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The optimal conditions for the production of carboxymethyl-
cellulase (CMCase) by Bacillus velezensis A-68 at a flask scale
have been previously reported. In this study, the parameters
involved in dissolved oxygen in 7 and 100 L bioreactors were
optimized for the pilot-scale production of CMCase. The op-
timal agitation speed and aeration rate for cell growth of B.
velezensis A-68 were 323 rpm and 1.46 vvm in a 7 L bioreac-
tor, whereas those for the production of CMCase were 380
rpm and 0.54 vvm, respectively. The analysis of variance
(ANOVA) implied that the highly significant factor for cell
growth was the aeration rate, whereas that for the production
of CMCase was the agitation speed. The optimal inner pres-
sures for cell growth and the production of CMCase by B.
velezensis A-68 in a 100 L bioreactor were 0.00 and 0.04 MPa,
respectively. The maximal production of CMCase ina 100 L
bioreactor under optimized conditions using rice hulls was
108.1 U/ml, which was 1.8 times higher than that at a flask
scale under previously optimized conditions.

Keywords: Bacillus velezensis, carboxymethylcellulase, ma-
rine bacterium, response surface methodology, rice hulls

Introduction

Rice hulls, the outer coat of rice, represent about 20% of the
dry weight of harvested rice. The world rice production in
2010 reached at 464 million tons (696 million tons of paddy)
(Kim et al., 2013). Hydrolysates of rice hulls contain mainly
glucose and xylose, which can be used as substrates for the
production of ethanol (Singh et al, 2011). Enzymatic sac-
charification of rice hulls can be accomplished via a complex
reaction involving three different types of cellulases (Jo et al.,
2008). Rice hulls have been hydrolyzed by commercial cel-
lulases including carboxymethylcellulase (CMCase) (Wei et
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al., 2010). However, a major constraint in the enzymatic sac-
charification of cellulosic materials is the cost of cellulases
and low productivity of the process (Sukumaran et al., 2009).

Enzymes produced by marine microorganisms can provide
several advantages over traditional enzymes due to their abi-
lity to adapt to extreme and varied environmental conditions
(Kim et al., 2010). A microorganism producing CMCase
with rice hulls as a substrate was isolated from seawater and
identified as Bacillus velezensis by 16S rDNA analyses (Kim
et al., 2013). The time for the production of CMCase by this
strain in suspension culture was reduced from 7 to 10 days
to 3 days of fungal strains in a solid-state culture (Kim et
al., 2013).

The production of microbial metabolites on a large-scale
is mostly performed via batch fermentation in stirred tank
bioreactors (Jung et al., 2013). Oxygen transfer can often be
important when scaling-up reactions due to its low solubility
in medium (Gao et al, 2013a). The rate at which oxygen is
transferred into the medium can be influenced by agitation
speed, aeration rate, and the inner pressure of the bioreactor
(Giavasis et al., 2006). In this study, the optimal agitation
speed and aeration rate for cell growth and the production
of CMCase by B. velezensis A-68 were established using re-
sponse surface methodology (RSM) (Kim et al., 2011a; Gao
et al., 2012). The effects of inner pressure on cell growth
and the production of CMCase were also investigated.

Materials and Methods

Production of CMCase by B. velezensis A-68

Starter cultures for the production of CMCase by B. vele-
zensis A-68 were prepared as previously described (Kim et
al., 2013). The resulting cultures were incubated at 30°C
for 2 days under aerobic conditions. Each starter culture was
used to inoculate 150 ml of medium in 500 ml Erlenmeyer
flasks. The medium of the main culture consisted of 50.0 g/L
rice hulls, 5.0 g/L yeast extract, 7.5 g/L K;HPO,, 1.0 g/L NaCl,
0.1 g/L MgSO4+7H,0, and 0.8 g/L (NH4),SO4 for 72 h under
aerobic conditions. The initial pH of medium and tempera-
ture were 7.3 and 35°C, respectively. Batch fermentations for
the production of CMCase were performed in 7 and 100 L
bioreactors (Ko-Biotech Co., Korea). Working volumes of the
7 and 100 L bioreactors were 5 and 70 L, respectively, and
5% (v/v) inoculum was used for the production of CMCase
in batch fermentation. Cultures were agitated by 3 six-flat-
blade impellers in the 7 and 100 L bioreactors.
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Experimental design using response surface methodology

The agitation speed (X,) and aeration rate (X,) were chosen
as independent variables, and cell growth (Y;) and CMCase
(Y2) were used as dependent output variables. The following
second-order polynomial model was constructed to serve as
a response function of variables affecting cell growth and
the production of CMCase (Eq. 1):

Y =+ 26X + Zﬂi,'XiZ + 28:XiX; (1)

Where y is the measured response (cell growth as measured
dry cells weight or the production of CMCase), fSo, f5;, and
f8ij are regression coefficients, and X; and Xj are the factors
under study. For three variable systems, the model equation
is given below (Eq. 2).

