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Response surface methodology (RSM) was performed to evaluate the effects of cultivation time, pH and
substrate concentration on production of xylanase by Aspergillus niger AN-13. Agricultural residue
wheat bran was used as main substrate under submerged fermentation. Xylanase production was
optimized by Box-Behnken design (BBD). Statistical analysis of results showed that, the linear and
quadric terms of these three variables had significant effects, and evident interactions existing between
pH and substrate concentration were found to contribute to the response at a significant level.
Furthermore, Box-Behnken design (BBD) used for the analysis of treatment combinations gave a
second order polynomial regression model, which was in good agreement with experimental results,
with R?=0.9959 (P<0.05). By response surface methodology and canonical analysis, the optimal
fermentation parameters for enhanced xylanase production were obtained. Under these conditions,
namely cultivation time of 53.3 h, pH of 7. 92 and wheat bran concentration of 54.2 gL, the model
predicted a xylanase act|V|ty of 125.14 U-mL". Verification of the optimization showed that xylanase
production of 127.12 U-mL™" was observed under the optimal condition, which had a marked increase
compared with a xylanase activity of 4.80 U-mL" in experiments according to Box-Behnken design.
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Behnken design.

INTRODUCTION

Xylanase (endo-1,4-B-xylanase) and B-xylosidase (B-D-
xyloside xylohydrolase) are the main constituents of the
xylanolytic enzyme system, converting xylan (the main
hemicellulosic polysaccharide) into a more readily
fermentable form (Ghosh et al., 1993). Xylanases are
useful in several industrial applications. They are
extensively used in pre-treatment of forage crops and
other lignocellulosic biomass, added to swine and poultry
cereal-based diets to improve nutrient utilization, flour
modification for bakery products, and saccharification of
agricultural, industrial and municipal wastes (Sa-Pereira
et al., 2002). Moreover, it is reported that xylanases have
been widely used for clarifying fruit juices and wine (Hang
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and Woodams 1997), food processing in combination
with cellulases (Biely, 1985), and improving the nutritional
properties of agricultural silage and grain feed (Kuhad et
al., 1993).

Xylanases are produced by numerous microorganisms
among which the fungi are the most potent producers
(Pham et al., 1997). Aspergillus niger has been used for
the production of enzymes such as pectinases (Castilhoa
et al., 2000; Debing et al., 2006) and invertase (Montiel-
Gonzalez et al., 2004) by solid state fermentation, feruloyl
esterases (Benoit et al., 2006), cellobiase (Xueliang and
Liming, 2004), cellulases and hemicellulases (Kang et al.,
2004), xylanase (Qi-peng et al., 2005) and so on. There
are advantages of application of A. niger as suitable
strain: not only the performance of the organism is
invariable but also it can produce enzymes more steadily.

Large amounts of agro-industrial residues are genera-
ted every year from diverse economic activities. These
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Table 1. Coded values of variables used in Box-Behnken
experimental design.

Level
Independent variables -1 0 1
Time (X4) (h) 24 48 72
pH (X2) 7 8 9
Wheat bran (Xs) (g-L™") 10 50 | 90

residues represent one of the most energy-rich resources
available on the planet and when not properly discharged
or used, add to the environmental pollution (Francis et al.,
2003). On the other hand, the cost of an enzyme is one
of the main factors determining the economic of a
process. Reducing the costs of enzyme production by
optimization the fermentation medium and cultivation con-
dition is the goal of basic research for industrial
application. Most of the reports concerning xylanase are
dealt with the purification and characterization of these
enzymes, with very few studies regarding optimizing their
production (Bocchini et al., 2002). But in order to develop
good fermentation, some parameters should be optimized
according to the limits of the process, such as pH,
substrate concentration, cultivation time, and so on.

The classical method of ‘one-variable-at-a-time
bioprocess design may be effective in some situations,
but fails to consider the combined effects of all involved
factors (Silva and Roberto, 2001). Factorial design
optimization and response surface methodology fulfill this
requirement. RSM is a collection of mathematical and
statistical techniques widely used to determine the effects
of several variables and to optimize different biotechnolo-
gical process (Rao et al., 2000).

The collective role diversified fermentation parameters
play in the yield of xylanase by A. niger AN-13 have not
been reported yet. The objective of the present work was
to apply statistical methods to optimize culture conditions
for higher production of xylanase under submerged
fermentation. In this paper, the optimum parameters in-
cluding cultivation time, pH and wheat bran concentration
in the medium were obtained by response surface
methodology.

