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Abstract

The individual and interactive effects of three independent variables i.e. carbon source (glucose), nitrogen source
(sodium nitrate) and inducer (ε-caprolactam) on nitrilase production from Fusarium proliferatum were investigated
using design of experiments (DOE) methodology. Response surface methodology (RSM) was followed to generate
the process model and to obtain the optimal conditions for maximum nitrilase production. Based on central
composite design (CCD) a quadratic model was found to fit the experimental data (p<0.0001) and maximum
activity of 59.0U/g biomass was predicted at glucose concentration (53.22 g/l), sodium nitrate (2.31 g/l) and
ε-caprolactam (3.58 g/l). Validation experiments were carried out under the optimized conditions for verification
of the model. The nitrilase activity of 58.3U/g biomass obtained experimentally correlated to the predicted
activity which proves the authenticity of the model. Overall 2.24 fold increase in nitrilase activity was achieved as
compared to the activity before optimization (26U/g biomass).

Keywords: Nitrilase; Fusarium proliferatum; Design of experiments; Central composite design; Response
surface methodology

Introduction
Nitriles, organic compounds containing (−CN) func-
tional group, are widespread in the environment. Natur-
ally occurring nitriles mainly comprise cyanoglycosides,
cyanolipids and phenylacetonitrile (Marron et al. 2012)
that are produced as defensive metabolites in plants. In
the chemical industry, nitriles are extensively used as
feedstocks, solvents, polymers, pharmaceuticals, pesti-
cides and drug intermediates. Nitriles are also important
intermediates in the organic synthesis of amides, amines,
carboxylic acids, esters and ketones (Gong et al. 2012;
Kobayashi and Shimizu 2000). Bio- and chemo-catalyzed
transformations of nitrile substrates lead to the formation
of several industrially important amides and organic acids,
such as acrylamide, nicotinamide, acrylic and mandelic
acids, methacrylic acid (Xue et al. 2011). The biocatalytic
route is of particular interest because the nitrile-degrading
enzymes like nitrilases, amidases and nitrile hydratases
(−NHases) can convert diverse nitrile substrates into
various amides and carboxylic acids under relatively

moderate process conditions with excellent chemo-,
regio- and stereoselectivities (Babu and Shilpi 2010).
Nitrilase-mediated biocatalysis has gained substantial
attention for the development of sustainable green
technologies for the production of selective and com-
plex active ingredients in pharmaceuticals and agro-
chemicals. Nitrilases catalyse direct cleavage of nitriles
to corresponding acids and ammonia (Gong et al.
2012).

Since the first report on nitrilase appeared in 1960s, puri-
fication and characterization of nitrilases are being regularly
published (Petříčková et al. 2012; Vejvoda et al. 2010, Gupta
et al. 2010; Thuku et al. 2009; O’Reilly and Turner 2003).
Bacteria have been extensively studied and exploited as
source of nitrile hydrolysing enzymes, as compared to
eukaryotic organisms (Gong et al. 2012; Sharma et al. 2011;
Schreiner et al. 2010; Vejvoda et al. 2010; Martínková et al.
2009; Shen et al. 2009; Zhu et al. 2008; Kaplan et al. 2006a;
Banerjee et al. 2002). Filamentous fungi are known to be
the rich source of nitrile hydrolysing enzymes especially
nitrilases, however, they have not been exploited exten-
sively. Therefore, there is great need to explore them for
nitrilase production in detail. The known fungal genera
reported for nitrilase production include Fusarium,
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Gibberella, Aspergillus, and Penicillium etc. (Wu et al.
2013; Gong et al. 2012; Martínková et al. 2009). As shown
in Table 1, Aspergillus niger K10 has been reported to pro-
duce nitrilase activity of 100U/L culture (Kaplan et al.
2006a), Fusarium solani IMI 196840 produced 1500U/L
culture (Vejvoda et al. 2010), Fusarium solani O1 has been
reported to produce maximum nitrilase activity i.e. 3000U/
L culture (2008). Recently, nitrilase from Fusarium
proliferatum ZJB-09150 has been reported to produce
0.322U/mg DCW for 3-cyanopyridine hydrolysis (Jin et al.
2012). This strain has nitrilase as well as nitrile hydratase
activity and therefore has potential applications in organic
acids/amide synthesis. However, specificity and selectivity
of an enzyme is essential for the development of a success-
ful biotransformation processes to reduce overall cost.
Therefore, more selective strains such as Fusarium solani
and Fusarium oxysporum with only nitrilase activity would
be a preferred choice for such applications (Martínková
et al. 2009).