Y =f30 +ﬁ1X1 +](32X2 +f311X12 ‘I'](322X22 +ﬁ12X1X2 (2)

Statistical analysis of the model was performed to evaluate
the analysis of variance (ANOVA) (Kim et al., 2012a). Reg-
ression analysis and the estimation of the coefficient were
performed using the statistical software, Design-Expert (Ver-
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Fig. 1. Effect of agitation speed on cell growth (A) and production of
CMCase by B. velezensis A-68 (B) (®,200 rpm; 8,300 rpm; A, 400 rpm;
and ©, 500 rpm).

sion 7.1.6, Stat-Ease Inc., USA). The contribution of indivi-
dual parameters and their quadratic and interactive effects
on cell growth and the production of CMCase were deter-
mined (Kim et al., 2012b).

Analytic methods

Dry cells weight was measured as previously described (Jo
et al., 2008). The activity of CMCase was measured using
the 3,5-dinitrosalicylic acid (DNS) method, in which the
amount of reducing sugars liberated from CMC solubilized
in 50 mM Tris-HCI buffer, pH 8.0 were determined (Kim et
al., 2010, 2011b). One unit of each CMCase was defined as
the amount of enzyme that released 1 pmol of a reducing
sugar equivalent to glucose per min under the assay condi-
tions.

Results and Discussion

Effect of agitation speed and aeration rate on production of
CMCase

The effect of agitation speed on cell growth of CMCase by
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Fig. 2. Effect of aeration rate on cell growth (A) and production of
CMCase by B. velezensis A-68 (B) (®,0.5 vvm; ¥, 1.0 vvm; 4, 1.5 vvm;
and ©,2.0 vvm).
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. 20 100 Table 1. Central composite design and determined response values
-
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2 B 3 300 1.0 1.40 84.9
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200 300 400 500 0.5 1.0 1.5 2.0 6 300 1.0 1.44 87.6
Agitation (rpm) Aeration (vvm) 7 300 0.3 1.19 85.8
8 300 1.0 1.36 86.9
Fig. 3. Effect of agitation speed and aeration rate on cell growth (A) and 9 400 0.5 1.14 89.4
production of CMCase by B. velezensis A-68 (B) (®, DCW and ©o, 10 200 1.5 1.44 78.3
CMCase).
11 200 0.5 1.14 84.5
12 400 1.5 1.44 83.9
13 440 1.0 1.22 86.2

B. velezensis A-68 in a 7 L bioreactor was investigated using
the one-factor-at-a-time method. The carbon and nitrogen
sources for production of CMCase were 50.0 g/L rice hulls
and 5.0 g/L yeast extract (Kim et al., 2013). The initial pH of
the medium and temperature were 7.0 and 35°C, respectively.
The agitation speed ranged from 200 to 500 rpm and aera-
tion rate was 1.0 vvm. The optimal agitation speed for cell
growth was 300 rpm, whereas that for production of CMCase
was 400 rpm, as shown in Fig. 1. The maximal cell growth,
measured by dry cells weight (DCW) and the production
of CMCase were 1.46 g/L and 68.2 U/ml, respectively. The
effect of aeration rate on cell growth and production of
CMCase was also investigated. The aeration rate ranged
from 0.5 to 2.0 vvm and the agitation speed was fixed at 400
rpm. The optimal aeration rate for cell growth was 1.5 vvm,
whereas that for the production of CMCase was 0.5 vvm, as
shown in Fig. 2. The maximal cell growth and production
of CMCase were 1.59 g/L and 71.9 U/ml.

