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Abstract: A newly isolated strain E131410, producing elastase (E.C3.4.4.7) with high elastolytic activity
was identified as Bacillus sp. In the medium optimization, it was found that wheat bran and soybean flour
hydrosate were the best crude carbon and nitrogen source for enzyme production, respectively. Addition of
corn steep flour can affect the bacterium growth and elastase production. A fractional factorial design was ap-
plied to study the main factors that affect the enzyme production, and central composite experimental design
and response surface methodology were adopted to derive a statistical model for the effect of wheat bran and
soybean flour hydrosate on elastase production. The experimental results showed that wheat bran had positive
effect but soybean flour hydrosate had negative effects on enzyme production. An initial concentration of
3.4% (w/v) wheat bran and 9.4% (v/v) soybean flour hydrosate were found to be optimal for enzyme produc-
tion in batch culture. The time course of elastase production in the optimized medium composition was also de-

scribed.
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INTRODUCTION

An increasing demand from consumers for
healthy and low cost medicals has led to the de-
velopment of alternative medical therapy agent
such as elastase. At present elastase is mainly
derived from the pig and other animal organs.
The shortage of enzyme source limited its appli-
cations to medicine and food processing; and sos
necessated study of microbial elastase as an al-
ternative .

Flastase can degrade elastin ( Morihara,
19670, so it has broad applications in medical
therapy, food processing and daily use chemicals
industry. Study of the reaction between elastin
and elastase had been primarily directed to puri-
fied pancreatic elastase. The reaction was found
to be a complex process of at least three steps.
Among the microbial elastases, the elastase pro-
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duced by P. aeruginosa had been thoroughly
studied. P. aeruginosa elastase shows consider-
able amino acid sequence homology with other
microbial neutral metalloproteinases, especially
thermolysin( Saulnier et al., 1989). Its three-
dimensional structure after crystallization was de-
termined by Thayer (1991). In recent years:
many researchers found that some gram-negative
and gram-positive bacteria can secrete elastase,
especially gram-negative species ( Janda and Ab-
bott>; 1999; Tsuzuki and Oka, 1965; Ozaki and
Shiio, 1975). However, few of them have po-
tency for industrial applications due to their low
elastase activity.

So far, many authors have focused their ef-
forts on the isolation and screening of microor-
ganisms for enzyme production with high elastase
activitys and on purifying and characterizing ne-
wly found enzymes (Shibata et al., 1993; Tsai
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et al., 1988; Zins et al., 2001). In contrast,
there are few reports on culture medium optimi-
zation in order to increase elastase production
and improve application effects. We screened
the elastase-producing strains and studied the
nutritional conditions of cultivation.

Carbon and nitrogen sources, inorganic
salts, and growth factors are important variables
affecting the growth and products of microbe. It
is difficult to find the most important factors and
to optimize. It is well known that medium opti-
mization is approached by either empirical or sta-
fistical methods. But the classical or empirical
methods have several limitations towards com-
plete optimization. The traditional one-factor at a
time approach to optimization is time-consuming
and incapable of reaching the true optimum due
especially to interactions among factors. More-
overs it assumes that the various fermentation
parameters do not interact and that the process
response is a direct function of the single varied
parameter. In contrast, the observed behavior of
fermentation results from the interactive influenc-
es of the various variables. Unlike conventional
optimization, statistical optimization methods can
take into account the interaction of variables in
generating the process response ( Haaland,
1989) . Factorial design of optimization experim-
ents is especially suitable to account for the in-
teractions. A combination of factors generating a
identified
through factorial design and the use of response
methodology  ( Khuri
1987). Response surface methodology, an ex-

certain optimum response can be

surface and Cornell,
perimental strategy for seeking the optimum con-
ditions for a multivariable systems described first
by Box and Wilson (1951), is a much more ef-
ficient technique for optimization ( Box and
Hunter, 1978). This method had been success-
fully applied to the optimization of medium com-
positions ( Roseiro» 1992; Souza and Robertos
1999), conditions of enzymatic hydrolysis ( Ma
and Ooraikul, 1986), parameters of food preser-
vation (King, 1993) and fermentation processes
(Rosi et al., 1987; Kalil et al., 20000 and
wastewater process ( Hwang et al.,2001). This
pattern was designed by using statistical methods
to yield the most information from a minimum
number of experiments .

