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ABSTRACT: Bacillus subtilis C4 was isolated from waste water of a Thai-silk dyeing factory, and identified as a
potent strain for producing silk-degumming protease. To optimize the protease production of this bacterial strain, seven
fermentation variables were screened using a Plackett-Burman design, and were then further optimized via response surface
methodology based on a central composite design. Three significant variables, i.e., soy flour, skimmed milk, and shaker
speed, were selected. The optimal values were 2.0% soy flour, 0.1% skimmed milk, and a shaker speed of 280 rpm. The
experimental result (1537 units/ml) in a medium optimized for protease production was in good agreement with the predicted
value of a quadratic model (1576 units/ml), thus confirming its validity. In addition, the adequacy of the model was supported
by a coefficient of determination (R2) of 0.912. Protease production in the optimized medium (1537 units/ml) increased
2.2-fold over that of the non-optimized medium (729 units/ml) in the shaken flask culture. When the experiment was scaled
up in a stirred tank reactor, 1891 units/ml protease activity was achieved at 27 h of cultivation, which was an overall 2.6-fold
increase over the basal medium.
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INTRODUCTION

Proteases are one of the most important industrial
enzymes, accounting for nearly 60% of the total
worldwide enzyme production1. The use of alkaline
proteases has increased remarkably in various indus-
trial processes such as the production of detergents,
processing food and animal feed, and production of
X-ray films2.

In recent years, studies have dealt with the re-
moval of sericin (gum) from silk yarn with protease,
which is milder than soap or alkaline treatments3, 4

and saves expenses in terms of water, energy, chem-
icals, and effluent treatment. Alkaline and neutral
proteases effectively degum silk fabrics. Almost
complete sericin removal has been obtained when raw
silk fabric was the substrate5. It is well known that
extracellular protease production in microorganisms
is greatly influenced by media components, especially
carbon and nitrogen sources, and by physical factors
such as temperature, pH, incubation time, agitation,
and inoculum density6, 7. Medium composition is one

of the most important parameters when enzymes are
produced for industrial purposes because around 30–
40% of the production cost is estimated to be the cost
of the growth medium8. Statistical approaches have
helped to enhance product yield and reduce the cost of
production, thereby making the fermentation process
economical and cost effective9.

In the optimization of media compounds,
Plackett-Burman designs are used as a screening
method in order to select the variables that influence
a system. However, they do not give an optimum
value for each variable10 and further optimization
is needed. Response surface methodology (RSM)
has been widely used to evaluate and understand
the interactions between different physiological
and nutritional parameters11. It is an efficient
mathematical approach widely applied in the
optimization of the fermentation process and media
component, e.g., production of enzymes, biomass,
spore, and other metabolites12–15. RSM, which
includes factorial design and regression analysis,
can be used to help evaluate the effective factors
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and build models16. It can give information about
the interaction between variables and can be used to
select optimum conditions of variables for a desirable
response and multiple responses at the same time.
Finally, after model building and optimization, the
predicted model is verified.

In this investigation, an attempt has been made
to improve silk degumming protease production from
Bacillus subtilis C4 by statistical approaches using
a Plackett-Burman design and RSM in submerged
culture. The proteases obtained from the optimized
medium using either shaken flasks or a stirred tank
reactor were also compared.

MATERIAL AND METHODS

Microorganisms

The organism used in this study was Bacillus sp. C4
isolated from the waste water of a Thai-silk factory,
and selected for its potential in producing protease
for silk degumming. It was previously identified as
Bacillus subtilis based on partial 16 s rRNA gene
sequence homology and a standard method for bac-
terial identification17. The culture was maintained on
modified basal medium with skimmed milk (BMSM)
medium18 with 20% glycerol at −20 °C. A single
colony, obtained from modified Davis minimal agar19

supplemented with 0.1% sericin, was activated twice
before the starter was prepared.