Statistical optimization of agitation speed and aeration rate
for production of CMCase

Based on the results from the one-factor-at-a-time experi-
ment, as shown in Fig. 3, the simultaneous effects of agita-
tion speed and aeration rate on cell growth and the produc-

tion of CMCase by B. velezensis A-68 were investigated in a
7 L bioreactor. The coded values of minimum and maxi-
mum ranges of agitation speed (Xi) and aeration rate (X3)
were 200 and 400 rpm and 0.5 and 1.5 vvm. The results of
central composite design (CCD) experiments consisted of
experimental data, as shown in Table 1. Cell growth meas-
ured as dry cells weight and production of CMCase from
13 different conditions ranged from 1.14 to 1.50 g/L and
from 78.3 to 89.4 U/ml. The model F-value of 65.34 from
the analysis of variance (ANOVA) of cell growth implied
that this model was significant, as shown in Table 2. The
smaller the magnitude of the P value, the more significant
the corresponding coefficient (Lee et al, 2011). ANOVA
indicated that this model and the model terms of X, and
X,” were both highly significant (“probe > F” less 0.001) for
the cell growth of B. velezensis A-68. The regression equation
obtained from ANOVA indicated that the multiple corre-
lation coefficient of R* is 0.979. The value of the adjusted
determination coefficient (Adj. R* = 0.964) is very high to
advocate for a high significance of this model. A multiple
regression analysis of the experimental data gave the follo-
wing second-order polynomial equation in terms of coded

Table 2. Parameter estimates and analysis of variance (ANOVA) of the design for cell growth and production of CMCase by B. velezensis A-68 in a 7 L bio-

757

reactor
Source of variation ~ Degree of freedom Sum of squares Mean squares F-value Probe>F
Model 5 0.20 0.04 65.34 <0.0001
X 1 0.00 0.00 0.65 0.4454
X 1 0.13 0.13 220.62 <0.0001
XiXa 1 0.00 0.00 0.000 1.0000
Cell growth 2
X1 1 0.06 0.60 104.12 <0.0001
X3 1 0.00 0.00 6.09 0.0430
Error 4 0.00 0.00 - -
Total 12 0.20 =
Model 5 120.670 24.130 15.96 0.0010
X1 1 49.170 49.170 32.51 0.0007
X 1 46.740 46.740 30.90 0.0009
XiXa 1 0.120 0.120 0.08 0.7842
CMCase 2
Xy 1 14.900 14.900 9.85 0.0164
e 1 12.940 12.940 8.55 0.0222
Error 4 6.250 1.560 - -

131.260
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Fig. 4. 3D response surface plots displaying combined effect of agitation
speed and aeration rate on cell growth (A) and production of CMCase
(B) by B. velezensis A-68.

factors (Eq. 3). The optimal agitation speed and aeration rate
for cell growth were determined to be 323 rpm and 1.46 vvm.
The maximum cell growth of 1.49 g/L was predicted using
the following model.

Y; =1.40+ 0.01X; + 0.13X> - 0.10X,° - 0.02X,° (3)

The model F-value of 15.96 from ANOVA for the pro-
duction of CMCase implied that this model was also
significant. Thus, ANOVA indicated that this model and
the model terms of Xy, X5, X;°, and X,* were both signifi-
cant. The regression equation obtained from ANOVA in-
dicated that the multiple correlation coefficient of R” was
0.919. The value of the adjusted determination coefficient
(Adj. R* = 0.862) was high to advocate for a high significance
of this model. The predicted value of 0.691 for the coeffi-
cient of 0.691 was also in reasonable agreement with the Adj.
R’ of 0.862. Multiple regression analysis of the experimental
data gave the following second-order polynomial equation in
terms of coded factors (4). The optimal agitation speed and
aeration rate for the production of CMCase were 380 rpm
and 0.54 vvm. The maximum production of CMCase of
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Fig. 5. Effect of inner pressure in a 100 L bioreactor on dissolved oxygen in
medium (A), cell growth (B), and production of CMCase by B. velezensis
A-68 (C) (®,0.00 MPa; =, 0.02 MPa; 4, 0.04 MPa; ¢, 0.06 MPa; and
0,0.08 MPa).