The aim of this work was to study the possi-
bility of using crude material as culture medium.

Fractional factorial design (FFD) was applied to
identify the most important components in the
media makeup, then focused on the critical sub-
set of media components; and finally used cen-
tral composite design to examine and optimize
the culture media for elastase production by Ba-
cillus sp. EL31410 in shaking flask experim-

ents.

MATERIALS AND METHODS

1. Microorganism and culture media

The method for screening microorganism de-
scribed by Shiio et al. (1974) was modified and
used in this study. We screened and identified
this elastase-producing strain Bacillus sp.> then
used several ways to mutate the strain, and ob-
tained a positive mutant strain with high elastase
activity .

All optimization experiments were carried out
in unbaffled 250-ml Erlenmeyer flasks. The seed
medium contained: peptone 6; yeast extract 2»
beef extract 4, NaCl 5, pH 7.5. The culture
conditions in the experiments were designed as
follows. The basic culture medium Cg/L) con-
tained wheat bran flour 40, soybean flour 30,
corn steep flour 1, K,HPO, 1 and MgSO,*7H,0
0.1 Cinitial pH 7.5>. Cultivation medium was
changed according to experimental design. Er-
lenmeyer flasks (250 ml) containing 25 ml of
culture medium were inoculated with 5% C(v/v)
seed culture, then incubated for 24 hours at
37°C on rotary shaker (200 r/min). All media
were sterilized at 121°C for 20 minutes, and
cooled to room temperature prior to use.

2. Assays

FElastolytic activity was assayed by the colori-
metric method of Sachar(1955) .

broth was recovered after batch cultivation and

Fermentation

centrifuged at 6000 r/min for 15 minutes. Then
the supernatant was suitably diluted. Enzyme
preparation was incubated with 20 mg of congo-
red elastin in 2 ml of 0.2 mol/L boric acid buffer
(pH 7.4) with shaking for 20 minutes at 37°C .
The reaction was stopped by adding 2 ml of 0.7
mol/L. sodium phosphate buffer (pH 6.0, and
immediately filtrated. Absorbency of the filtrate
was read at 495 nm against a control (no enz-
yme) . One unit of elastase activity was defined
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as the amount of enzyme required to solubilize 20
mg elastin-congo red under the tested condi-
tions. The standard curve was made by the
method of Sachar.

The protease activity was assayed as the re-
duction of casein at 40°C at pH 9.0 for 10 min-
utes according to the method described previous-
ly. Reducing sugar was measured with the DNS
method of Miller (1959), pH was measured with
pH meter.

3. Experimental design

A series of statistically designed studies were
conducted to investigate the effect of various me-
dia components on elastase activity to optimize
the media. The optimization process firstly en-
iails identifying the most important components
in the media ingredients using fractional factorial
design,> and then focuses on the critical subset of
media components. The steepest ascent design
was 1o use to determine the direction toward pre-
dicted higher responses. Finally a ceniral com-
posite design was derived to optimize the critical
components and maximize the elastase activity
(Cockshott and Sullivan, 2001).

A 2% fractional factorial design leading to 16
sets of experiments, performed in duplicate, was
used to verify the most significant factors affect-
ing the elastase activity. The variables were cod-
ed according to the following equation ( Mont-
gomery, 1991):

Xi = (Xi - XO )/AXL

Where 7,

dent variable> X; is the real value of an indepen-

is the coded value of an indepen-

dent variable, X, is the real value of an inde-
pendent variable at the center point, and Ay, is
the step change value.

The range and level of the variables investi-
gated in this study are given in Table 4. The
elastase activity was considered as the dependent
variable or response, Y;. Based on the first-or-
der model equation obtained by the FFD used, a
new serles of trials were performed in the direc-
tion of the steepest ascent.