Protease production

For protease production, the starter was prepared by
growing a cell suspension in a 500 ml baffled flask
containing 100 ml of BMSM medium, with the pH
adjusted to 7.5 and incubation for 24 h on a shaker at
200 rpm. The starter was previously adjusted to an
absorbance of 0.3 (600 nm) and cultivation of 100 ml
BMSM medium was conducted in shaken flasks by
varying carbon, nitrogen, and inducer sources. Incu-
bation occurred under the conditions defined by the
statistical designs for 24 h. The cell-free supernatant
was recovered by centrifugation (9200 g, 10 min), and
used for determining extracellular alkaline protease
activity.

STATISTICAL EXPERIMENTAL DESIGNS

Plackett-Burman design

Based on the results of a preliminary study on pro-
tease production by B. subtilis C4, hydrolysed cassava
starch, soy flour, and skimmed milk were selected
as the most suitable carbon, nitrogen, and inducer
sources, respectively20. They were subsequently

Table 1 Code level of seven variables studied regarding
protease production from B. subtilis C4 by a Plackett-
Burman design.

Variable Symbol Level

+1 −1

Hydrolysed cassava starch (g/l) X1 2.00 0.50
Soy flour (g/l) X2 1.00 0.25
Skimmed milk (g/l) X3 2.00 0.20
Initial pH X4 9.50 6.50
Temperature ( °C) X5 37 30
Shaker speed (rpm) X6 250 100
Inoculum size (% v/v) X7 5.00 2.00

screened, along with other factors (initial pH, tem-
perature, shaker speed, and inoculum size), using a
Plackett-Burman design in order to identify the sig-
nificant variables affecting the enzyme production. A
set of 12 experiments was conducted (Table 1). Each
variable was set at two levels, high and low, denoted
by (+1) and (−1), respectively. The significance
of each variable influencing protease production was
determined by Student’s t test with 95% confidence
levels.

Central composite design and response surface
methodology

After identifying the significant variables for protease
production through a Plackett-Burman design, a cen-
tral composite design (CCD) was adopted to optimize
the major variables (soy flour, skimmed milk, and
shaker speed) in 17 experiments. The variables were
coded according to21:

xi =
Xi −X0

∆X
, (1)

where xi is the dimensionless coded level of the
variable, Xi is the actual value of that variable, X0 is
the average of the high and low level values of that
variable, and ∆X is the high value minus the low
value of that variable. The variables and levels are
shown in Table 2. The roles of the three variables,
their interactions, and statistical analysis to obtain the
predicted yields were modelled by using

Y = β0 + β1X1 + β2X2 + β3X3 + β11X
2
1 + β22X

2
2

+ β33X
2
3 + β12X1X2 + β13X1X3 + β23X2X3,

(2)

where Y is the predicted response, β0 is an offset term,
βi is the linear effect, βii is the quadratic effect, βij is
the interaction effect, and X1, X2, X3, are the levels
of the three variables.
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Table 2 Experimental range of the three variables (SF =
soy flour; SM = skimmed milk; SS = shaker speed) studied
using CCD in terms of actual and coded factors.

Variable Symbol Coded level

−1.68 −1 0 +1 +1.68

SF (%w/v) X1 0.18 0.50 1.50 2.50 3.18
SM (%w/v) X2 0.03 0.10 0.20 0.30 0.37
SS (rpm) X3 110 150 200 250 280

The statistical significance of the coefficients and
predicted protease production in (2) were evaluated
using linear regression analysis (SPSS for Windows
Version 12).

Validation of the experimental model

The optimized medium obtained from the response
surface model was confirmed for its accuracy. The
statistical model was validated with respect to all three
variables within the design space. A random set of
five experimental combinations was used to study the
protease production under the experimental conditions
described above.

Scale-up studies in a fermenter

After optimization studies in shaken flasks, protease
was produced in a 2-l stirred tank fermenter BIOSTAT
B, (B. Braun Biotech International, Germany). 2% of
the 24 h seed culture was inoculated into the optimal
medium and fermented at pH 7.5 and 30 °C with
350 rpm agitation. The dissolved oxygen concentra-
tion was maintained at 70% air saturation throughout
the fermentation process.

