
Enhanced production of carboxymethylcellulase of a marine
microorganism, Bacillus subtilis subsp. subtilis A-53
in a pilot-scaled bioreactor by a recombinant Escherichia coli
JM109/A-53 from rice bran

Eun-Jung Lee • Bo-Hwa Lee • Bo-Kyung Kim •

Jin-Woo Lee

Received: 30 August 2012 / Accepted: 18 December 2012 / Published online: 19 January 2013

� Springer Science+Business Media Dordrecht 2013

Abstract A gene encoding the carboxymethylcellulase

(CMCase) of a marine bacterium, Bacillus subtilis subsp.

subtilis A-53, was cloned in Escherichia coli JMB109 and

the recombinant strain was named as E. coli JMB109/A-53.

The optimal conditions of rice bran, ammonium chloride,

and initial pH of the medium for cell growth, extracted by

Design Expert Software based on response surface meth-

odology, were 100.0 g/l, 7.5 g/l, and 7.0, respectively,

whereas those for production of CMCase were 100.0 g/l,

7.5 g/l, and 8.0. The optimal temperatures for cell growth

and the production of CMCase by E. coli JM109/A-53

were found to be and 40 and 35 �C, respectively. The

optimal agitation speed and aeration rate of a 7 l bioreactor

for cell growth were 400 rpm and 1.5 vvm, whereas those

for production of CMCase were 400 rpm and 0.5 vvm. The

optimal inner pressure for cell growth was 0.06 MPa,

which was the same as that for production of CMCase. The

production of CMCase by E. coli JM109/A-53 under

optimized conditions was 880.2 U/ml, which was 2.9 times

higher than that before optimization. In this study, rice bran

and ammonium chloride were developed as carbon and

nitrogen source for production of CMCase by a recombi-

nant E. coli JM109/A-53 and the productivity of E. coli

JM109/A-53 was 5.9 times higher than that of B. subtilis

subp. subtilis A-53.
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Introduction

In the last 50 years much effort has gone into the study on

enzymes with cellulolytic activity as a potential means to

obtain energy, chemicals, and single-cell proteins from an

abundant and renewable resource, i.e., cellulosic biomass

[1]. Highly efficient cellulolytic bacteria and fungi gener-

ally produce one or more types of enzymes; endoglucanase

(1,4-b-D-glucan-4-glucanohydrolase; carboxymethylcellu-

lase (CMCase), EC 3.2.1.4), exocellobiohydrolase (1,4-b-

D-glucan glucohydrolase; avicelase, EC 3.2.1.91), and

b-glucosidase (b-D-glucoside glucohydrolase, EC 3.2.1.21)

to grade microcrystalline cellulose to glucose [2]. The

enzymatic saccharification of cellulosic materials such as

rice hulls was performed by commercial cellulases, in

which the major one was CMCase [3]. However, a major

constrain in enzymatic saccharification of cellulosic

materials is the cost of cellulases and low productivity [4].

One approach to increasing productivity of cellulases by

cellulolytic organisms would be to isolate hyper-producers

or constitutive mutants for cellulases. Another approach

would be to clone genes coding for cellulases and then

enhance expression of these genes by current molecular

genetic techniques [5]. Several endo-1,4-glucanase from

Bacillus species have been isolated and their genes were

sequenced [6, 7]. These could include coupling genes

to strong promoters, eliminating operators sensitive to
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repression, and increasing the efficiency of translation.

Genes coding for CMCase have been also cloned from

Apriona sp., Bacillus subtilis, Cellulomonas fimi, Clos-

tridium thermocellum, and Streptomyces sp. [7–10].

We had reported production and characterization of the

CMCase by a newly isolated marine bacterium, B. subtilis

subsp. subtilis A-53 [11, 12]. In this study, we described

cloning of the CMCase gene of B. subtilis subsp. subtilis

A-53 and its expression in Escherichia coli JM109. The

optimal conditions for the production of CMCase of

B. subtilis subsp. subtilis A-53 by a recombinant E. coli

JM109/A-53 were established using response surface

methodology (RSM). The optimization of culture medium

by the traditional ‘one-factor-at-a-time’ technique requires a

considerable amount of work and time [13]. An alternate

strategy is a statistical approach, for example, orthogonal

array method (OAM) based on factorial experimental design

and response surface method (RSM) involving a minimum

number of experiments for a large number of factors [14–16].