88.3 U/ml was predicted by this model.

Y, =86.34+ 2.48X; - 2.42X,+ 0.18X,X; — 1.46X,’
- 1.36X; 4)
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Table 3. Comparison of optimal agitation speed, aeration rate, and inner pressure for cell growth and production of CMCase by various microorganisms

Cell growth Production of CMCase
St Agitation Aeration Inner Agitation Aeration Inner R

speed rate pressure speed rate pressure

(rpm) (vvm) (MPa) (rpm) (vvm) (MPa)
Bacillus amyloliquefaciens DL-3 500 1.5 - 300 1.0 - Jo et al. (2008)
Bacillus atrophaeus LBH-18 324 0.9 0.06 343 0.6 0.06 Kim et al. (2012b)
Bacillus subtilus subsp. subtilis A-53 400 1.5 - 300 1.0 - Lee et al. (2010)
Bacillus velezensis A-68 323 1.5 0.00 380 0.5 0.04 This study
Cellulophaga lytica LBH-14 398 1.0 0.00 357 0.6 0.06 Gao et al. (2013b)
Psychrobacter aquimaris LBH-10 400 1.5 300 1.0 - Kim et al. (2010)
Escherichia coli JM109/A-53 395 1.4 0.06 396 0.6 0.06 Lee et al. (2013)
Escherichia coli J]M109/DL-3 498 1.4 0.08 395 0.6 0.06 Lee et al. (2012)

The three-dimensional response surface was generated to
study the interactions among four factors tested and visu-
alize the combined effects of agitation speed and aeration
rate on the response of cell growth and the production of
CMCase by B. velezensis A-68, as shown Fig. 4. In contrast
to the circular shapes, the elliptical nature of the curves in-
dicates more significant mutual interactions between vari-
ables. There were relatively more significant effects of agi-
tation speed and aeration rate on the production of CMCase
(F-value of 0.784) than cell growth (F-value of 1.000) (Lee
et al., 2010, 2011).

Agitation and aeration rates are the most critical parame-
ters used for process scale-up and play significant roles in
determining the productivity of the process (Gao et al., 2013a).
The concentration of dissolved oxygen in the medium is
influenced by the agitation speed and aeration rate of bio-
reactors (Giavasis et al., 2006). Variation in the agitation
speed and aeration rate results in a change in the concentra-
tion of dissolved oxygen in the medium, which affects cell
growth and the production of microbial metabolites (Gao et
al., 2013a). The optimal agitation speed and aeration rate for
the cell growth of Bacillus subtilis subsp. subtilis A-53 were
400 rpm and 1.5 vvm, whereas those for the production of
CMCase were 300 rpm and 1.0 vvm, as shown in Table 3.
The optimal agitation speed and aeration rate for the cell
growth of B. velezensis A-68 were also different from those

for the production of CMCase. The higher than optimal
concentration of dissolved oxygen for the production of
CMCase induced the biosynthetic pathway to increase cell
growth, but not to produce CMCase.

Effect of inner pressure on production of CMCase

The effect of inner pressure on cell growth and the produc-
tion of CMCase by B. velezensis A-68 was investigated in a
100 L bioreactor. The inner pressure ranged from 0.00 to
0.08 MPa. The agitation speed and aeration rate of a 100 L
bioreactor were 220 rpm and 0.5 vvm. The radius of the
impeller in a 100 L bioreactor was bigger than thatina 7 L
bioreactor. The angular velocity of a 100 L bioreactor at
240 rpm is almost same as that of a 7 L bioreactor at 380 rpm.
The concentration of dissolved oxygen in the medium with
and without an inner pressure decreased until 36 h after
cultivation, as shown in Fig. 5A. The production of CMCase
by B. velezensis A-68 was paralleled with cell growth. The
optimal inner pressure for cell growth of B. velezensis A-68
was 0.00 MPa, whereas that for production of CMCase was
0.04 MPa. The productions of CMCase by B. velezensis
A-68 with inner pressures of 0.00, 0.02, 0.04, 0.06, and 0.08
MPa after 72 h cultivation were 81.0, 98.3, 108.1, 96.4, and
90.2 U/ml, respectively, as shown in Figs. 5B and 5C. The
production of CMCase with an inner pressure of 0.04 MPa

Fig. 6. Time-course of cell growth and production
of CMCase by B. velezensis A-68 in a 100 L bio-
reactor under optimized conditions for production
of CMCase (®, pH; ®, dissolved oxygen; 4, cell
growth; and o, CMCase).
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Table 4. Comparison of optimal conditions for cell growth and production of CMCase by B. velezensis A-68 using two experimental methods

One factor at a time

experiment Response surface method

Scale Optimal conditions Ref.
DCW CMCase DCW CMCase

Rice hulls (g/L) 50.0 50.0 60.2 50.0
Yeast extract (g/L 7.5 5.0 7.38 5.00

Flask scale-1 e.a's extract (g/L)
Initial pH 7.3 7.3 7.18 7.30 .