Keeping this in view, we screened out an efficient nitrilase
producing fungal strain from Fusarium proliferatum (com-
municated). This strain has shown promising nitrilase activ-
ity with broad substrate specificity. This strain is a pure
nitrilase producer i.e. produces only acids from correspond-
ing nitriles with no amide formation as side product. Thus,
this is more specific as compared to the previously reported
nitrilase from Fusarium proliferatum (Jin et al. 2012).
Moreover, our strain Fusarium proliferatum AUF-2 repre-
sented second highest nitrilase activity (>2000U/L culture)
after Fusarium solani producing nitrilase activity of
>3000U/L culture (Vejvoda et al. 2008). We, therefore, de-
cided to optimize growth conditions and production
medium to maximize nitrilase production.

Optimization of enzyme production through manipu-
lation of suitable medim components by conventional
methods is quite tedious, time consuming and costly
process (Mason et al. 2003). The concept of design of
experiments (DOE) makes the optimization easy, helps in

building the models, evaluating the effect of several factors,
achieving the optimum conditions for desirable responses
and also reduced the number of experiments to large extent
(Montgomery 2005). Analysis of variance (ANOVA) pro-
vides the statistical results and diagnostic checking tests
which enables researchers to evaluate adequacy of the
models (Ghafari et al. 2009). RSM is a collection of math-
ematical and statistical method which helps in studying the
effects of various parameters at a single time, is faster to
implement, time saving and cost effective (Montgomery
2005; Layh et al. 1977). Various studies have recently been
reported on optimization of nitrilase production in bacterial
strains using RSM (Dubey et al. 2011; Shen et al. 2009).
However, to the best of our knowledge, optimization of
nitrilase production from fungal strains using RSM has not
been reported.

In the present study, we have studied nitrilase produc-
tion in this strain by medium optimization through
RSM. Three independent variables chosen for the study
were the carbon source (glucose), nitrogen source (so-
dium nitrate) & inducer (ε-caprolactam) and the re-
sponse value for nitrilase activity was chosen as the
dependent variable.

Materials and methods
Strain and growth conditions
Nitrilase producing Fusarium proliferatum, strain AUF-2
(NCBI Accession no. JX840861) was isolated from the
soil sample of Shivalik region, India and was maintained
on a modified Czapek-Dox agar medium. Medium com-
position in g/l was: sucrose 30, NaNO3 3.0, K2HPO4 1.0,
MgSO4·7H2O 0.5, KCl 0.5, FeSO4·7H2O 0.01, CoCl2·6H2O
0.001, ZnSO4·7H2O 0.0067; pH 7.0 with 20 g/l agar. Con-
stituents of the seed (without inducer) and production
medium (with nitrile inducer; ε-caprolactam) were the
same without agar. The seed medium was inoculated from
a freshly cultured slant and incubated under shaking con-
ditions in an orbital shaker at 200 rpm for 48 h at 28°C.

Table 1 Some fungal strains reported for nitrilase production

Filamentous fungi Nitrilase activity (U/l culture) Substrate Reference

Fusarium solani IMI 196840 1500 Benzonitrilile Vejvoda et al. 2010

Fusarium solani O1 >3000 Benzonitrile Vejvoda et al. 2008

Fusarium oxysporium CCF 1414 119.7 Benzonitrile Kaplan et al. 2006b

Fusarium oxysporium CCF 483 17.6 Benzonitrile Kaplan et al. 2006b

Fusarium solani f. sp. melonis 160 Benzonitrile Martínková et al. 2009

Gibberella intermedia CA3-1 na 3-cyanopyridine Wu et al. 2013

Aspergillus niger K10 100 Benzonitrile Kaplan et al. 2006a

Penicillium multicolor CCF 2244 9.3 Benzonitrile Martínková et al. 2009

Fusarium proliferatum ZJB09150 na 3-cyanopyridine Jin et al. 2012

Fusarium proliferatum AUF-2 2000 Benzonitrile Communicated

Fusarium proliferatum AUF-2 >4000 Benzonitrile Present work
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5% of the seed was transferred to production medium and
was grown for 72 h under same conditions. Biomass was
harvested by centrifugation at 15,000 × g for 15 min at 4°C.
The cell pellet was washed twice with 0.1 M phosphate
buffer (pH 8.0) for further use.