MATERIALS AND METHODS
Microorganism and cultivation conditions

The A. niger AN-13 strain was isolated from soil and was maintain-
ed at 4°C on potato dextrose agar (PDA). Spores suspensions were
made from six-day-old cultures that had been grown on PDA slopes
at 30°C. Sterile distilled water was aseptically added to each slope
and a suspension of the spores made by lightly brushing the
mycelium with a sterile wire loop. The suspension, was diluted with
sterile distilled water to give a final spore count of 10” spores-mL™”.
The medium used for xylanase production was composed of (g-L’
"): NH4Cl 9; KH,PO, 1; NaNO; 1; MgSO4+7H20 1; CaCly+2H,0 0.3;
and yeast extract 1. The medium pH, also with varying concentra-
tions of wheat bran and cultivation time, was adjusted according to

the experimental design. The microorganism was cultured in 75 mL
of medium in 250 mL Erlenmeyer flasks on a rotary shaker (150
rev-min™'). Shake flasks were then maintained at 35°C. At the end of
fermentation, the mycelium was separated from the enzyme-con-
taining broth by centrifugation at 10000xg for 15 min to obtain the
crude enzyme preparation.

Box-Behnken design

A Box-Behnken (Box at al., 1960) factorial design with three factors
and three levels, including three replicates at the centre point, was
used in order to generate 15 treatment combinations, with cultiva-
tion time, pH and substrate concentration as variables. According to
the Box-Behnken design, the total number of experimental combi-
nations is 2"+2k+n;, where k is the number of independent
variables and ng is the number of repetitions of the experiments at
the centre point. In this design, both k and nq are equal to three. For
statistical calculation, the experimental variable X; has been coded
as x; according to the following transformation equation:

Xi_X()
X, =———"
oX

Where x; is the dimensionless coded value of the variable X;, X, the
value of X; at the centre point and &X the step change.

(1)

Table 1 and Table 2 show the actual levels corresponding to the
coded settings, and the experimental design, respectively. This
design is represented by a second-order polynomial regression
model as follows:
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V=AY AXAYANAYIARK,
=1 =l =1

i<j

Where Y'is the predicted response variable; ,50, ,Bl ,Bl.l. and i

are constant regression coefficients of the model, X i X j and (i

=1, 3;j =1, 3, i #j) represent the independent variables in the form
of coded values. The accuracy and general ability of the above
polynomial model could be evaluated by the coefficient of
determination R%.

Data analysis

Data from Box-Behnken design for the optimization of xylanase
production were subjected to a second-order multiple regression
analysis using the least squares regression methodology to obtain
the parameter estimates of the mathematical model. The regression
analysis and analysis of variance (ANOVA) were carried out using
the RSREG procedure (Zeng and Biebl, 2002; Yin et al., 2006) to fit
second order polynomial equations for all response variables.
Response surface was made by the fitted quadratic polynomial
equation obtained from RSREG analysis, holding independent
variables with two parameters at a constant value, and changing
the other two variables.

Analytical method
The xylanase activity was determined by measuring the release of

reducing sugars from oat spelt xylan (1%, w/v) using the dinitrosali-
cylic acid method (Miller 1959; Yin et al.,, 2006, 2007). Reaction
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Table 2. Box-Behnken design matrix with experimental and predicted values of xylanase production by

Aspergillus niger AN-13.

Variables Xylanase (U-mL™)
Trial number | X, (Time) | X2 (pH) | X3(Wheat bran) | Experimental Predicted

1 -1 -1 0 17.94 16.95
2 -1 1 0 5.22 2.19

3 1 -1 0 52.31 56.25
4 1 1 0 41.42 41.49
5 0 -1 -1 26.50 23.59
6 0 -1 1 51.85 51.77
7 0 1 -1 20.50 20.55
8 0 1 1 22.40 25.29
9 -1 0 -1 4.80 6.42

10 1 0 -1 4452 45.72
1 -1 0 1 20.50 22.88
12 1 0 1 67.39 62.18
13 0 0 0 119.50 122.22
14 0 0 0 126.95 122.22
15 0 0 0 120.22 122.22

mixture containing 1 mL of a solution of 1% oat spelt xylan in citrate
buffer (50 mM, pH 5.0) and 1 mL of the diluted crude enzyme, was
incubated for 30 min at 50°C. One unite of xylanase was defined as
the amount of enzyme required to released 1 pmol of xylose from
xylan in 1 min under the assay condition.

