40.21 1.97 

14 1(12.5) −1(7.5) 1(0.85) 1(7.75) 138.589 ± 1.92 116.161 65.70 1.88 

15 −1(5.5) 1(18.5) 1(0.85) 1(7.75) 252.218 ± 3.50 244.829 67.51 2.88 

16 1(12.5) 1(18.5) 1(0.85) 1(7.75) 258.014 ± 3.58 271.938 70.19 3.97 

17 0(9.0) 0(13.0) 0(0.60) 0(5.50) 302.498 ± 3.55 304.158 83.41 2.29 

18 0(9.0) 0(13.0) 0(0.60) 0(5.50) 301.823 ± 3.00 304.158 80.92 1.99 

19 0(9.0) 0(13.0) 0(0.60) 0(5.50) 302.823 ± 4.17 304.158 82.83 2.11 

20 0(9.0) 0(13.0) 0(0.60) 0(5.50) 300.823 ± 4.00 304.158 85.45 2.21 

21 −2(2.0) 0(13.0) 0(0.60) 0(5.50) 183.600 ± 2.55 169.424 60.90 2.28 

22 2(16.0) 0(13.0) 0(0.60) 0(5.50) 195.886 ± 2.72 207.979 48.37 2.51 

23 0(9.0) −2(2.0) 0(0.60) 0(5.50) 46.387 ± 0.64 27.013 29.17 1.37 

24 0(9.0) 2(24.0) 0(0.60) 0(5.50) 256.391 ± 3.55 273.681 55.54 2.64 

25 0(9.0) 0(13.0) −2(0.10) 0(5.50) 210.491 ± 2.92 209.296 69.21 1.72 

26 0(9.0) 0(13.0) 2(1.10) 0(5.50) 225.250 ± 3.12 224.361 66.57 3.23 

27 0(9.0) 0(13.0) 0(0.60) −2(1.00) 204.966 ± 2.84 209.119 50.40 1.30 

28 0(9.0) 0(13.0) 0(0.60) 2(10.0) 224.477 ± 3.11 218.241 63.43 2.97 

29 0(9.0) 0(13.0) 0(0.60) 0(5.50) 296.109 ± 4.11 300.276 82.78 2.13 

30 0(9.0) 0(13.0) 0(0.60) 0(5.50) 298.109 ± 1.28 300.276 75.65 2.27 

aThe observed values of cutinase activity were the mean values of duplicates with standard deviation (Mean ± S.D). *Values in the parentheses are actual level. 

 
Table 4. Analysis of variance (ANOVA) for quadratic mo- 
del. 

Source DF SS MS F-value P-value

Model 14 319,967 22854.8 91.51 <0.0001

Residual (error) 42 10,489 249.7 - - 

Lack-of-Fit 34 9784 287.8 3.27 0.041 

Pure Error 8 705 88.1 - - 

Total 59 330,657  

R2 = 96.83%; Adj R2 = 95.54%; SS, sum of squares; DF, degrees of freedom; 
MS, mean square. 

value (91.51) indicates that the most of the variation in 
the response can be explained by the model equation. 
The associated p value is used to judge, whether F is 
large enough to indicate statistical significance or not. A 
p value < 0.04 is considered to be statistically significant 
with high confidence level (>96%). Overall, the regres- 
sion model for the cutinase activity was highly signifi- 
cant (p < 0.0001), which indicates that the second-order 
polynomial model was adequate in representing the ac- 
tual relationship between the response (cutinase activity) 
and the variables. This inference was also confirmed by 
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high coefficient of regression (R2 = 96.83%).  
To determine the significance of the regression coeffi- 

cient of the factors, the results were subjected to a stu- 
dent’s t-test. The coefficients, t-value and p-value of dif- 
ferent variable, their square terms and interaction terms 
are given in Table 5. The linear and quadratic terms of 
all the four components are found to be highly significant 
from their low p-values (<0.0001). Among the interac- 
tion effects, the coefficient term between cutin-peptone 
and those between KCl-MgSO4·7H2O has also shown 
high significance (p < 0.001) for the production of cuti- 
nase. Such an observation in significance of interaction 
effects between the variables would have been lost, if the 
experiments were carried out by conventional methods. 
In order to determine the optimal levels of each variable 
for maximum cutinase production, three-dimensional re- 
sponse surface plots were constructed by plotting the 
response (cutinase activity) on the Z-axis against any two 
independent variables, while maintaining other variables 
at their optimal levels. As shown in Figure 2(a), a 
curvature in the response surface indicates lower and 
higher values of both cutin and peptone did not result in 

higher response. The increment of cutin concentration 
from 2 to 10 g·L−1 and peptone concentration from 2 to 
18 g·L−1 increased the cutinase activity but further in- 
crement in the concentration of both the components 
decreased the cutinase activity. A similar profile was 
observed in Figure 2(b) (with cutin and KCl concentra- 
tion) and Figure 2(c) (with cutin and MgSO4·7H2O 
concentration), where cutinase activity increased with 
increasing KCl concentration up to 0.63 g·L−1 and 
MgSO4·7H2O concentration unto 5 to 6 g·L−1. The cuti- 
nase production was also significantly influenced by 
peptone concentration in the medium and reached maxi- 
mum at 17.77 g·L−1. From the Figures 2(d) and (e) a 
steep increase in cutinase activity was observed with 
increasing concentration of peptone from 2 to 17.77 
g·L−1. Further increase in peptone concentration was un- 
able to enhance the activity any more. Peptone and cutin 
being the main carbon and nitrogen source of the media 
help to maintain the optimum C/N ratio which could fa- 
cilitate the growth of microorganism and the production 
of enzyme. Again the interaction of KCl and 
MgSO4·7H2O (Figure 2(f)) was very prominent with  