. . Kim et al. (2013)

Maximal production 1.24 g/L 62.0 U/ml 1.23 g/L 61.3 U/ml
T t < 30 35 = =

Flask Scale-2 emPera ure ( )_
Maximal production 1.46 g/L 83.8 U/ml -
Agitation speed (rpm) 300 400 323 380

Lab-scaled bioreactor Aeration rate (vvm) 1.5 0.5 1.46 0.54
Maximal production 1.59 g/L 71.9 U/ml 1.49 g/L 88.3 U/ml This study
I M 0.00 0.04 -

Pilot-scaled bioreactor nne.r pressure ( 'pa)
Maximal production 1.46 g/L 108.1 U/ml = -

was 1.2 times higher than that without an inner pressure.

Higher inner pressures in pilot and industrial scale-bio-
reactors can increase concentration of the dissolved oxygen
in the medium with the same amount of supplied air and
protect the culture from contamination (Seo et al., 2006).
Increased inner pressures of a 100 L bioreactor resulted in
higher concentrations of dissolved oxygen in the medium,
which could potentially enhance the production of CMCase
by B. velezensis A-68. The production of CMCase by another
marine bacterium, Cellulophaga lytica LBH-14 with an inner
pressure of 0.06 MPa was 1.38 times higher than that with-
out an inner pressure, as shown in Table 3. Moreover, the
amount of heteropolysaccharide-7 by Beijerinckia indica
and pullulan by Aureobasidium pullulans with inner pres-
sures of 0.04 MPa was 1.3 times higher than that without
inner pressure (Seo et al., 2004; Jung et al., 2013). Increasing
the driving force for diffusion from air bubbles to the me-
dium by elevating the inner pressure of a bioreactor increased
the oxygen transfer rate (OUR), which enhanced the pro-
duction of P-glucosidase by Pichia pastoris, without cell
growth (Charoenrat et al., 2006). Higher agitation speeds and
inner pressures, which can maintain higher concentrations
of dissolved oxygen in the medium, resulted in the enhanced
production of CMCase. However, increased inner pressures
can damage cells, resulting in decreased cell growth of B.
velezensis A-68.

The batch culture for the production of CMCase by B. ve-
lezensis A-68 was performed in a 100 L bioreactor under the

optimized conditions, as shown in Fig. 6. Carbon and nitro-
gen sources were 50.0 g/L rice hulls and 5.0 g/L yeast extract.
The initial pH and cultural temperature were 7.3 and 35°C.
In this study, the optimized agitation speed, aeration rate,
and inner pressure of a 100 L bioreactor were 240 rpm, 0.5
vvm, and 0.04 MPa, respectively. During the first 12 h, the
pH of the medium increased from 6.88 to 7.25 and then in-
creased gradually to 7.70 by 48 h of cultivation. The dis-
solved oxygen in the medium significantly decreased over
24 h and then gradually increased after 36 h and the cell
growth of B. velezensis A-68 rapidly increased until 48 h.
Furthermore, the production of CMCase by B. velezensis
A-68 appeared to correlate with cell growth.

Conclusion

In this study, rice hulls were used as substrates for the pro-
duction of CMCase by B. velezensis A-68 in a pilot-scale bi-
oreactor, as shown in Table 4. The process developed in
this study can be directly used for the mass production of
CMCase. The maximal production of CMCase under opti-
mized conditions in a 100 L bioreactor was 108.1 U/ml,
which was 1.8 times higher than that at a flask scale under
previously optimized conditions. The production of CMCase
by wild type microorganisms was less than those by their
recombinant strains, as shown in Table 5. Thus, the cons-
truction of recombinant strains of B. velezensis A-68 will

Table 5. Comparison of production of CMCases by various microorganisms under optimized conditions