Protease activity assay

Protease activity was determined by a modified Fer-
rero’s method as described by Sangyon22. One unit of
protease activity was defined as the amount of enzyme
liberating 1 µg of tyrosine per min.

RESULTS AND DISCUSSION

Plackett-Burman designs

The first optimization step identified the significant
factors for protease production from B. subtilis C4
using a 12-run Plackett-Burman design (Table 1 and
Table 3). Table 4 represents the effect of each variable
along with the mean squares, F -values, and p-values.
The observed protease production varied from 233 to
1283 units/ml, reflecting the importance of medium
optimization to attain higher yields. Variables having
a probability value (p-value) less than 0.05 were
considered significant. The analysed data in Table 4

Table 3 Plackett-Burman design for selection of significant
variables of silk degumming protease production by B. sub-
tilis C4.

Run Experimental variable Protease activity

X1 X2 X3 X4 X5 X6 X7 (units/ml)a

1 +1 +1 −1 +1 +1 +1 −1 1171± 9
2 +1 −1 +1 +1 +1 −1 −1 366± 0
3 −1 +1 +1 +1 −1 −1 −1 540± 1
4 +1 +1 +1 −1 −1 −1 +1 429± 0
5 +1 +1 −1 −1 −1 +1 −1 1283± 50
6 +1 −1 −1 −1 +1 −1 +1 233± 1
7 −1 −1 −1 +1 −1 +1 +1 799± 2
8 −1 −1 +1 −1 +1 +1 −1 203± 2
9 −1 +1 −1 +1 +1 −1 +1 586± 2
10 +1 −1 +1 +1 −1 +1 +1 777± 2
11 −1 +1 +1 −1 +1 +1 +1 711± 2
12 −1 −1 −1 −1 −1 −1 −1 562± 3

a Values are indicated as mean± SD (n = 2).

Table 4 Results of ANOVA for the Plackett-Burman design
of silk degumming protease production by B. subtilis C4.

Variable Mean square F -value p-value

Hydrolysed cassava starch 61 233 2.56 0.19
Soy flour 263 796 11.03 0.03
skimmed milk 214 883 8.99 0.04
Initial pH 55 842 2.34 0.20
Temperature 104 757 4.38 0.10
Shaker speed 412 997 17.27 0.14
Inoculum size 29 087 1.22 0.33

R2 = 0.923; adjusted R2 = 0.790.

suggests that protease production was affected by soy
flour and skimmed milk, which had p-values of 0.03
and 0.04, respectively. The significant effect of soy
flour as a nitrogen source for protease production
by B. subtilis C4 corroborates a report of Joo and
Chang23 showing the preference of Bacillus spp. for
soy flour, which has also been reported as an inducer
for alkaline protease from Conidiobolus coronatus24

as well. Casein, a component of skimmed milk, has
also been reported as an inducer of this enzyme25.

Although shaker speed was grouped among the
insignificant variables, we used it as one of the major
factors for further study, due to its importance in
terms of oxygen and nutrient transfer into the liquid
medium, especially for the growth of aerobic bacteria
like Bacillus spp26. Thus, soy flour, skimmed milk,
and shaker speed were chosen and their possible inter-
active effects on enzyme production were evaluated by
response surface methodology.
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Table 5 Experimental designs used in RSM studies with
three independent variables showing observed and predicted
values of protease production.

Run Variable Protease activity (units/ml)

Soy Skim Shaker Mean Observeda Predicted
flour milk speed
(X1) (X2) (X3)

1 −1 −1 −1 173± 3 150
2 +1 −1 −1 201± 3 125
3 −1 +1 −1 486± 4 610
4 +1 +1 −1 692± 12 795
5 −1 −1 +1 1239± 16 1074
6 +1 −1 +1 1639± 16 1453
7 −1 +1 +1 535± 12 549
8 +1 +1 +1 1176± 8 1138
9 0 0 0 1175± 6 1146
10 0 0 0 1159± 22 1146
11 0 0 0 1153± 31 1146
12 −1.68 0 0 632± 3 632
13 0 −1.68 0 417± 3 655
14 0 0 −1.68 444± 4 352
15 +1.68 0 0 764± 3 852
16 0 +1.68 0 928± 12 777
17 0 0 +1.68 1263± 46 1476

a Values are mean± SD (n = 3).