Materials and methods

Bacterial strain and medium

B. subtilis subsp. subtilis A-53 was isolated from seashore

of the Kyungsang Province in Korea and identified in the

previous study [11]. It utilized cellulosic materials such as

carboxymethylcellulose (CMC), rice bran, and rice hulls

and produced CMCase. The strain was maintained on agar

medium containing 20.0 g/l glucose, 2.5 g/l yeast extract,

5.0 g/l K2HPO4, 1.0 g/l NaCl, 0.2 g/l MgSO4�7H2O, 0.6 g/l

(NH4)2SO4 and 15.0 g/l agar [12].

Cloning and sequence analysis of CMCase

The full-length CMCase gene of B. subtilis subsp. subtilis

A-53 was amplified by polymerase chain reaction (PCR)

using two specific primers, 50-AGGAGGAAAAGATC

AGATATGAAACGGTCAATC-30 (forward, B. sub cmc

P1) and 50-TCCAGTATTTCATCCACAACGCAAACCTC

C-30 (reverse, B. sub cmc P2). These primers were designed

on the basis of DNA sequences of Bacillus CMCase genes

cloned previously: CMCase genes of B. subtilis AY044252.1

(NCBI-gi: 15375077), B. subtilis Z29076.1 (gi: 509266), and

B. subtilis X67044.1 (gi: 39776). The chromosomal DNA of

B. subtilis subsp. subtilis A-53 extracted using a Wizard

Genomic DNA Prep. Kit (Promega Co., Madison, USA) was

used as a template. PCR amplification was performed as

described previously [17]. PCR for amplification was run for

35 cycles in a DNA thermal cycler (Model No. 9700, Perkin-

Elmer Co. Wellesley, USA). The following thermal profile

was used for the PCR: denaturation at 94 �C for 1 min,

primer annealing at 60 �C for 1 min, and extension at 72 �C

for 2 min. The final cycle included extension for 10 min at

72 �C to ensure full extension of the products. The amplified

PCR products were ligated with the T-tail site of pGEM-T

Easy Vector System (Promega Co., Madison, USA) and

constructed plasmids were transformed into E. coli JM109.

The plasmid contained PCR product was isolated from

transformed E. coli JM109 and was sequenced in both

directions using ALF Red automated DNA sequencer

(Pharmacia, Sweden). Analysis of sequence data and

sequence similarity searches were performed using the

BLAST(N) program of the National Center for Biotechnol-

ogy Information (NCBI) [18]. The transformed E. coli

JM109 harboring the CMCase gene of B. subtilis subsp.

subtilis A-53 was named as E. coli JM109/A-53.

Production of CMCase by E. coli JM109/A-53

E. coli JM109/A-53 was grown at 37 �C in LB medium

containing 100 lg/ml ampicillin. Starter cultures were pre-

pared by transferring cells from agar slants to 50 ml of LB

medium in 250 ml Erlenmeyer flasks. The resulting cultures

were incubated at 37 �C for 2 days under aerobic conditions.

Each starter culture was used as an inoculum for 150 ml of

medium in 500 ml Erlenmeyer flasks. The main culture for

production of CMCase by E. coli JM109/A-53 was carried

out in the medium containing 20.0 g/l CMC, 2.5 g/l yeast

extract, 5.0 g/l K2HPO4, 1.0 g/l NaCl, 0.2 g/l MgSO4�7H2O,

and 0.6 g/l (NH4)2SO4 for 72 h under aerobic conditions

[11]. Batch fermentations for the production of CMCase by

E. coli JM109/A-53 were performed in 7 and 100 l biore-

actors (Ko-Biotech Co., Korea). Working volumes of the 7

and 100 l bioreactors were 5 and 70 l, respectively, and

inoculum size of batch fermentations for the production of

CMCase was 5 % (v/v). Agitation was provided by three six-

flat-blade impellers in 7 and 100 l bioreactors.

Experimental design and optimization for production

of CMCase

The rice bran (X1), ammonium chloride (X2), and initial pH

of the medium (X3) were chosen as the independent vari-

ables and cell growth (Y1) and CMCase (Y2) were used as a

dependent output variable. The model constructed as a

response function of the variables on cell growth and

production of CMCase was a second-order polynomial as

follows (Eq. 1):

Y ¼ b0 þ
X

biXi þ
X

biiX
2
i þ

X
bijXiXj; ð1Þ

where y is the measured response (cell growth as measured

dry cells weight or production of CMCase), b0, bi, and bij

are the regression coefficients, and Xi and Xj are the factors
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under study. For three variable systems, the model equation

is given below (Eq. 2)

Y ¼ b0 þ b1X1 þ b2X2 þ b3X3 þ b11X2
1 þ b22X2

2

þ b33X2
3 þ b12X1X2 þ b13X1X3 þ b23X2X3: ð2Þ

Regression analysis and estimation of the coefficient

were performed using the statistical software, Design-

Expert (Version 7.1.6, Stat-Ease Inc., Minneapolis, USA).