In order to fit the empirical second-order
polynomial model, a ceniral composition design
with five coded levels was performed. The qua-
dratic model for predicting the optimal point was
expressed according as:

y = by + Z bix; + Z} byx? + Z byxix;
1
Where y is the response variable, b the regres-

and x the coded levels of the
independent variable .

sion coefficients

A full second-order polynomial model ob-
tained by a multiple regression technique for two
factors using the SAS Package (SAS Institute,
Inc, Cary, NC, USA) was adopted to describe

the response surface.

RESULTS AND DISCUSSION

1. Effect of carbon sources on enzyme production

The effects of various crude carbon sources
on the production of elastase by Bacillus sp.

EL31410 are illustrated in Table 1. Wheat bran

Table 1 Effect of various carbon sources on enzyme production®

Fermentation

Carbon source ( % > w/v) . EA¢CU/mD) PAYCU/ml> pH
time Chours)

Wheat bran 24 31 385
48 78 1632 8.73

Straw flour 24 65 1194
48 57 1397 8.86

Corn flour 24 6 78
48 45 403 7.22

Soybean flour 24 31 515
48 51 751 9.01

Clucose 24 43 636
48 113 2295 6.28

* The medium consisted of soybean flour 3% (w/v)» com steep flour 0.1% Cw/v), KyHPO,; 0.1% (w/v) and MgS04*7H,0 0.01% C(w/v)

Cinitial pH 7.5); ¢ EA means elastase activity, YPA means protease activity.
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was found to be the best substitute carbon for
glucose. Alkaline protease activity changed sim-
ilarly as that of elastase production. It had been
reported that protease could induce elastase pro-
duction and elastase processing. Corn flour is
very poor carbon source for cell growth and elas-
tase production. This had been reported in other
studies. The experimental results showed that 48
hours cultivation time is better than 24 hours fer-
mentation in terms of resulting elastase and pro-
tease activity. Among the carbon sources testeds
only wheat bran has growth factors very benefi-
cial for cell growth and elastase production by
Bacillus sp. EL31410. Soybean flour is not
good carbon source for elastase production,
probably because soybean flour contains too
much nitrogen composition than required of car-
bon source; and at the same lime contains the
inhibition factors of protease.

2. Effects of glucose as part of carbon source on elas-
tase production

The carbon source choosen was 4% wheat
bran. And the glucose added resulted in enzyme
production listed in Table 2 showing that elastase
activity increases with increasing glucose addit-
ion; and that the protease changes similarly as
elastase production. It was thought that much
more carbon can increase the cell growth. Con-
sidering the medium cost and fermentation time
there was no need to add glucose. However, it
is possible that glucose can be added when car-
ring out fed-batch cultivation.

Table 2 The effect of adding glucose into the medium
on enzyme production

Medium EA (U/mD PA (U/mD
2% glucose 106 1627
3% glucose 137 1892
4% glucose 173 2508

control 67 1497

3. Effects of various nitrogen sources on enzyme pro-
duction

The nitrogen source and carbon source are
two important factors affecting cell growth and
enzyme production of microorganisms. The ef-
fects of various nitrogen sources on elastase pro-
duction by Bacillus sp. EL31410 are listed in
Table 3 showing that hydrolysate of soybean flour

is the best crude nitrogen source. This had been
reported in another study on alkanine elastase

1995).

flour hydrosate has been proved useful for elas-

production ( Takagi et al., Soybean
tase production; contains abundant protein and
amino acid after its hydrolysis; and also contains
some Ca ions verified to be beneficial for elastase
production and stabilization ( Chen and He,

2002).

Table 3 Effects of nitrogen sources on enzyme produc-
b

tion

Nitrogen source Fermentation EA PA
timeCh) (U/mD (U/mD>
Soybean flour 24 59 430
48 68 889
Feather Flour 24 61 649
48 92 1897
Elastin 24 84 1108
48 33 1459
Hydrosate of soybean 24 76 1924
flour ( %, v/v) 48 132 3608
Casein 24 139 ND¢
48 196 ND*¢

b The medium consisted of wheat bran 4% (w/v), com steep flour 0.1%
Cw/v)s KaHPO, 0.1% (w/v) and MgSO, 7H, 0 0.01% Cw/v) Cinitial
pH 7.5); “ND: not determined

4. The optimization of cultivation medium for enz-
yme production

The factorial design approach to medium de-
velopment relies on three stages of experimenta-
tion: screening, optimization, and verification.
Screening aims at reducing the problem to deter-
mination of which few process variables have the
greatest impact on performance. Optimization
experiments are designed to provide in-depth in-
formation about a few variables identified during
screening as having the greatest impact on per-
formance. Finally, verification experiments were
used to validate the results under specific experi-
mental conditions. According to previous study
4% (w/v) wheat bran and 8% (v/v) soybean
flour hydrosate were chosen as carbon source and
nitrogen source, respectively.