Nitrilase enzyme assay
Nitrilase activity of the fungal enzyme was assayed by
measuring the production of ammonia during the hy-
drolysis of benzonitrile to benzoic acid. 10 mg of wet cell
biomass was incubated in the presence of benzonitrile
(30 mM) followed by estimation of amount of ammonia
released by using the method of Fawcett & Scott (1960).
One unit (U) of nitrilase is defined as the micromoles of
ammonia released per min under standard assay condi-
tions i.e. pH 8.0; 37°C by cell biomass. Enzyme activity
of whole cells was calculated by the following formula:

EA U=gð Þ ¼ Conc:of ammonia released
Wt of biomass gð Þ � Reaction time minð Þ � dil factor

Optimization for nitrilase activity by
One-variable-at-a-time approach
The selection of medium components including car-
bon sources, nitrogen sources and inducers were inves-
tigated through the traditional ‘one-variable- at-a-time’
approach. Effect of various carbon sources, nitrogen
sources and inducers were tested to evaluate their ef-
fect on nitrilase production, while other ingredients
were kept unchanged (communicated). The concentra-
tions of these factors for zero coded levels of variables
in the subsequent optimization were confirmed by sin-
gle parameter optimization studies.

Experimental design and optimization by RSM
Based on single parameter optimization studies carbon
source (glucose), nitrogen source (sodium nitrate) and
inducer (ε-caprolactam) were found to be the suitable
medium components for optimum nitrilase production.
RSM and CCD were used to optimize the response of
these three variables by statistical software “Design Expert-
8.0.7.1”. The program generated twenty experiments (eight
factorial, six axial and six central). The experiments were
carried out in random order with six replicates at the cen-
tral point to calculate the pure error of the model. The ex-
perimental results of CCD were fitted with a second-order
polynomial equation as shown below:

Y ¼ a0 þ a1
�A þ a2B þ a3

�C þ a12
�A�B þ a13

�A�C
þ a23

�B�C þ a11
�A2 þ a22

�B2 þ a33
�C2

where, Y is the nitrilase activity (U/g biomass); A is
the coded value of glucose concentration; B is the
coded value of sodium nitrate concentration and C is

the coded value of ε-caprolactam concentration. a0 is a
constant, a1, a2 and a3 were linear coefficients, a11, a22

and a33 were squared coefficients and a12, a13 & a23

were interaction coefficients. Response surface graphs
were plotted to determine maximum nitrilase activity.

Results
Optimization of carbon source, nitrogen source and
inducer concentration by one variable-at-a-time approach
Our previous studies (communicated) reveal that three var-
iables namely carbon source, nitrogen source and inducer
are the most significant constituents responsible for
nitrilase production. It was also found that our strain Fusar-
ium proliferatum AUF-2 produces maximum nitrilase
(26U/g biomass) with glucose as carbon source, sodium ni-
trate as nitrogen source and ε-caprolactam as inducer. We
therefore, optimized the concentrations of these three inde-
pendent variables using One-variable-at-a-time Approach.
Optimization results revealed that 50 g/l glucose, 2.5 g/l so-
dium nitrate and 3.5 g/l ε-caprolactam would result in
maximum nitrilase enzyme production (56.8 U/g). These
values were therefore selected as the zero coded values of
glucose, sodium nitrate and ε-caprolactam respectively
(Table 2) for further optimization using RSM.

Fit summary for model fitting and ANOVA
The values of three variables i.e. glucose, sodium nitrate
and ε-caprolactam with the actual and predicted nitrilase
activity (U/g) in 20 random experimental runs are shown in
Table 3. The second order polynomial model was used to
correlate the independent variables with nitrilase activity.
The best candidate to fit the data was the quadratic model
after fit summary comparison (p<0.0001).