The contribution of individual parameters and their

quadratic and interactive effects on cell growth and

production of CMCase were determined.

The agitation speed (X1) and aeration rate (X2) were also

chosen as the independent variables and cell growth ðY 01Þ
and CMCase ðY 02Þ were used as a dependent output variable.

The interrelationships of the variables were also determined

by fitting the second-order polynomial equation. Statistical

analysis of the model was performed to evaluate the analysis

of variance (ANOVA).

Analytical methods

CMCase activity was measured by the DNS (3,5-dinitro-

salicylic acid) method, through the determination of the

amount of reducing sugars liberated from CMC solubilized

in 50 mM Tris–HCl buffer, pH 8.0 [12]. This mixture was

incubated for 20 min at 50 �C and the reaction was stopped

by the addition of DNS solution. The treated samples were

boiled for 10 min, cooled in water for color stabilization,

and the optical density was measured at 550 nm. CMCase

activity was determined by using a calibration curve for

glucose (Sigma-Aldrich Co., UK). One unit of enzyme

activity was defined as the amount of enzyme that released

1 lmol of glucose per min. Cell growth was measured as

an absorbance at optical density of 600 nm, and the dry

cells weight was measured by directly weighing the bio-

mass after drying to constant weight at 100–105 �C after

collection of cells by centrifugation at 12,0009g for

10 min. Reducing sugars were determined by using DNS

method [11].

Results and discussion

Cloning and sequence analysis of the gene encoding

CMCase

The full-length CMCase gene of B. subtilis subsp. subtilis

A-53 was cloned by PCR with primers based on DNA

sequences of the CMCase gene of Bacillus species cloned

previously [17]. As shown in Fig. 1, the open reading frame

(ORF) of the cloned gene consists of 1,498 nucleotides

encoding a protein of 499 amino acids with a predicted

molecular weight of 55,110 Da. Analysis of the putative

cleavage site of signal peptide by using the SignalP program

was located between Ala-29 and Ala-30 [19]. Comparison of

the deduced amino acid sequence of the cloned gene with

those of proteins registered in the BLAST database showed

the highest identity to the CMCase of Bacillus sp. strain

AAX54913.1 (NCBI-gi:61742183), B. subtilis AAA22307.1

(gi:142671), and B. subtilis AAZ22322.1 (gi:71063308) with

99 % identity as shown in Fig. 2.

Most CMCases like xylanase and b-1,3-1,4-glucanases

are modular enzymes, which consist of two or more func-

tional modules, such as catalytic and carbohydrate-binding

modules (CBMs), connected to each other via a linker

sequence [18, 20]. On the basis of amino acid sequence

similarities, catalytic modules, which are engaged in the

hydrolysis of cellulose, are classified into 106 groups in

glycoside hydrolase families and CBMs, which bind pref-

erentially to cellulose, are also classified into 45 groups

(http://afmb.cnrs-mrs.fr/CAZY/index.html). Computer anal-

ysis with the deduced mature amino acid sequence of the

CMCase of B. subtilis subsp. subtilis A-53 using CDART

program of NCBI revealed a modular enzyme composed of

two discrete domains in the following order: a catalytic

domain (Gly-31 through Asn-332) of glycoside hydrolase

family 5 (GH5), and a family 3 CBM (Glu-350 through His-

499). Like the modular organization (GH5/CBM3) in many

Bacillus endoglucanases (http://afmb.cnrs-mrs.fr/CAZY/

index.html), this enzyme has its catalytic domain in the

N-terminal portion and CBM in the C-terminal portion [17].