Strain Carbon source Nitrogen source Initial pH Temperature (°C)  Productivity Reference
Bacillus amyloliquefaciens DL-3 Rice hulls Peptone 6.8 37 367 U/ml Jo et al. (2008)
Bacillus atrophaeus LBH-18 Rice bran peptone 7.0 30 128 U/ml Kim et al. (2012b)
Bacillus licheniformis LBH-52 Rice hulls Ammonium nitrate 7.0 36 75 U/ml Kim et al. (2011a)
Bacillus subtilus subsp. subtilis A-53 Rice bran Yeast extract 6.8 30 137 U/ml Lee et al. (2010)
Bacillus velezensis A-68 Rice hulls Yeast extract 7.3 35 108 U/ml This study
Cellulophaga lytica LBH-14 Rice bran Ammonium chloride 6.1 25 154 U/ml Gao et al. (2013b)
Psychrobacter aquimaris LBH-10 Rice bran peptone 8.0 30 339 U/ml Kim et al. (2010)
Escherichia coli ]IM109/DL-3 Rice bran Peptone 7.2 37 871 U/ml Lee et al. (2012)
Escherichia coli J]M109/A-53 Rice bran Ammonium chloride 8.0 35 880 U/ml Lee et al. (2013)
Aspergillus niger KK2 Rice straw Yeast extract 7.0 28 129 U/g CS*  Kang et al. (2004)

a
carbon source



overcome major limitations in the enzymatic saccharifica-
tion of cellulosic materials, such as high costs and low pro-
ductivity of cellulases (Sukumaran et al., 2009). Time re-
quired for the production of cellulases by fungal species in
solid-state fermentation normally takes 7 to 10 days (Kang
et al., 2004). In the present study, the time by a marine bac-
terium to produced CMCase was reduced to only 3 days,
which increased the productivity of CMCase and decreased
production costs.

Acknowledgements

This work was supported by the Dong-A University re-
search fund.

References

Charoenrat, T., Ketudat-Cairns, M., Jahic, M., Veide, A., and
Enfors, S. 2006. Increased total air pressure versus oxygen limi-
tation for enhanced oxygen transfer and product formation in
a Pichia pastoris recombinant protein process. Biochem. Eng. ].
30, 205-211.

Gao, W., Kim, HW.,, Lij, J., and Lee, J.W. 2013a. Enhanced pro-
duction of cellobiase by a marine bacterium, Cellulophga lytica
LBH-14 in pilot-scaled bioreactor using rice bran. J. Life Sci. 23,
542-553.

Gao, W., Lee, EJ., Lee, S.U,, Li, J., Chung, C.H., and Lee, J.W.
2012. Enhanced carboxymethylcellulases production by a newly
isolated marine bacterium Cellulophaga lytica LBH-14 from rice
bran using response surface method. J. Microbiol. Biotechnol.
22,1415-1425.

Gao, W., Lee, S.U,, Li, J., and Lee, J.W. 2013b. Enhanced produc-
tion of carboxymethylcellulase by Cellulophaga lytica LBH-14
in pilot-scale bioreactor under optimized conditions involved
in dissolved oxygen. Kor. J. Chem. Eng. 30, 1105-1110.

Giavasis, I., Harvey, L.M., and McNeil, B. 2006. The effect of agi-
tation and aeration on the synthesis and molecular weight of
gellan batch cultures of Sphingomonas paucimobilis. Enzyme
Microb. Technol. 38, 101-108.

Jo, K.I, Lee, Y.J., Kim, B.K,, Lee, B.H., Chung, C.H., Nam, S.W.,
Kim, S.K., and Lee, J.W. 2008. Pilot-scale production of carboxy-
methylcellulase from rice hull by Bacillus amyloliquefaciens DL-3.
Biotechnol. Bioprocess Eng. 13, 182-188.

Jung, D.Y,, Son, C.H., Kim, S.K., Gao, W., and Lee, J.W. 2013.
Enhanced production of heteropolysaccharide-7 in pilot-scaled
bioreactor under optimized conditions involved in dissolved
oxygen using sucrose-base medium. Biotechnol. Bioprocess Eng.
18, 94-103.

Kang, S.W., Park, Y.S,, Lee, ].S., Hong, S.I, and Kim, S.W. 2004.
Production of cellulase and hemicellulases by Aspergillus niger
KK2 from lignocellulosic biomass. Bioresour. Technol. 91, 153—
156.

Kim, H.J., Gao, W., Chung, C.H., and Lee, J.W. 2011a. Statistical
optimization for production of carboxymethylcellulase from rice
hulls by a new isolated marine microorganism Bacillus licheni-
formis LBH-52 using response surface method. J. Life Sci. 21,
1083-1093.

Kim, H.J., Gao, W., Lee, Y.J., Chung, C.H., and Lee, J.W. 2010.
Characterization of acidic carboxymethylcellulase produced by

Mass production of carboxymethylcellulase from rice hulls 761

a marine microorganism, Psychrobacter aquimaris LBH-10. J.
Life Sci. 20, 487-495.