Optimization by response surface methodology

Response surface methodology is the most accepted
statistical technique for bioprocess optimization to
examine the relationship between a set of experimen-
tal factors and observed results. The design matrix
and the corresponding results of the experiments to
determine the effect of soy flour, skimmed milk, and
shaker speed are depicted in Table 2 and Table 5.
Maximum protease production (1639 units/ml) was
observed in the presence of 2.5% soy flour, 0.1%
skimmed milk, and a shaker speed of 250 rpm. The
analysis of variance of the quadratic regression model
demonstrated that the model was highly significant
(p < 0.001). The determination coefficient (R2)
value of 0.912 indicated that 91.2% of the total
variations were explained by the model and revealed
good agreement between the experimental results and
the predicted values calculated from the model. In
addition, the value of the adjusted determination co-
efficient (adjusted R2 = 0.893) was also very high,
emphasizing the high significance of the model27.

The significance of each term of the model was
determined by p-values (Table 6). The results implied
that the quadratic effect of shaker speed (β33) was
significant (p < 0.05). The linear effects of skimmed

Table 6 Statistical significance of the response equation
developed for B. subtilis C4 protease productiona.

Model Coefficient Standard error t-value p-value

β0 −3780.73 505.32 −7.48 < 0.001
β1 206.06 158.88 1.30 0.202
β2 15 603.63 1562.12 9.99 < 0.001
β3 24.34 3.84 6.33 < 0.001
β11 −188.69 26.76 −7.05 < 0.001
β22 −15 259.87 2280.78 −6.69 < 0.001
β33 −0.03 0.01 −3.12 0.003
β12 513.32 281.21 1.83 0.075
β23 −49.50 5.62 −8.80 < 0.001
β13 1.97 0.56 3.55 0.001

a R2 = 0.912; adjusted R2 = 0.893.

milk (β2), shaker speed (β3), and the quadratic ef-
fects of soy flour (β11), skimmed milk (β22), and
the interaction effects of β23 and β13 were more
significant than other factors. However, the p-value
of the coefficients of the linear effects of soy flour and
the interactive effect of soy flour and skimmed milk
may have been significant to some extent. According
to this result, skimmed milk, which is a source of
casein, appeared to have the greatest effect on enzyme
production (p-values of β1, β11 < 0.001), since
the casein provided the intact peptides necessary for
the induction process of the enzyme28. Thus, the
response of silk degumming protease production (Y )
by B. subtilis C4 can be expressed in terms of the
regression equation:

Y = −3780.73 + 206.06X1 + 15 603.63X2

+ 24.34X3 − 188.69X2
1 − 15 259.87X2

2 − 0.03X2
3

+ 513.32X1X2 − 49.50X2X3 + 1.97X1X3, (3)

where X1 is soy flour, X2 is skimmed milk, and X3 is
shaker speed.

The 2D contour plots were plotted based on the
model equation to investigate the interaction among
variables and to determine the optimum concentration
of each factor for maximum protease production by
B. subtilis C4. The contour plots were based on
the final model, holding one variable constant at its
central level, while the other two were varied within
their experimental ranges (Figs. 1–3). Fig. 1 shows
that an increase in soy flour concentration in the
range 1.3–2.7% w/v and skimmed milk in the range
0.14–0.28% w/v caused an increase in the protease
production to optimum values. Any further increases
in these concentrations led to a decrease in enzyme
production.
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Fig. 1 Contour plots of protease production by B. subtilis C4
showing the effect of soy flour and skimmed milk (shaker
speed was kept at 200 rpm).