Effect of carbon and nitrogen sources on production

of CMCase

Effect of carbon and nitrogen sources on cell growth and

production of the CMCase by E. coli JM109/A-53 was

investigated at flask scales. Carbon sources tested for

production of CMCase were 20.0 g/l glucose, fructose,

maltose, sucrose, rice bran, and rice hulls. Nitrogen sources

tested were 2.5 g/l malt extract, peptone, tryptone, yeast

extract, ammonium chloride, and ammonium nitrate. The

initial pH of the medium and cultural temperature were 7.0

and 37 �C. Sucrose and malt extract were found to be the

best combination of carbon and nitrogen sources for cell

growth of E. coli JM109/A-53, whereas rice bran and

tryptone were the best on for production of CMCase, as

shown in Fig. 3. However, a combination of rice bran and

ammonium chloride was chosen for next examination

based on their cost and availability as well as productivity

for the industrial scaled production. Cell mass measured as

dry cells weight and production of CMCase from 20.0 g/l

rice bran and 5.0 g/l tryptone were 2.14 g/l and 305.2 U/ml,

whereas those from 20.0 g/l rice bran and 5.0 g/l ammo-

nium chloride were 0.70 g/l and 206.1 U/ml.
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The best combinations for cell growth of B. subtilis

subsp. subtilis A-53 had been reported to be rice bran and

yeast extract, whereas that for production of CMCase was

rice bran and yeast extract [12]. Sucrose and malt extract

were found to be the best combination of carbon and

nitrogen sources for the cell growth of Psychrobacter

Fig. 1 Complete nucleotide and deduced amino acid sequences of the CMCase gene of B. subtilis subsp. subtilis A-53. Asterisk indicates the

stop codon. The primers designed for gene cloning were showed under line

Fig. 2 The amino acid sequence alignment of the CMCase from

B. subtilis subsp. subtilis A-53 was compared with those of other

CMCase using Clustal W, a multiple alignment program. Amino acid

sequence alignments of CMCase from B. subtilis subsp. subtilis A-53

(A-53), Bacillus sp. (AAA22307), Bacillus sp. (AAZ22322), Bacillus
sp. (ABV45393), Bacillus sp. (AAC43478), and Bacillus lichenformis
(AAU23613)

c
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aquimaris LBH-10 isolated from seawater, whereas rice

bran and peptone were the best one for production of

CMCase [21]. The best carbon and nitrogen sources for the

production by B. amyloliquefaciens DL-3 were rice hulls

and peptone [22]. Major carbon sources for the production

of cellulases by Aspergillus and Trichoderma species were

reported to wheat bran [4]. All strains investigated to date

were inducible by cellulose, lactose or sophorose, and all

are repressible by glucose, which can explain why most

carbon sources for production of cellulases are rice hulls,

rice bran or wheat bran [23].

Optimization of rice bran, ammonium nitrate,

and initial pH for production of CMCase

The optimal conditions of rice bran, ammonium chloride,

and initial pH of the medium for cell growth and the pro-

duction of CMCase by E. coli JM109/A-53 were investi-

gated using one-factor-at-a time experiments. Composition

of basic medium was 50.0 g/l rice bran, 5.0 g/l ammonium

chloride, and initial pH of 7.5. Cell mass and production of

CMCase ranged from 1.14 to 5.46 g/l and 148.2 to

419.9 U/ml. The optimal conditions of rice bran, ammo-

nium chloride, and initial pH for cell growth of E. coli

JM109/A-53 were 125.0 g/l, 10.0 g/l, and 7.5, respectively,

whereas those for production of CMCase were 125.0 g/l,

5.0 g/l, and 8.0, as shown in Fig. 4.

Based on results from one-factor-at-a-time experiments,

the simultaneous effect of rice bran, ammonium chloride,

and initial pH of the medium on cell growth and production

of CMCase was also investigated using RSM. The coded

values of minimum and maximum ranges of rice bran (X1),

ammonium chloride (X2), and initial pH of the medium (X3)

were 50.0 and 100.0 g/l, 2.5 and 7.5 g/l, and 7.0 and 8.0,

respectively. Cell growth and production of CMCase from

20 different conditions ranged from 2.68 to 4.03 g/l and

from 262.5 to 340.8 U/ml, as shown in Table 1. Multiple

regression analysis of the experimental data gave the fol-

lowing second-order polynomial equation to represent cell

growth of E. coli JM109/A-53 (Eq. 3). The optimal condi-

tions of rice bran, ammonium chloride, and initial pH of the

medium for cell growth extracted by Design Expert Soft-

ware were 100.0 g/l, 7.5 g/l, and 7.0, respectively. The

maximum cell mass of 3.94 g/l was predicted by this model

Y1 ¼ 3:43þ 0:37X1 þ 0:01X2 � 0:02X3 þ 0:01X1X2

þ 0:02X1X3 � 0:01X2X3 � 0:02X2
1 þ 0:02X2

2

þ 0:03X2
3 : ð3Þ
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Adequacy of the model was tested by the fisher’s sta-