(1) Screening experiments: the fractional facto-
rial design and analysis

The screening experiments were designed to
evaluate the impact of five factors> concentra-
tions of the carbon source, the nilrogen sources

corn steep flour; potassium dihydrogen phos-
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phate> and magnesium sulfate. A two-level frac-
tional factorial design was employed; the results
of the fractional factorial design are shown in Ta-
ble 4 and Table 5. These results suggest that
these variables significantly affect elastase activi-
ty. As can be seen from Table 6, the factors
wheat bran Cx; ) and comn flour hydrosate ( x,)

were found to be significant at probability level
of 95% and 80% for elastase production, re-
spectively. The main effects of these variables
were negative ( x;) and positive (x,), respec-

tively. There is no evidence of any interactions.

Table 4 Range of values for the FFD

Independent variables Variable name -1 0 +1
X, Cg/100mD> Wheat bran 2 4 6
X, (ml/100ml) Hydrosate liquid of com flour 4 8 12
X;(g/100ml) Comn steep flour 0.05 0.1 0.15
X, (g/100ml> K, HPO, 0.1 0.2 0.3
X5(g/100ml> MgS0,7H, O 0.01 0.02 0.03
Table 5 Experimental designs and the results of the FFD?*

Run X1 X2 X3 X4 Xs EA (U/ml> PA (U/ml)
1 6 4 0.15 0.1 0.01 35 381
2 2 12 0.15 0.1 0.03 167 2834
3 6 4 0.05 0.3 0.03 35 264
4 6 12 0.15 0.3 0.03 57 503
5 2 4 0.15 0.3 0.01 114 1086
6 2 12 0.05 0.3 0.01 151 2161
7 2 4 0.05 0.1 0.03 105 1492
8 6 12 0.05 0.1 0.01 20 134
9 4 8 0.1 0.2 0.02 191 1241

10 4 8 0.1 0.2 0.02 181 1496

11 4 8 0.1 0.2 0.02 185 1512
* Results are from three replicates.
The effects of wheat bran, soybean flour
Table 7 ANOVA results for elastase production ob-

hydrosate liquids corn steep flours potassium di-
hydrogen phosphate and magnesium sulfate con-
centrations on elastase yield were also analyzed
by multiple regression techniques. The values of
the regression coefficients were calculated and an
equation of the first order was attained with a
R?

very high coefficient of determination,

0.9538.

Table 6 Results of parameter estimates for elastase pro-
duction ( Y;)

Term Parameter estimate T for HO: P>T

intercept 0.272 3.18 0.0057

%) -0.125 -6.07 0.0261
% 0.035 1.696 0.20

X3 0.021 1.006 0.4205

X4 0.009 0.436 0.7053

X5 0.0131 0.642 0.5866

tained from FFD( Y, )

Surce  DF Sum of F-Ratio P> F  R-square
square

Model 5 0.1408 8.267 0.10 0.9538

Error 2 0.0068

Ctotal 7 0.1476

The results of t-test for variance between av-
erage of observation of two-level experiment and
center point showed that the difference was not
significant ( Table 8). This result indicated the
optimum point was not in the domain of our ex-
periment. Experimentation of steepest ascent

path is necessary to reach optimum domain.
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Table 8 T-Test for elastase production obtained from FFD
X N Mean Std dev Std error Minimum Maximum
1 8 0.27200000 0.14521413 0.05134095 0. 10500000 0.48100000
2 4 0.42275000 0.21077219 0.10538610 0. 10700000 0.54200000
Variances T DF P>ITI
Unequal - 1.2860 4.5 0.2615
Equal —1.4689 10.0 0.1726
For HO: Variances are equal, Fr=2.11 P> F = 0.3756