As shown in Table 4, the quadratic model was found to
be the best fit model using sum of square analysis which
compares the ratio of mean square regression to the mean
square residuals. A low value (7.35%) of the coefficient of
variance (CV) indicates a very high degree of precision and
good reliability of experimental values. Both the R2 value
(0.91) and the adjusted R2 value (0.83) were high in this
model indicating the fit of model. Adequate Precision for
our model has a signal-to-noise ratio of 10.584 which indi-
cates an adequate signal.

Table 5 shows the ANOVA of the best fitted quadratic
model. It has three factors having nine significant

Table 2 Independent variables selected for experimental
design

Factors Symbols Code levels

−1 0 +1

Glucose (g/l) A 40 50 60

Sodium nitrate (g/l) B 2.0 2.5 3.0

ε-Caprolactam (g/l) C 2.5 3.5 4.5
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variances (A, B, C, AB, AC, BC, A2, B2 and C2). Each
variance has been evaluated by ANOVA. The Model
F-value of 11.79 implies that the model is significant.
There is only a 0.03% chance that a “Model F-Value”
could occur due to noise. The ANOVA table shows
only the significant variances i.e. B (nitrogen source,
NaNO3), C (inducer, ε-caprolactam), B2 (quadratic terms

of NaNO3, p value of 0.0103) and C2(quadratic terms of
ε-caprolactam, p value of <0.0001).

The perturbation plot (Figure 1) compared the effect
of all the factors at a particular point in the design space.
A perturbation plot at the centre point (glucose 53.22 g/l,
sodium nitrate 2.31 g/l, caprolactam 3.58 g/l) was obtained
to show the relative effect of the three chosen variables as
‘one factor at a time’ on nitrilase production. The perturb-
ation plot indicated that inducer (C) has the most influen-
tial effect (steepest slope) on nitrilase production followed
by nitrogen source (B), whereas, carbon source (A) has the
least effect on nitrilase production.

Final equation and model graphs
The values of regression coefficients were calculated
and the experimental results of CCD were fitted with
second order polynomial equation. The predicted values of

Table 3 Central composite design matrix for the
experimental and predicted results in the production
of nitrilase

Run Glucose
(g/l)

Sodium
nitrate
(g/l)

ε-caprolactam
(g/l)

Predicted
activity
(U/g)

Actual
activity
(U/g)

1 50.00 1.66 3.50 48.65 48 ±2.06

2 50.00 2.50 1.82 32.03 30 ±2.24

3 66.82 2.50 3.50 54.20 50 ±1.35

4 50.00 2.50 3.50 58.14 59 ±1.24

5 33.18 2.50 3.50 51.57 49 ±2.35

6 40.00 3.00 4.50 42.88 44 ±1.32

7 40.00 3.00 2.50 44.77 45 ±1.23

8 50.00 3.34 3.50 46.12 46 ±1.42

9 60.00 3.00 2.50 44.33 45 ±1.34

10 50.00 2.50 3.50 58.14 56 ±2.33

11 40.00 2.00 2.50 38.27 41 ±2.31

12 50.00 2.50 5.18 34.74 30 ±3.24

13 60.00 2.00 2.50 44.33 48 ±2.52

14 50.00 2.50 3.50 58.14 55 ±3.26

15 40.00 2.00 4.50 45.88 50 ±3.94

16 50.00 2.50 3.50 58.14 62 ±2.63

17 60.00 2.00 4.50 49.44 54 ±2.45

18 50.00 2.50 3.50 58.14 60 ±1.38

19 60.00 3.00 4.50 39.94 42 ±1.33

20 50.00 2.50 3.50 58.14 58 ±1.23

Table 4 Model fitting values

Model terms Values

CV (%)a 7.35

R2 b 0.91

Adjusted R2 c 0.83

Adequate precision d 10.58

Standard deviation 3.57
a CV (%): coefficient of variance, is the standard deviation which is expressed
as a percentage of the mean.
b R2: is the measure of variation around the mean explained by the model.
c Adjusted R2: is the measure of variation around the mean explained by the
model, adjusted for the number of terms in the model. The adjusted R2

decreases as the number of terms in the model increases provided those
additional terms do not add value to the model.
d Adequate precision: compares the range of predicted value at the design
points to the average prediction error.