tistical test for the analysis of variance (ANOVA), as

shown in Table 2. The model F-value of 28.88 from the

analysis of variance (ANOVA) of cell growth implied that

this model was significant. There was only a 0.01 % chance

that a ‘‘Model F-value’’ could occur to die to noise. The

P values were used as a tool to check the significance of

each of the coefficients, which, in turn were necessary to

understand the pattern of the mutual interactions between

the test variables. The smaller the magnitude of the P value,

the more significant is the corresponding coefficient. The

ANOVA indicated that this model and the model term of X1

were highly significant (‘‘probe [ F’’ less 0.0001) and the

model term of X2 was significant (‘‘probe [ F’’ less 0.0500)

for cell growth of E. coli JM109/A-53. The regression

equation obtained from ANOVA indicated that the multiple

correlation coefficient of R2 was 0.9630, which could

explain 96.30 % variation in the response. The value of the

adjusted determination coefficient (Adj. R2 = 0.9296) was

very high to advocate for a high significance of this model

[16]. The predicted determination of coefficient of

0.8841 was in reasonable agreement with the Adj. R2 of

0.9296. From the statistical results obtained, it was shown

that the above models were adequate to predict the cell

growth of E. coli JM109/A-53 within the range of variables

studied.

Multiple regression analysis of the experimental data also

gave the following second-order polynomial equation to

represent the production of CMCase by E. coli JM109/A-53

(Eq. 4). The optimal conditions of rice bran, ammonium

chloride, and initial pH of the medium for production of

CMCase were 100.0 g/l, 7.5 g/l, and 8.0, respectively. The

maximum production of CMCase of 333.8 U/ml was pre-

dicted by this model

Table 1 Central composite design (CCD) and determined response

values

Run X1 (g/l) X2 (g/l) X3 Y1 (g/l) Y2 (U/ml)

1 100 7.5 8.0 3.91 335.5

2 50 7.5 7.0 3.20 269.9

3 75 5.0 7.5 3.47 311.4

4 100 2.5 8.0 3.73 328.1

5 50 2.5 7.0 3.02 262.5

6 75 5.0 7.5 3.57 316.8

7 75 0.8 7.5 3.35 284.0

8 75 9.2 7.5 3.65 285.4

9 75 5.0 6.7 3.51 304.1

10 117 5.0 7.5 4.03 340.8

11 75 5.0 7.5 3.52 318.3

12 33 5.0 7.5 2.68 264.5

13 100 7.5 7.0 3.92 325.7

14 100 2.5 7.0 3.64 314.3

15 75 5.0 8.3 3.35 316.7

16 75 5.0 7.5 3.37 301.4

17 75 5.0 7.5 3.31 304.6

18 75 5.0 7.5 3.33 306.8

19 50 7.5 8.0 3.18 279.7

20 50 2.5 8.0 3.00 272.3

Table 2 Parameter estimates

and analysis of variance

(ANOVA) of the design for cell

growth and production of

CMCase by E. coli JM109/A-53

Source of

variation

Degree of

freedom

Sum of

squares

Mean

squares

F-value P value

(Probe [ F)

Cell growth Model 9 2.04 0.23 28.88 \0.0001

X1 1 1.88 1.88 239.76 \0.0001

X2 1 0.13 0.13 16.36 0.0023

X3 1 0.00 0.00 0.49 0.5001

X1
2 1 0.01 0.01 0.84 0.3818

X2
2 1 0.01 0.01 1.64 0.2290

X3
2 1 0.00 0.00 0.05 0.8294

Error 5 0.06 0.01 – –

Total 19 2.12 – – –

CMCase Model 9 10426.46 1158.50 29.58 \0.0001

X1 1 8843.23 8843.23 225.78 \0.0001

X2 1 94.66 94.66 2.42 0.1511

X3 1 303.59 303.59 7.75 0.0193

X1
2 1 87.23 87.23 2.23 0.1665

X2
2 1 1117.67 1117.67 28.54 0.0003

X3
2 1 1.13 1.13 0.03 0.8686

Error 5 259.41 51.88 – –

Total 19 10818.13 – – –
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Y2 ¼ 309:54þ 25:45X1 þ 2:63X2 þ 4:71X3 þ 0:50X1X2