 

 

Figure 2. Three-dimensional response surface plot for cutinase production showing the interactive effects of (a) cutin and 
peptone (b) cutin and KCl (c) cutin and MgSO4·7H2O (d) peptone and KCl (e) peptone and MgSO4·7H2O (f) KCl and 
MgSO4·7H2O. 
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Table 5. Model coefficient estimated by multiple linear regressions. 

Model term Parameter estimate Standard error Computed t-value p-value 

Intercept −537.287 50.0473 −10.736 0.000 

X1 41.197 4.6141 8.929 0.000 

X2 36.027 2.8755 12.529 0.000 

X6 522.274 63.4895 8.226 0.000 

Xi 62.065 7.0857 8.759 0.000 

X12 −2.277 0.1742 −13.073 0.000 

X22 −1.239 0.0705 −17.567 0.000 

X62 −333.790 34.1387 −9.778 0.000 

X72 −4.276 0.4215 −10.146 0.000 

X1X2 0.507 0.1451 3.495 0.001 

X1X6 −3.093 3.1927 −0.969 0.338 

X1X7 −0.399 0.3547 −1.125 0.267 

X2X6 3.006 2.0317 1.479 0.147 

X2X7 0.188 0.2257 0.832 0.410 

X6X7 −21.436 4.9664 −4.316 0.000 

 
p < 0.001. Similar effect was also observed for KCl and 
MgSO4·7H2O. The experimental data were fitted into the 
aforementioned Equation (7), and the optimum levels of 
each variable were determined to be as follows: cutin: 
10.06 g·L−1, peptone: 17.77 g·L−1, KCl: 0.635 g·L−1 and 
MgSO4·7H2O: 5.546 g·L−1. However, very few studies 
deal with statistical optimization of the process for cuti- 
nase production. To our best knowledge there is no re- 
port available in the literature on the optimization of me- 
dium components for the production of cutinase using 
tomato cutin as a source of carbon from P. cepacia 
NRRL B 2320. An overall 2 fold increase in cutinase 
production was achieved in the optimized medium as 
compared with the un-optimized basal medium, which 
reflects the necessity and value of optimization process. 
From this design of experiment we could have the sig- 
nificant interaction between a pair of components. In this 
case, for the cutinase production the peptone-cutin inter- 
action and KCl-MgSO4·7H2O were most significant in- 
teractions. 

3.4. Validation of Model 

To verify validity of the model, experiments were carried 
out at optimal levels of significantly influenced medium 
components with other medium components at middle 
level and compared with the calculated data from the 
model. The estimated enzyme activity of cutinase was 
found to be 336.76 U·mL−1, where the predicted value 
from the polynomial model was 330.96 U·mL−1. The 
verification revealed a high degree of accuracy of the 
model of more than 98.73%, which is an evidence for the 
model validation under the investigated conditions. This 

value was also found to be 4.39% higher than the maxi- 
mum measured cutinase activity observed in the CCD of 
experiments shown in Table 3. The estimated enzyme 
activity towards p-NMSH (cutinase specific substrate) 
was found to be 3.12 U·mL−1. There is also two fold in- 
crease in cutinase activity with p-NMSH after optimiza- 
tion. 

3.5. Unstructured Model Prediction 

The profiles for cutinase production and cell growth in 
optimized medium in shake flask were illustrated in the 
Figure 3. The profile of growth and enzyme production 
in bioreactor with uncontrolled and controlled pH were 
shown in Figures 4 and 5, respectively. From all the pro- 
files, it was observed that the cutinase production in- 
creased with increasing growth up to 96 h of culture and 
maintained after this. Biokinetic parameters involved in 
the process were estimated using the models mentioned 
in Equations (3), (4) and (5). These models are essen- 
tially unstructured logistic models, which describes the 
kinetics of cell growth and product accumulation [17,18]. 
In this study, for fitting of experimental data with the 
models, nonlinear regression using the least-square 
method was used employing Microsoft Excel Solver 
2003. 

The estimated kinetic parameters values obtained from 
these models are mentioned in Table 6, which also 
shows that the determination coefficient (R2) values ob- 
tained by fitting the various models to the experimental 
data were found to be very high (≥0.93), thus revealing 
good precision of the models. Using the logistic model, μ, 
X0 and Xmax were obtained for growth kinetic, and Pr, P0  
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Figure 3. Experimental and model predicted growth kinet- 
ics and production kinetics during cutinase production. 
Experimental growth (○), model predicted growth ( —· ·—), 
experimental cutinase production (●), logistic model pre-
dicted cutinase production (——), Luedeking-Piret model 
predicted cutinase production (―――). 
 