RESULTS AND DISCUSSION

Regression model of response from Box-Behnken
design and RSM strategies

In this study, wheat bran was used as main substrate
under submerged fermentation. For one thing, the use of
purified xylan enhanced the cost of enzyme production
and was a major limitation to the economic feasible of
bioconversion and utilization of lignocellulosic materials.
For another, agricultural residue was not only inexpen-
sive, but also it was abundant and easily available,
supplying the microorganism better nutrition. In order to
obtain optimum levels of xylanase by A. niger AN-13,
optimization of cultivation conditions variables that had a
significant impact on xylanase production was necessary.
Bocchini et al. (2002) have reported that cultivation time,
xylan concentration and their interactions have significant
effects on xylanase production from Bacillus circulans
D1. Heck et al. (2006) and Techapun et al. (2002) both
have found that optimization of initial pH and temperature
can improve xylanase production enormously.

Table 1 shows the maximum and minimum levels of
variables chosen for trials in Box-Behnken design. For
response surface methodology (RSM) based on the Box-
Wilson, which was used to optimize cultivation conditions
for xylanase production, 15 experimental runs with diffe-
rent combinations of three factors and three levels were

carried out (Table 2). The variables used for the factorial
analysis were cultivation time, pH and wheat bran,
named X;, Xp, X3 in this design, respectively. The effects
of the three independent variables on xylanase produc-
tion and the experimental response along with the
predicted response obtained from the regression
equation for each run are shown in Table 2. It can be
seen from Table 2, there was a considerable variation in
the xylanase production depending on the three chosen
variables. The maximum xylanase production (126.95
U-mL'1) was achieved in run number 14, while the mini-
mum xylanase production (4.80 U'mL™") was observed in
run number 9. The former was much higher than the
latter, which adequately indicated that choosing appro-
priate cultivation conditions could evidently enhance the
yield of xylanase. In order to estimate the error, the
centre point in the design was repeatedly carried out for
three times.

By applying multiple regression analysis on the experi-
mental data, the following second order polynomial
equation was found to explain the xylanase production by
only considering the significant terms and was shown as
below:

Y=I22HOGX ~TRX +8 23X, UK, ~BRI ~BLX-56XX, (3)
Where Y is the predicted response, X,, X, and X, are

coded values of cultivation time, pH and wheat bran,
respectively.

The independent variables were fitted to the second-
order model equation and examined for the goodness of
fit. Several indicators were used to evaluate the ade-
quacy of the fitted model and the results are shown in
Table 3. The determination coefficient R value, correla-
tion coefficient R value, coefficients of variation (CV) and
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Table 3. Analysis of variance (ANOVA) for the quadratic polynomial model of xylanase production®.

Source Degree of freedom | Sum of squares | Mean square | F-value P>F
Linear 3 4065.74 - 68.12 0.0002
Quadratic 3 19907 - 333.55 <0.0001
Cross product 3 151.16 - 2.58 0.1708
Total model 9 24124 - 134.73 <0.0001
Total error 5 99.47 19.89 - -

2Coefficient of variation (CV) =9.02; coefficient determination (R?)=0.9959; correlation coefficient (R)=0.9979.

Table 4. Regression coefficients and their significances for xylanase production from the results of Box-Behnken

experimental design.

Model term Degree of freedom | Estimate | Standard Error t value P

Intercept 1 122.22 2.58 47.46 <0.0001
Xi 1 19.65 1.58 12.46 <0.0001
Xz 1 -7.38 1.58 -4.68 0.0054

X3 1 8.23 1.58 5.22 0.0034
X 1 -44.50 2.32 -19.17 <0.0001
XiXa 1 0.46 2.23 0.21 0.8456
X2* 1 -48.50 2.32 -20.89 <0.0001
X1Xs 1 1.79 2.23 0.80 0.4580
XoX3 1 -5.86 2.23 -2.63 0.0466
Xa* 1 -43.42 2.32 -18.70 <0.0001

*Significant at 5% level (P<0.05).