þ 0:50X1X3 � 0:50X2X3 � 2:46X2
1 � 8:81X2

2

þ 0:28X2
3 : ð4Þ

The model F-value of 29.58 from the ANOVA of

production of CMCase implied that this model was also

significant. The ANOVA indicated that this model and

model terms of X1
2 were highly significant and those of X3

and X2
2 were significant. The regression equation obtained

from ANOVA indicated that the multiple correlation

coefficient of R2 was 0.9638. The value of the adjusted

determination coefficient (Adj. R2 = 0.9312) was high to

advocate for a high significance of this model. The

predicted determination of coefficient of 0.8723 was also

in reasonable agreement with the Adj. R2 of 0.9312. From

the statistical results obtained, it was shown that the above

models were adequate to predict the production of CMCase

by E. coli JM109/A-53 within the range of variables

studied.

The optimal conditions of rice bran, yeast extract, and

initial pH of the medium for cell growth of B. subtilis

subsp. subtilis A-53 were 100 g/l, 10 g/l, and 7.3, whereas

those for production of CMCase were 50 g/l, 1.0 g/l, and

6.8. [12]. The optimal conditions of rice bran, peptone and

initial pH for the production of avicelase and CMCase by

P. aquimaris LBH-10 were 50.0, 3.0, and 8.0 g/l, respec-

tively, which were also different from those for filter pa-

perase [21]. The optimal conditions for cell growth of

E. coli JM109/A-53 as well as B. subtilis subsp. subtilis

A-53 were found to be different from those for production

of CMCase.

Effect of temperature on production of CMCase

The effect of temperature on cell growth and the produc-

tion of CMCase by E. coli JM109/A-53 was investigated.

The carbon and nitrogen source and initial pH of the

medium were 100.0 g/l rice bran, 7.5 g/l ammonium

chloride, and 8.0, respectively. The temperature for cell

growth and production of CMC ranged from 25 to 45 �C.

The optimal temperatures for cell growth and the produc-

tion of CMCase by E. coli JM109/A-53 were found to be

40 and 35 �C, respectively, as shown in Fig. 5. Cell mass

and production of CMCase at 40 �C were 4.05 g/l and

517.7 U/ml, whereas those at 35 �C were 3.59 g/l and

584.0 U/ml. Significance of each value was analyzed by

MYSTAT software (Systat Software, Inc., Chicago, USA).

The optimal temperatures for cell growth and the produc-

tion of CMCase by B. subtilis subsp. subtilis A-53 were

35 and 30 �C, respectively. Those for production of

CMCases by bacterial and fungal stains ranged from 25 to

37 �C, except for thermophilic microorganisms such as

Thermoascus aurantiacu, which optimal temperature for

production of CMCase is 50 �C [4]. The optimal temper-

ature for cell growth of B. amyloliquefaciens DL-3 was

32 �C, whereas that for production of CMCase was 37 �C

[22]. The optimal temperature for cell growth of E. coli

JM109/A-53 was also different from that for production of

CMCase as production of other CMCases.

Effects of agitation speed and aeration rate

on production of CMCase

The effect of agitation speed on cell growth of CMCase by

E. coli JM109/A-53 in a 7 l bioreactor was investigated

using one-factor-at-a-time. Carbon and nitrogen sources for

production of CMCase were 100.0 g/l rice bran and 7.5 g/l

ammonium chloride. The initial pH of the medium and

temperature were 8.0 and 35 �C. Agitation speed ranged

from 200 to 500 rpm and aeration rate was 1.0 vvm. Higher

agitation speeds and aeration rates, which resulted in an

increase of dissolved oxygen in the medium, enhanced cell

growth as well as production of CMCase, as shown in

Fig. 6. The optimal agitation speeds for cell growth and

production of CMCase were 400 rpm. The effect of aera-

tion rate on cell growth and production of CMCase also

was investigated. Aeration rate ranged from 0.5 to 2.0 vvm

and the agitation speed was fixed to 400 rpm. The optimal

aeration rate for cell growth was 1.5 vvm, whereas that for

production of CMCase was 0.5 vvm.