Table 5 Analysis of variance (ANOVA) for response
surface quadratic model

Source Sum of
squares

df Mean
square

F-value P-value
prob > F

Model 1355.14 9 150.57 11.79 0.0003

Lack of fit 94.33 5 18.87 2.83 0.1391

B- Sodium nitrate 30.36 1 30.36 2.38 0.1540

C- Caprolactam 8.86 1 8.86 0.69 0.4242

B2 126.67 1 126.67 9.92 0.0103

C2 1160.86 1 1160.86 90.93 <0.0001

Pure error 33.33 5 6.67

Cor total 1482.80 19

Figure 1 Perturbation Plot, A (glucose), B (sodium nitrate) and
C (ε-caprolactam).
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nitrilase production (Y) for 20 independent experi-
ments were calculated by the following equation with
actual values of glucose (A), sodium nitrate(B), and
ε-caprolactam(C).

Y ¼ þ58:17 þ 0:78�A−1:49�B þ 0:81�C−1:62�A�B

–0:62�A�C−2:37�B�C−2:08�A2−2:96�B2

–8:98�C2

Based on the above equation, predicted value of nitrilase
activity at any variable concentration can be calculated.
Figure 2 represents three dimensional surface plots show-
ing the combined effect of two independent variables for
nitrilase production, while the third variable was kept at
zero coded value.

Optimization and validation
Based on the model, optimum medium composition was
obtained at 53.22 g/l glucose, 2.31 g/l sodium nitrate
and 3.58 g/l ε-caprolactam concentration resulting in
predicted nitrilase activity of 59.0 U/g biomass. Valid-
ation of the predicted results was done under optimized
conditions in three independent experiments. Figure 3
shows the average of results obtained in these experi-
ments. It can be seen that the experimental nitrilase
activity of 58.3 U/g was obtained which correlated to
the predicted activity (59.0 U/g) confirming the ration-
ality of the model. This is 2.24 fold higher than that
obtained before optimization (26.0 U/g). Thus, overall
2.24 fold increase in nitrilase activity was observed after
optimization using RSM. Comparison of fungal strains
reported in literature for nitrilase production has been
shown in Table 1. Present work resulted in an overall pro-
duction of nitrilase (>4000 U/l culture) as compared to the
yield of (>2000 U/l culture) obtained before optimization.

Discussion
Enzymatic conversion of nitrile to corresponding acids
has been one of the most interesting biotransformations
during the past few years, although nitrilase catalysed re-
actions are still unexplored. Therefore, nitrilase produc-
tion through medium optimization by fast and effective
experimental design is essential. It has been reported
that growth and enzyme production can be enhanced to
several folds by a statistics based experimental design.
Medium selection and its components during fermenta-
tion at shake flask level has shown remarkable enhance-
ment in the activity of various enzymes (Montgomery
2005; Myers et al. 2002; Layh et al. 1977). Statistical ex-
perimental design viz. multivariate designs, allows mul-
tiple control variables, is faster to implement and cost
effective as compared to traditional univariate approach.
As far as nitrilases are concerned, enhancement of
nitrilase production using RSM has been studied with

Figure 2 Three dimensional contour plots showing the effect of
different variables on the nitrilase production by Fusarium
proliferatum.
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only bacterial source (Dubey et al. 2011; Shen et al.
2009) and fungi have not been studied in this context.

It has been shown that there are only three main fac-
tors namely carbon source, nitrogen source and inducer
which can affect nitrilase activity (Gong et al. 2012). In
order to enhance the enzyme production by design of
experiments, we chose three important medium compo-
nents viz. glucose (carbon source), sodium nitrate (nitro-
gen source) and ε-caprolactam (inducer). Thus, during
the present study, we have optimised these three medium
components in order to achieve maximum nitrilase pro-
duction from Fusarium proliferatum AUF-2. In order to
understand the effect of these three independent vari-
ables, Perturbation plot was generated from one factor at
a time experiments (Figure 1). The x-axis shows a devi-
ation of the factor values from the reference point as
actual value and y-axis shows nitrilase activity (U/g).
Steepest curvature in case of variable C (inducer) depicts
that the response (nitrilase activity) is sensitive to inducer
concentration. The trend of the perturbation plot was in
agreement with the previous observations by Dubey et al.
(2011) and Shen et. al. (2009). The results indicate that
inducer is the most significant variable, whereas carbon
source is the least significant variable for nitrilase pro-
duction. These results are in agreement with the previous
work showing that nitrogen source and inducer have dir-
ect relation with nitrilase activity, whereas carbon source
is responsible for biomass production (Shen et al. 2009).
The results also support the literature that most of the
nitrilases are inducible in nature (Martínková et al. 2009).