(2) Steepest ascent experiment and analysis
The results in Table 5 and Table 8 clearly
showed that the optimal region is outside the cur-
rent design space. In this situation, a directional
search method, like steepest ascent> can be
used to determine the next set of experiments.
Steepest ascent is a method using the magnitude
and sign of the linear effects to determine the di-
rection toward predictive higher responses. The
path begins at the center of the current design
space and streiches well outside the design
space. A sequence of equally spaced locations
along the path is then selected which form a set
of experiments. Thus the path of steepest ascent
was aimed to increase hydrosate of soybean flour
and decrease wheat bran in order to improve
elastase production. The other factors were fixed
at zero level. The values of elastase activity ob-
tained in these experiments are summarized in
Table 9 clearly showing that elastase activity in-

creased when the soybean flour hydrosate con-
centration increased and wheat bran concentra-
tion decreased. After the second step on the
path, further experimentation could not increase
elastase activity. The highest enzyme activity
was achieved in the second step at 48 hours cul-
tivation. And protease production also changed
This further

verifies that protease production can affect elas-

similarly as elastase production.

tase production during the fermentation period in
some way. According to the pH change, it is
clearly demonstrated that the final culture pH in-
creases as soybean flour hydrosate increases.
However, it was found that too high pH is not
beneficial for elastase production and elastase
stability in my preliminary studies. These results
indicated that the experimentation was approxi-
mating the neighborhood of the optimum elastase
activity.

Table 9 Experimental designs of the steepest ascent and corresponding responses

Run X, Cwheat X; Chydrosate of Elastase activity (U/ml) Protease activity (U/ml) oH
bran) soybean flour) 48 hours 48 hours
1 4.0% 8% 194 2870 5.25
2 3.5% 9% 216 3089 8.30
3 3.0% 10% 163 2586 8.45
4 2.5% 11% 100 1131 8.76
5 2.0% 12% 80 965 8.90
6 1.0% 13% 47 474 9.10

(3) Response surface methodology

A response surface design is appropriate
when the optimal region for running the process
has been identified. A Box-Wilson central com-
posite design with four-star points and five repli-
cates at center point was used for optimizing
elastase production for each of the two factors.
Table 5 shows the design of this experiment and
the results. Regression analysis was conducted to

fit the response function with the experimental
data. An F-test CANOVA)D checked the statisti-
of the

equation and data are shown in Table 10. The fit

cal significance second-order model
value, termed R?, of the polynomial model was
calculated to be 0.73, indicating that 73% of
the variability in the response could be explained

by the
equation given below (Fig.1la). ANOVA results

second-order polynomial prediction
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showed that this model was appropriate. It was
also suggested that the crossproduct and linear
terms of wheat bran and soybean flour hydrosate
of the model primarily determined elastase pro-
duction by Bacillus sp. EL31410. And wheat
bran (x;) was next to x; * x,. The equation for

elastase production showed positive linear effect
and negative quadratic effect. And both these
factors also changed protease production and pH
in the same way as that of elastase production.

This can be seen in Fig.1b and Fig. lc.

Table 10 Experimental design and results of the central composite design ( CCD)"

Run Factors™ Elastase activity ( Y, Protease activity ( ¥, ) pH ()

" ” CU/mb) CU/mD :
1 -1 -1 113 2303 8.40
2 1 -1 254 4270 8.40
3 -1 1 158 2389 8.64
4 1 1 44 470 5.85
5 -1.414 0 127 1627 8.44
6 1.414 0 255 5454 5.43
7 0 -1.414 188 3654 8.01
8 0 1.414 232 4092 8.35
9 0 0 172 3897 8.42
10 0 0 204 4130 8.60
11 0 0 166 3838 8.53
12 0 0 209 5076 8.50
13 0 0 202 4093 8.35

“y = (X =3.5)/1.0: %, =(X,-9.00)/1.50

" Results are from three replicates.