model significance (F-value) were used to judge the
adequacy of the model. R°, or coefficient of determi-
nation, is the proportion of variation in the response
attributed to the model rather than to random error
(Henika, 1972). Joglekar and May (1987) have suggested
for a good fit of a model, A? should be at least 80%. The
determination coefficient (RF) implies that the sample
variation of 99.59% for xylanase production is attributed
to the independent variables, and only about 0.4% of the
total variation can not be explained by the model. The
closer value of R (correlation coefficient) to 1, the better is
the correlation between the experimental and predicted
values. Here the value of R (0.9979) for Eq. (3) being
close to 1 indicated a close agreement between the
experimental results and the theoretical values predicted
by the model equation. The coefficient of variation (CV) is
the ratio of the standard error of estimate to the mean
value of the observed response, expressed as a
percentage. A model can be considered reasonably
reproducible if the CV is not greater than 10% (Joglekar
and May, 1987). Usually, the higher the value of CV, the
lower is the reliability of experiment. Here, a lower value
of CV (9.02) indicated a greater reliability of the experi-
ments performed. The model significance (F-value)
indicates the level of confidence that the selected model
can not be due to experimental error (Henika, 1972).
Linear and quadratic terms were significant at the 1%

level. Therefore, the quadratic model was selected in this
optimization study.

The Student tdistribution and the corresponding P-
value, along with the parameter estimate, are given in
Table 4. The P-values are used as a tool to check the
significance of each of the coefficients which, in turn, are
necessary to understand the pattern of the mutual
interactions between the best variables. The parameter
estimates and the corresponding P-values showed that
among the independent variables, X; (cultivation time), X,
(pH) and X; (wheat bran) had a significant effect on
xylanase production. Positive coefficients for X; and Xs;
indicated a linear effect to increase xylanase production,
while negative coefficient of X5 (wheat bran) revealed the
opposite effect. It was included that X; (cultivation time)
was the key factor influencing xylanase production, due
to its largest t-value among the three variables. The
quadric term of these four variables also had a significant
effect. As could be seen, evident interactions existed in
X, and Xs, but no interactions between the other variable
pairs were found to contribute to the response at a
significant level, also could be seen from the P values in
Table 4. So, compared with the traditional ‘one-variable-
at-a-time’ approach which is unable to detect the frequent
interactions occurring between two or more factors al-
though they often do occur, RSM has immeasurable
effects and tremendous advantages.
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Figure 1. Experimental xylanase activities versus predicted
xylanase activities under optimum fermentation conditions.

Comparison of observed and predicted xylanase
activity

A regression model could be used to predict future
observations on the response Y (xylanase activity)
corresponding to particular values of the regressor
variables. In predicting new observations and in estima-
ting the mean response at a given point, one must be
careful about extrapolating beyond the region containing
the original observations. It was very possible that a
model that fit well in the region of the original data would
no longer fit well outside the region. Figure 1 shows
observed xylanase activities (the response) versus those
from the empirical model equation (3). The figure proved
the predicted data of the response from the empirical
model was in agreement with the observed ones in the
range of the operating variables.

Localization of optimum condition

Three-dimensional response plots and their correspond-
ing contour plots for the xylanase production by the
above model are shown in Figures 2 - 4. The contour
plots affirm that the objective function is unimodal in
nature which shows an optimum in the boundaries. The
boundary optimum point was evaluated using gradient
method in the direction of steepest ascent. The graphical
representation provides a method to visualize the relation
between the response and experimental levels of each
variable, and the type of interactions between test
variable in order to deduce the optimum conditions.
Figure 2 depicts the three-dimensional plot and its
respective contour plot showing the effects of cultivation
time (Xy) and pH (X2) on xylanase production, while
wheat bran concentration (Xs) is fixed at its middle level.
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The interaction relationship between the two chosen
variables and the response variable could be easily
understood by examining the contour plots. The circinal
nature of the contour plots indicated that no interactions
between cultivation time and pH were found to contribute
to the response at a significant level, due to the high P-
value (0.8456>0.05) in Table 4. It could be seen from
Figure 2, xylanase production increased gradually with
the increasing cultivation time and pH. While cultivation
time was at a low level, the effect of pH on the response
was insignificant. When pH in medium was at a higher
level, xylanase production steadily increased with
increasing cultivation time, but decreased slowly beyond
the range. It was evident that the activity of xylanase was
higher than 120 U-mL™" when cultivation time was in the
range of -0.1 to 0.5 (coded value) and pH in the range of
-0.4 to 0.2 (coded value).