As shown in Table 4, the quadratic model was found
to be the best fit model using sum of square analysis
which compares the ratio of mean square regression
to the mean square residuals. P<0.05 indicates that
model terms are significant. In this case B,C, B2, C2 are
significant model terms indicating that sodium nitrate
and ε-caprolactam have significant effect on nitrilase

production. Model F value of 11.79 for nitrilase pro-
duction implies significant model and “Lack of Fit” F
value of 2.83 implies insignificant Lack of Fit. The coef-
ficient of variance (CV%) value of 7.35 indicates a very
high degree of precision and good reliability of experi-
mental data. The coefficient of determination (R2)
should always be closer to 1.00. Higher and close to 1.0
value of R2 (0.91) in this model indicates that a high
percentage of the variability in the response could be
explained by the model. This also implies satisfactory
adjustment of quadratic model to the experimental
data. Adjusted R2 value (0.83) indicated a good agree-
ment between the experimental and predicted values
for nitrilase production. Adjusted R2 which is smaller
than R2 indicates that too many terms are present in
the model ratio (Haaland 1989). Statistical analysis also
determines the experimental factors that generate sig-
nals, large enough as compared to the noise. Adequate
Precision measures the signal to noise ratio (Haaland
1989) and a ratio greater than 4 is desirable. Our model
has a ratio of 10.584 which indicates an adequate signal.

Based on the results obtained with “one factor at a
time approach”, RSM was used to build the model. The
model helps to study the interactions between the vari-
ables i.e. medium components and the optimum con-
centration of each component. The three dimensional
response surface plots were constructed by plotting the
nitrilase activity on the Z axis against two independent
variables with third variable being at fixed level. This
allowed to understand the significance of model during
interaction of the medium components and optimum
concentration of each medium component for nitrilase
production. Analysis of variance (ANOVA) showed that
medium component B (sodium nitrate), medium compo-
nent C (ε-caprolactam), B2, C2 are significant model terms.
Figure 2 shows the three dimensional response surface
plots for interaction between glucose-sodium nitrate, so-
dium nitrate- ε-caprolactam and glucose-ε-caprolactam.
Analysis of response surface plots indicated that sodium
nitrate and ε-caprolactam slight variation in concentrations
of these components from zero code value led to an in-
crease in nitrilase activity. Based on the model, optimum
medium composition was observed at 53.22 g/l glucose,
2.31 g/l sodium nitrate and 3.58 g/l ε-caprolactam with a
predicted nitrilase activity of 59.0U/g biomass.

Verification of predicted results was accomplished
by three independent experiments carried out with
optimised medium components viz. 53.22 g/l glucose,
2.31 g/l sodium nitrate and 3.58 g/l ε-caprolactam. The re-
sults obtained as an average (58.3 U/g nitrilase activity)
were in close agreement with statistically predicted value
(59.0 U/g), confirming the authenticity of the model. After
optimization, a 2.24 fold increase in nitrilase production
was observed as compared to the initial activity of 26.0 U/g.
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Figure 3 The growth curve of Fusarium proliferatum and
nitrilase activity (U/g biomass) after RSM optimization.
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These results indicate that the optimization of medium
component through RSM favoured enhanced nitrilase pro-
duction providing overall yield of >4000 U/l culture.

In conclusion, second order quadratic model was found
to fit the experimental data obtained from RSM using
three key medium components glucose (carbon source),
sodium nitrate (nitrogen source) and ε-caprolactam
(inducer). It has been found that the inducer i.e.
ε-caprolactam is the most significant variable for nitrilase
production. Validation experiments of optimal condi-
tions showed 2.24 fold increase in nitrilase production
resulting in 58.3 U/g nitrilase activity in Fusarium
proliferatum strain.
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