Based on results from one-factor-at-a-time experiments,

the simultaneous effects of agitation speed and aeration

rate on cell growth and the production of CMCase by

E. coli JM109/A-53 were investigated using RSM. The

coded values of minimum and maximum ranges of agita-

tion speed (X1) and aeration rate (X2) were 300 and
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500 rpm and 0.5 and 1.5 vvm. Cell mass and production of

CMCase from 13 different conditions ranged from 2.58 to

3.61 g/l and from 427.1 to 647.0 U/ml, as shown in

Table 3. Multiple regression analysis of the experimental

data gave the following second-order polynomial equation

to represent cell growth of E. coli JM109/A-53 (Eq. 5). The

optimal agitation speed and aeration rate for cell growth

were 395 rpm and 1.38 vvm. The maximum cell mass of

3.73 g/l was predicted by the model

Y
0

1 ¼ 3:44� 0:12X1 þ 0:36X2 � 0:09X1X2 � 0:40X2
1

þ 0:40X2
2 : ð5Þ

The model F-value of 74.43 from ANOVA of cell

growth implied that this model was significant, as shown in

Table 4. The ANOVA indicated that this model and the

model terms of X2 and X1
2 were highly significant for cell

growth. The regression equation obtained from ANOVA

indicated that the multiple correlation coefficient of R2 is

0.9815. The value of the adjusted determination coefficient

(Adj. R2 = 0.9684) is very high to advocate for a high

significance of this model.

Multiple regression analysis of the experimental data

also gave the following second-order polynomial equation

to represent the production of CMCase by E. coli JM109/

A-53 (Eq. 6). The optimal agitation speed and aeration rate

for production of CMCase were 396 rpm and 0.55 vvm.

The maximum production of CMCase of 650.9 U/ml was

predicted by the model.

Y
0

2 ¼ 602:94� 11:61X1 � 73:24X2 � 27:70X1X2

� 51:28X2
1 � 21:48X2

2 ð6Þ

The model F-value of 53.46 from ANOVA of

production of CMCase implied that this model was also

significant. The ANOVA indicated that this model and the

model terms of X2 and X1
2 was also highly significant model

terms. The regression equation obtained from ANOVA

indicated that the multiple correlation coefficient of R2 is

0.9745. The value of the adjusted determination coefficient

(Adj. R2 = 0.9563) is very high to advocate for a high

significance of this model. The predicted determination of

coefficient of 0.8629 is also in reasonable agreement with

the Adj. R2 of 0.9563.

The three-dimensional response surface plots were gen-

erated to investigate the interaction among agitation speed

and aeration rate and to visualize the combined effects on

the response of cell growth and the production of CMCase

by E. coli JM109/A-53, as shown in Fig. 7. The three-

dimensional response surfaces and their respective contour

plots are the graphical representation of Eqs. 5 and 6. In

contrast to the circular shapes, the elliptical nature of

curves indicates more significant mutual interactions

between variables. The interactive effect of agitation speed

and aeration rate on production of CMCase (Probe [ F =

0.0100) was found to be higher than those on cell growth

(Probe [ F = 0.0497).

The concentration of dissolved oxygen in the medium is

influenced by agitation speed, aeration rate, and the inner
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Table 3 Central composite design (CCD) and determined response

values

Run X1 (rpm) X2 (vvm) Y1 (g/l) Y2 (U/ml)

1 400 1.0 3.42 600.0

2 400 1.0 3.54 610.2

3 500 0.5 2.78 635.8

4 260 1.0 2.64 506.7

5 400 1.7 3.95 449.5

6 540 1.0 2.58 470.6

7 300 0.5 2.62 601.3

8 400 0.3 3.05 647.0

9 400 1.0 3.49 618.7

10 400 1.0 3.34 597.2

11 300 1.5 3.61 503.4

12 400 1.0 3.41 588.6

13 500 1.5 3.40 427.1
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pressure of bioreactors [24]. Variation in agitation speed

and aeration rate results in a change in the concentration of

dissolved oxygen in the medium, which in turn affects cell

growth and the production of microbial metabolites [25].

The optimal agitation speed and aeration rate for cell

growth of B. 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 [12]. The optimal agitation

speed for cell growth was the same as that for the pro-

duction of CMCase by B. subtilis subsp. subtilis A-53,

whereas the optimal aeration rate for cell growth was dif-

ferent from that for production of CMCase. It seems that

cell wall of E. coli JM109/A-53 was stronger than that of

B. subtilis subsp. subtilis A-53 and higher than optimal

concentration of dissolved oxygen for production of

CMCase leads the biosynthetic pathway to cell growth, but

not to production of CMCase.