Figure 3 shows the effects of cultivation time (X;) and
wheat bran (X3 on xylanase production, while the third
variable is fixed at its middle level. Similarly, there were
no evident interaction relationships existing between the
two independent variables and the response variable. It
was evident that at low wheat bran concentration, the
effect of cultivation time on xylanase production was
negligible. When the wheat bran concentration in medium
was at a high level (0 - 0.2, coded value), xylanase
production steadily increased with increasing cultivation
time up to 0.2 - 0.4 (coded value). In this case, the yield
of xylanase production could keep a higher level that was
simply over 125 U-mL™". However, when the wheat bran
concentration was enhanced further more, much higher
than a level of 0 - 0.2 (coded value), xylanase production
decreased slowly with the increasing cultivation time.
This indicated that under optimal cultivation time and
wheat bran concentration, excessive increase of exirac-
tion time would not increase the yield of xylanase any
more. These facts are important in shortening fermen-
tation periods during the potential industry application by
keeping appropriate substrate concentration in medium,
which can make the whole process more economical and
feasible.

Figure 4 shows the effects occurring between X, (pH)
and Xs (wheat bran), while X; (cultivation time) is fixed at
its middle level. The elliptical nature of the contour plots
indicated that the interactions between pH and wheat
bran were significant. Also could been proved from the P
value (0.0466 <0.05) in Table 4. It was noticed that,
xylanase production tended to increase with gradually
increasing value in wheat bran concentration. Simulta-
neously, it was illuminated that A. niger AN-13 could
make better use of wheat bran to produce more
xylanase, which agrees well with the report by Beg et al.
(2000) that wheat bran can effectively induce the higher
xylanase production by Streptomyces sp. QG-11-3.
Maybe these facts can be accounted for by the report that
the enzyme involved in substrate degradation is generally
inducible and is formed only when the corresponding
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Figure 2. Response surface plot and contour plot of the combined effects of culture time (X1)
and pH (Xz) on the xylanase production by Aspergillus niger AN-13.
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substrate is present in the nutrient solution by Schlegel et
al. (1989). As could be seen, when pH and wheat bran
concentration in medium were in the range of -0.2 to 0
(coded value) and 0 to 0.2 (coded value) respectively, the
activity of xylanase could keep a high level, more than
123 U-mL™. Consequently, in order to obtain a good
xylanase production the pH and wheat bran concentra-
tion should be kept a proper range.

Model adequacy checking

Usually, it is necessary to check the fitted model to
ensure that it provides an adequate approximation to the
real system. Unless the model shows an adequate fit,
proceeding with the investigation and optimization of the
fitted response surface likely gave poor or misleading
results. The residuals from the least squares fit play an
important role in judging model adequacy (Henika, 1972).
Figure 5 presents a plot of residuals versus the predicted
response. The general impression is that the residuals
scatter randomly on the display, suggesting that the
variance of the original observation was constant for all
values of Y. As from Figure 5, it was satisfactory based on
the judge of model adequacy. So it is concluded that the
empirical model is adequate to describe the SOD activity
by response surface.

Validation of the model

Validation of the experiment was repeated three times
under optimal conditions in order to confirm the mathe-
matical model, the maximal of which was 127.12 U-mL™.
This value was found to have a marked increase compa-
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red with a lowest value of 4.80 U-mL™ at run 9 in experi-
ments according to Box-Behnken design.

Conclusion

Response surface methodology was proved to be a
powerful tool for optimization of culture conditions and
culture medium composition. Box-Behnken design was
employed to evaluate the effects of cultivation time, pH
and substrate concentration on production of xylanase by
A. niger AN-13. Analysis of contour plots brought the
following optimum parameters: cultivation time 53.3 h, pH
7.92 and wheat bran concentration 54.2 g-L'. Under
these conditions, the predicted and verifiable xylanase
activities were 125.14 and 127.12 U-mL™, respectively,
the two of which agreed very well.

In this work, the focus was using statistical analysis
methods to optimize xylanase production by A. niger AN-
13 under submerged fermentation with agricultural resi-
due wheat bran as main substrate. Based on the above
work, further researches are concentrated on optimizing
culture medium composition in order to obtain much
higher xylanase production and now in process.
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