Fig. 2 shows the response for the interactive fac-
tors of soy flour and shaker speed. It was evident
that increasing the shaker speed and increasing the
soy flour content (more than 1.6% w/v) had a positive
influence on protease production, until an optimum
value was reached. A similar response curve in
Fig. 3 shows that protease activity varied as a func-
tion of shaker speed in an interactive effect along
with skimmed milk, which corroborated the results
reported by Dutt et al25. A maximum protease activity
of 1639 units/ml was observed, corresponding to a
high level of shaker speed (250 rpm) and a low amount
of skimmed milk (0.1% w/v). On the other hand,
the addition of skimmed milk to 0.3% (w/v) reduced
the protease activity to 535 units/ml, indicating the
negative effect of a high concentration of skimmed
milk on protease production. Thus, the contour plots
indicated the need for a higher shaker speed and
a high concentration of soy flour along with a low
amount of skimmed milk to obtain maximum protease
production. This confirmed earlier reports on protease
production, where it was observed that production of
proteases by Bacillus sp. was highly dependent on the
availability of oxygen29. Since soybean meal is an
inexpensive and readily available substrate30, it is pos-
sible to be used as an ingredient in the culture medium
for the cost effective production of an extracellular
protease.

Validation of the model

To confirm the validity of the model, experimen-
tal rechecking was performed using a random set
of five production combinations to test for protease
production (Table 7). Every predicted response for
protease production was very close to the observed
value, confirming the model’s accuracy. The predicted
maximum protease production was 1576 units/ml,
while the observed value was 1537 units/ml and the

 200.000
 400.000
 600.000
 800.000
 1000.000
 1200.000
 1400.000
 1600.000
 1800.000
 above

Soy flour (%w/v)

S
h

ak
er

 s
p

ee
d

 (
rp

m
)

120

160

200

240

280

320

0.5 1.0 1.5 2.0 2.5 3.0 3.5

Please purchase 'e-PDF Converter and Creator' on http://www.e-pdfconverter.com to remove this message.

Fig. 2 Contour plots of protease production by B. subtilis C4
showing the effect of soy flour and shaker speed (skimmed
milk was kept at 0.2% w/v).
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Fig. 3 Contour plots of protease production by B. subtilis
C4 showing the effect of skimmed milk and shaker speed
(soy flour was kept at 0.2% w/v).

corresponding concentrations of soy flour, skimmed
milk, and the shaker speed were 2.0% (w/v), 0.1%
(w/v,) and 280 rpm, respectively.

In order to solve the problem of oxygen lim-
itation, which might occur in the shaken flasks, a
stirred tank reactor was used to cultivate B. subtilis
C4 in the optimized medium, with a dissolved oxygen
(DO) concentration of about 70% air saturation main-
tained throughout the process. The protease activity
gradually increased and reached a maximum value of

Table 7 Data for validation of the experimental model.

Run Variables Protease activity (units/ml)

soy skimmed shaker Observeda Predicted
flour milk speed

(% w/v) (% w/v) (rpm)

1 2.0 0.15 280 1500± 10 1522
2 2.0 0.10 280 1537± 17 1576
3 2.5 0.15 280 1512± 32 1561
4 2.5 0.10 280 1489± 13 1521
5 1.5 0.10 280 1436± 40 1496

a Values are indicated as mean± SD (n = 3).
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Fig. 4 Profiles of cell growth (log CFU/ml), protease
activity (units/ml), dissolved oxygen concentration (%), and
pH in a batch culture of B. subtilis C4 for silk degumming
in a stirred tank reactor.

1891 units/ml after cultivation for 27 h which was
an overall 2.6-fold increase over the basal medium
(729 units/ml) in a shaken flask culture. Thereafter,
a decline in protease activity was observed (Fig. 4)
that was caused by a lack of available substrates
and autoproteolysis31, 32. The protease production of
B. subtilis C4 was improved 1.2 fold over that in a
shaken flask (1537 units/ml). Although the oxygen
requirement of each bacterial strain varies and has
been reported to influence the productivity33, the DO
concentration of 70% air saturation may not be the
most suitable condition for B. subtilis C4. Therefore,
further study on the DO requirement is necessary, in
order to obtain the highest production of silk degum-
ming protease by this bacterial strain.

These results support further process development
to produce silk degumming protease on a large scale
by varying the dissolved oxygen concentration prior
to fed-batch fermentation.
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