Kim, B.K., Kim, H.J., and Lee, J.W. 2013. Rapid statistical opti-
mization of cultural conditions for production of carboxyme-
thylcellulase by a newly isolated marine bacterium, Bacillus ve-
lezensis A-68 from rice hulls. J. Life Sci. 23, 757-769.

Kim, H.J., Lee, Y.J., Gao, W., Chung, C.H., Son, C.W., and Lee, J.W.
2011b. Statistical optimization of fermentation conditions and
comparison of their influences on production of cellulases by
psychrophilic marine bacterium, Psychrobacter aquimaris LBH-10
using orthogonal array method. Biotechnol. Bioprocess Eng. 16,
542-548.

Kim, H.J., Lee, Y.J., Gao, W., Chung, C.H., and Lee, J.W. 2012a.
Optimization of salts in medium for production of carboxyme-
thylcellulase by a psychrophilic marine bacterium, Psychrobacter
aquimaris LBH-10 using two statistical method. Kor. J. Chem.
Eng. 28, 384-391.

Kim, Y.J., Gao, W, Lee, E.J., Lee, S.U., Chung, C.H., and Lee, J.W.
2012b. Enhanced production of carboxymethylcellulase by a
newly isolated marine bacterium Bacillus atrophaeus LBH-18
using rice bran, a byproduct from the rice processing industry.
J. Life Sci. 22, 1295-1306.

Lee, Y.J., Kim, H.J., Gao, W., Chung, C.H., and Lee, J.W. 2011.
Comparison of statistical methods for optimization of salts in
medium for production of carboxymethylcellulases of Bacilluls
amyloliquefaciens DL-3 by a recombinant E. coli JM109/DL-3.
J. Life Sci. 21, 1205-1213.

Lee, Y.J., Kim, H.J., Gao, W., Chung, C.H., and Lee, J.W. 2012.
Statistical optimization for production of carboxymethylcellulase
of Bacillus amyloliquifaciences DL-3 by a recombinant Escherichia
coli JM109/DL-3 from rice bran using response surface method.
Biotechnol. Bioprocess Eng. 17, 227-235.

Lee, B.H., Kim, B.K,, Lee, Y.J., Chung, C.H., and Lee, J.W. 2010.
Industrial scale of optimization for the production of carbox-
ymethylcellulase from rice bran by a marine bacterium, Bacillulus
subsp. subtilis A-53. Enzyme Microb. Technol. 46, 38-42.

Lee, EJ., Lee, B.H., Kim, B.K,, and Lee, J.W. 2013. Enhanced pro-
duction of carboxymethylcellulase of a marine microorganism,
Bacillus subtilis subsp. subtilis A-53 in a pilot-scaled bioreactor
by a recombinant Escherichia coli J]M109/A-53 from rice bran.
Mol. Biol. Rep. 40, 3609-3621.

Seo, H.P., Chung, C.H., Kim, S.K., Gross, R.A., Kaplan, D.L., and
Lee, J.W. 2004. Mass production of pullulan with optimized
concentrations of carbon and nitrogen sources by Aureobasidium
pullulans HP-2001 in a 100L bioreactor with the inner pressure.
J. Microbiol. Biotechnol. 14, 237-242.

Seo, H.P., Jo, K.I,, Son, C.W,, Yang, ].K,, Chung, C.H., Nam, S.W.,
Kim, S.K., and Lee, J.W. 2006. Continuous production of pul-
lulan by Aureobasidium pullulans HP-2001 with feeding of high
concentration of sucrose. J. Microbiol. Biotechnol. 16, 374-380.

Singh, A., Tuteja, S., Singh, N., and Bishnoi, N.R. 2011. Enhanced
saccharification of rice straw and hull by microwave-alkali pre-
treatment and lignocellulolytic enzyme production. Bioresour.
Technol. 102, 1773-1782.

Sukumaran, R.K,, Singhania, R.R., Mathew, G.M., and Pandey, A.
2009. Cellulase production using biomass feed stock and its ap-
plication in lignocellulose saccharification for bio-ethanol pro-
duction. Renew. Energy 34, 421-424.

Wei, G.Y., Lee, Y.J., Kim, Y.J,, Jin, LH., Lee, J.H., Chung, C.H,,
and Lee, J.W. 2010. Kinetic study on the pretreatment and en-
zymatic saccharification of rice hull for the production of fer-
men sugars. Appl. Biochem. Biotechnol. 162, 1471-1482.