Table 11 Results of parameter estimate for elastase production ( Y, )

Term DF T for HO: P>T
Intercept 1 10.034 0

X 1 2.008 0.085

% 1 -0.552 0.598

X * x) 1 -0.545 0.602

X ¥ xy 1 -3.734 0.007

Xy * X, 1 -0.048 0.963

Table 12 ANOVA results for elastase production obtained from CCD (Y,)

Regression DF Type of sum of square R-square F-ratio P>F
Linear 2 0.063 0.1696 2.169 0.1849
Quadratic 2 0.004 0.0117 0.149 0.8642
Crossproduct 1 0.203 0.5451 13.942 0.0073
Total Regression 5 0.270 0.7263 3.716 0.0582

The three-dimensional graph obtained from
the calculated contour plots is shown in Fig. 1.
The three-dimensional contour plots of wheat
bran and soybean flour hydrosate concentrations
against elastase activity, protease activity and
pH can further explain the resulis of the statisti-
cal and mathematical analyses. It is evident from
the plot that elastase activity reached maximum

at a combination of uncoded level 3.42% (x,)

and 9.4% (x,). Both factors had different ef-

fects on protease production. Increasing wheat
bran and decreasing soybean flour hydrosate, it
can increase elastase production. Fig. 1 shows
the effect of x; and x, on pH. With increasing
concentration of soybean flour hydrosate, the fi-
nal culture pH also increased. This can be ex-
plained by the fact that soybean flour hydrosate
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Fig.1 Contour plots for the effects of wheat bran ( x,> and soybean flour hydrosate ( x,)
on (a) elastase activity (U/ml); (b) protease activity (pH9, U/ml): (¢) pH



150

HE Guoqing - CHEN Qihe et al.

contains many peptides and amino acids or other
alkaline substances. These substances can be
degraded by this strain and produce large quanti-

ties of alkaline metabolic substances.

5. The time course of elastase production by Bacillus
sp. EL31410 cultivated in medium with optimized
compositions

The time course of elastase production by
Bacillus sp. EL31410 cultivated in optimized
medium is shown in Fig.2. FElastase production
reached maximum after 24 hours cultivation.
While protease production reached maximum af-
ter 36 hours cultivation. At 54 hours cultivations
both elastase production and protease production
This

may be considered as due to the complex compo-

decreased; and then increased somewhat.

3000 4250
25001 1s00
20001

5 150 =
= 1500F 5
< 100 <
= 1000} =

500k ——pA (U/ml) ~4 30

——EA (U/ml)
L 1 1 0

10 20 30 40 50 60 70
Culture time (h)

(a)

sitions of the medium, especially when it con-
tains various carbon sources. This was reported
in my preliminary studies ( Chen and He,
2002). The culture pH determined during the
cultivation ranged from 5-8. It could also be
seen that the alkaline cultivation condition was
favorable for enzyme production. Both elastase
and alkaline protease production appeared to
have the same change direction. However, still
under investigation is whether the protease pro-
duction had positive effects on the elastase. The
reduced sugar consumption rate was a strange
phenomenon still not understood. The interaction
between elastase production and strain growth is
not clear, and requires research by culture ki-
netics experiments.

8 S 14
7 {12
6
{1
5
4 —a— pH 198 2
; —e— RRS (g/100ml) dog %
2 d 0.4
1 102
] 4]

]
0 20 40 60 80
Culture time (h)

(b)

Fig.2 The curve of Bacillus sp. EL31410 cultivation with optimized culture medium: (a) enzyme produc-
tion; (b) pH and residual reduced sugar (RRS> change

CONCLUSIONS

Batch cultures of Bacillus sp. EL31410 were
investigated and optimized for the production of
microbial elastase. The types of nitrogen source
and carbon source affect elastase and protease
production. Wheat bran is a suitable carbon
source; soybean flour hydrosate is the best nitro-
gen source; corn steep flour as the best growth
factor can induce elastase production. Through
statistically designed optimization, elastase pro-
duction could be increased from an average of 66
U/ml in screening experiments to an average of
171 U/ml in the optimization experiments. The

experiment results also revealed that protease
production could affect the elastase production,
both changed in the same way. Fig.2 shows that
the maximum elastase production was at 24 hours
cultivation.
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