 

Figure 4. Experimental and model predicted growth and 
production kinetics during cutinase production in bioreac- 
tor in optimized medium at uncontrolled pH, 2 vvm aera- 
tion and 200 RPM. Experimental growth (○), model pre- 
dicted growth ( —· ·—), experimental cutinase production 
(●), logistic model predicted cutinase production (——), 
Luedeking–Piret model predicted cutinase production 
(―――). 
 
and Pmax were obtained from enzyme production kinetic 
profile. Using Leudeking -piret model α and β value va- 
lues were predicted. These α and β values are growth and 
non-growth associated parameters during enzyme pro- 
duction. A higher α value (55.05) than β value (0.016) 
predicted that cutinase production is more growth asso- 
ciated than non-growth associated in shake flask. But, it 
is also observed from Table 6 that in bioreactor (with or 
without pH control) α value decreased and β value in- 
creased, suggesting that cutinase production was mixed 
growth type in the bioreactors. This may be due to better 
controlled condition in the bioreactor than shake flask. 

To the best of our knowledge this is the first report on 
the kinetic modeling fermentation profile during cutinase 
production. Few reports are available on lipase [22] and 
xylanase [23] production kinetics where production was 

 

Figure 5. Experimental and model predicted growth and 
production kinetics during cutinase production in bioreac- 
tor in optimized medium at controlled pH 7, 2 vvm aeration 
and 200 RPM. Experimental growth (○), model predicted 
growth ( —· ·—), experimental cutinase production (●), 
logistic model predicted cutinase production (——), 
Luedeking-Piret model predicted cutinase production 
(―――). 
 
found mostly growth associated. The coefficient of de- 
termination, R2, is a measure of the strength of the linear 
relationship between the experimental and predicted val- 
ues.  

The logistic model predicted the growth kinetics with 
an R2 value of 0.97 in shake flask and bioreactors. For 
shake flask study, cutinase production kinetics was pre- 
dicted by logistic and LP model with same R2 value of 
0.95. But in case of cutinase production under uncon- 
trolled pH the kinetics for production was predicted with 
R2 of 0.97 by logistic model, whereas the same was pre- 
dicted with R2 of 0.93 by LP model. For the production 
of cutinase under controlled pH at 7, it was also observed 
that logistic model predicted the production kinetics with 
R2 of 0.98, and LP model showed R2 of 0.96. From the 
Table 6, it was observed that the maximum cutinase 
production increased from shake flask to bioreactor and 
in bioreactor the cutinase production increased when pH 
was controlled at 7, than the uncontrolled pH. 

4. Conclusion 

In conclusion, cutinase production was maximally sup- 
ported by cutin, peptone, KCl and MgSO4·7H2O. An 
optimum combination of cutin, peptone, KCl and 
MgSO4·7H2O at the respective levels of 10.06 g·L−1, 
17.77 g·L−1, 0.635 g·L−1 and 5.546 g·L−1 in the medium 
was obtained by employing an RSM optimization tech- 
nique, which resulted in 2 fold enhancement of cutinase 
activity by P. cepacia NRRL B 2320. The unstructured 
kinetic models, such as the logistic model for growth and 
the enzyme production, and Luedeking-Pirate model for 
enzyme production have been proven to be accurately 
evaluating the fermentation kinetic parameters with good 
accuracy.  
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Table 6. Parameters estimated by logistic and Leudeking-Pirate model equation. 

Model Shake flask/Bioreactor Parameter estimated R2 

Logistic Model µ = 0.213 h−1, Xmax = 5.03 g·l−1, X0 = 0.08 g·l−1 0.97 

Logistic Model Pr = 0.097 U·ml−1·h−1, Pmax = 336 U·ml−1, P0 = 35.53 U·ml−1 0.95 

LP Model 

Shake flask 

P0 = 0, α = 55.05 UgX−1, β = 0.016 UgX−1h−1 0.95 

Logistic model µ = 0.234 h−1, Xmax = 7.05 g·l−1, X0 = 0.008 g·l−1 0.97 

Logistic model Pr = 0.066 U·ml−1h−1, Pmax = 347.73 U·ml−1, P0 = 26.17 U·ml−1 0.97 

LP Model 

Bioreactor at uncontrolled pH 

P0 = 39.32, α = 24.99 UgX−1, β = 0.24 UgX−1h−1 0.93 

Logistic model µ = 0.25 h−1, Xmax = 9.25 g·l−1, X0 = 0.005 g·l−1 0.97 

Logistic model Pr = 0.062 U·ml−1·h−1, Pmax = 372.80 U·ml−1, P0 = 29.65 U·ml−1 0.98 

LP Model 

Bioreactor at controlled pH 7 

P0 = 42.72, α = 18.43 UgX−1, β = 0.22 UgX−1h−1 0.96 
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