Effect of inner pressure on production of CMCase

The effect of inner pressure on cell growth and the pro-

duction of CMCase by E. coli JM109/A-53 was investi-

gated 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 250 rpm and 0.5 vvm. The radius

of the impeller in a 100 l bioreactor was bigger than that in

a 7 l bioreactor. The angular velocity of a 100 l bioreactor

at 250 rpm is almost the same as that of a 7 l bioreactor at

400 rpm. The concentration of the dissolved oxygen in the

medium with an inner pressure decreased until 36 h after

cultivation, whereas that in the medium without an inner

pressure decreased until 24 h after cultivation, as shown in

Fig. 8a. The production of CMCase by E. coli JM109/A-53

was paralleled with cell growth, as shown in Fig. 8b, c. The

optimal inner pressures for cell growth and production of

CMCase by E. coli JM109/A-53 were 0.06 MPa. Produc-

tions of CMCase by E. coli JM109/DL-3 with inner pres-

sure of 0.00, 0.02, 0.04, 0.06, and 0.08 MPa after 72 h

cultivation were 616.3, 697.7, 737.9, 880.2, and 841.3 U/ml,

respectively. The production of CMCase with an inner

pressure of 0.06 MPa was 1.4 times higher than that

without an inner pressure. The production of CMCase by

E. coli JM109/A-53 under optimized conditions was

880.2 U/ml, which was 2.9 times higher than that before

optimization.

The factors affected by scale-up are the number of

generations, the mutation probability, the quality of tem-

perature, and pH controls, agitation, aeration, and inner

pressure [26]. Oxygen transfer often can be most important

upon scale-up due to its low solubility in medium [27]. Due

to higher concentrations of dissolved oxygen, the produc-

tion of pullulan by A. pullulans with an inner pressure of

0.04 MPa was 1.3 times higher than that without inner

pressure [28]. Increasing the driving force for the diffusion

from the air bubbles to the medium by elevating the inner

pressure of a bioreactor increased the oxygen transfer rate

(OUR), which resulted in enhanced production of b-glu-

cosidase by P. pastoris, while cell growth did not increase

[29]. The optimal inner pressure for the production of

CMCase by E. coli JM109/DL-3 was higher than those by

Bacillus species. It seems that cell wall of E. coli is more

resistant to inner pressure than other species. Higher agi-

tation speeds and inner pressures, which could afford for

higher concentration of dissolved oxygen, did not seem to

Table 4 Parameter estimates

and analysis of variance

(ANOVA) of the design for cell

growth and production of

CMCase by E. coli JM109/A-53

Source of

variation

Degree of

freedom

Sum of

squares

Mean

squares

F-value P value

(Probe [ F)

Cell growth Model 5 2.27 0.45 74.43 \0.0001

X1 1 0.00 0.00 0.37 0.5608

X2 1 1.04 1.04 170.38 \0.0001

X1�X2 1 003 003 5.61 0.0497

X1
2 1 1.13 1.13 185.42 \0.0001

X2
2 1 0.01 0.01 2.00 0.2001

Error 4 0.02 0.01 – –

Total 12 2.31 – – –

CMCase Model 5 66901.46 13380.29 53.46 \0.0001

X1 1 1077.71 1077.71 4.31 0.0766

X2 1 42910.90 42910.90 171.45 \0.0001

X1�X2 1 3069.16 3069.16 12.26 0.0100

X1
2 1 1829.92 1829.92 73.10 \0.0001

X2
2 1 3210.42 3210.42 12.83 0.0090

Error 4 548.31 137.08 – –

Total 12 68653.39 – – –
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damage to cells, which resulted in enhanced cell growth

and the production of CMCase by E. coli JM109/A-53.

Conclusion

Various carbon sources have been used for the production

of cellulases, but their prices are too expensive to apply

commercially [30, 31]. The use of cheap resources as

substrates can reduce the cost of cellulase production [32].

Rice bran from the rice processing industry is produced in

large amounts in Korea, as well as other rice producing

countries. Low-cost ammonium chloride as a nitrogen

source is also available in large quantities. In this study,

rice bran and ammonium chloride were developed as car-

bon and nitrogen sources and optimal conditions for the

production of CMCase by E. coli JM109/A-53 were

established using RSM. Maximal production of CMCase

by a recombinant E. coli JM109/A-53 was 5.9 times higher

than that of B. subtilis subsp. subtilis A-53, as shown in

Table 5. Most commercial cellulases are produced by solid

state fermentations of fungal species [23, 32]. Time for

production of cellulases by fungal species in solid-state

fermentation normally takes 7 to 10 days [30, 31]. Reduced
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time for production of CMCase from 7 to 3 days using a

recombinant E. coli JMB109/A-53 with submerged fer-

mentations also resulted in increase of productivity and

decrease in their production cost.
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