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Abstract−Effect of shifts in pH of the medium and temperature on cell growth and production of carboxymethylcel-
lulase (CMCase) by a recombinant Escherichia coli JM109/A-53 was investigated. Lower initial pH (pH 7.0) of the
medium and higher temperature (40 oC) stimulated cell growth of E. coli JM109/A-53, whereas higher initial pH (pH
8.0) and lower temperature (35 oC) enhanced production of CMCase. The maximal production of CMCase was ob-
tained when initial pH of 7.0 and temperature of 40 oC were simultaneously changed to 8.0 and 35 oC after 36 h. The
production of CMCase with simple shifts in pH and temperature was 783.1 U/mL, which was 2.13 times higher than
that under optimal conditions for cell growth. This indicated that a simple process with shifts in pH and temperature
could be economically applied for enhanced production of CMCase by E. coli JM109/A-53 with industrial scales.
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INTRODUCTION

Much effort has gone into the study of enzymes to hydrolysis of
cellulosic biomass to obtain energy, chemicals, and single-cell pro-
teins from an abundant and renewable resource, i.e., cellulosic bio-
mass [1-3]. Enzymatic hydrolysis of cellulosic biomass required a
complex reaction of three different types of enzymes: endoglucanase
(carboxymethycellulase), exocellobiohydrolase (avicelase), and β-
glucosidase [4,5]. The enzymatic saccharification of cellulosic mate-
rials such as rice hulls was performed by commercial cellulases, in
which the major one was carboxymethylcellulase (CMCase) [6].

Many studies on types of strains, culture conditions, and sub-
strates for production of cellulases have been reported [7-10]. Pro-
duction of CMCase by wild and recombinant bacterial systems had
been reported [4,11,12]. The optimal conditions for production of
CMCase by Bacillus amyloliquefaciens DL-3 were different from
those by its recombinant strain, E. coli JM109/DL-3 [4,13]. More-
over, their optimal conditions for cell growth were different from
those for production of CMCase [8-10].

A gene encoding the CMCase of a marine bacterium, B. subtilis
subsp. subtilis A-53, had been cloned in E. coli JM109 [14]. The
optimal initial pH of medium and cultural temperature for cell growth
and the production of CMCase by E. coli JM109/A-53 had been
reported. Combination of two-stage controlled pH and temperature
had been reported to enhance production of pullulan by Aureo-
basidum pullulans [15]. In this study, we investigated the effect of
shifts in pH of the medium and temperature on cell growth and
production of CMCase by E. coli JM109/A-53.

MATERIALS AND METHODS

1. Bacterial Strain and Medium
A gene encoding the carboxymethylcellulase (CMCase) of a mar-

ine bacterium, Bacillus subtilis subsp. subtilis A-53, was cloned in
Escherichia coli JM109 [11,14]. The full-length CMCase gene of B.
subtilis subsp. subtilis A-53 was amplified by polymerase chain reac-
tion (PCR) using two specific primers. Its amplified PCR prod-
ucts were ligated with the T-tail site of pGEM-T Easy Vector Sys-
tem (Promega Co., Madison, USA), and constructed plasmids were
transformed into E. coli JM109. The recombinant strain was named
as E. coli JM109/A-53, which was used in this study. E. coli JM109/
A-53 was grown at 37 oC in LB medium containing 100µg/mL ampi-
cillin.
2. Production of CMCase by E. coli JM109/A-53

Starter cultures were prepared by transferring cells from agar
slants to 50mL of the same medium except for agar in 250mL Erlen-
meyer flasks. The resulting cultures were incubated at 30 oC for two
days under aerobic conditions. Each starter culture was used as an
inoculum for 200 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 125.0 g/L CMC, 7.5 g/L am-
monium chloride, 5.0 g/L K2HPO4, 1.0 g/L NaCl, 0.2 g/L MgSO4·
7H2O, and 0.6 g/L (NH4)2SO4 for three days under aerobic condi-
tions. Samples were periodically withdrawn from the cultures to
examine cell growth and the production of CMCase.

Batch fermentations for the production of CMCase by E. coli
JM109/A-53 were performed in 7 L bioreactors (Ko-Biotech Co.,
Korea). Working volumes of the 7 L bioreactors were 5 L, and inoc-
ulum size of batch was 5% (v/v). Agitation was provided by three
six-flat-blade impellers in a 7L bioreactor. Agitation speed and aera-
tion rate were 400 rpm and 0.5 vvm [10].



114 E.-J. Lee et al.

January, 2015

3. Cultural Conditions for Shifts in pH and Temperature
Cultural conditions to investigate the effect of a shift in pH were

1) initial pH of 7.0 without shift in pH, 2) shift in initial pH of 7.0
to 8.0 after 12 h, 3) shift in initial pH of 7.0 to 8.0 after 24 h, 4) shift
in initial pH of 7.0 to 8.0 after 36 h, and 5) initial pH of 8.0 with-
out shift in pH. Cultural conditions to investigate the effect of shift
in temperature were 1) temperature of 40 oC without shift in tem-
perature, 2) shift in temperature from 40 oC to 35 oC after 12 h, 3)
shift in temperature from 40 oC to 35 oC after 24 h, 4) shift in tem-
perature from 40 oC to 35 oC after 36 h, and 5) initial temperature
of 40 oC without shift in temperature. Cultural conditions to inves-
tigate the effect of shifts in pH and temperature were 1) initial pH
of 7.0 and temperature of 40 oC without shifts, 2) shifts in initial
pH of 7.0 to 8.0 and temperature from 40 to 35 oC after 12 h, 3)
shifts in initial pH of 7.0 to 8.0 and temperature from 40 to 35 oC
after 24 h, 4) shifts in initial pH of 7.0 to 8.0 and temperature from
40 to 35 oC after 36 h, and 5) initial pH of 8.0 and temperature of
35 oC without shifts.
4. Analytical Methods

Dry cells weight (DCW) was measured as described in the pre-
vious report [16]. Activities of the CMCase produced by E. coli JM109/
A-53 were determined based on the release of reducing sugar from
CMC using the 3,5-dinitrosalicylic acid (DNS) method, as described
in the previous report [11]. Protein concentration was determined
using the Bio-Rad protein assay kit according to the manufacturer’s
instructions with bovine serum albumin as the protein standard
for the calibration curve [17]. Glucose (Sigma-Aldrich, UK) was
used to prepare a calibration curve. One unit of each CMCase was
defined as the amount of enzyme that released 1µmol of reducing
sugar equivalent to glucose per minute under the assay condition.

RESUTS AND DISCUSSION

1. Effect of Shift in pH on Production of CMCase
Effect of shift in pH of the medium on cell growth of E. coli JM109/

A-53 and production of CMCase was investigated in bioreactors.
Carbon and nitrogen source for production of CMCase were 125.0
g/L rice bran and 7.5 g/L ammonium chloride. Cultural tempera-
ture was 35 oC, which had been optimized for the production of
CMCase in the previous study [14]. Maximal cell growth was ob-
tained at the initial pH of 7.0 without shift in pH, as shown in Fig.1.
However, maximal production of CMCase was obtained at shift in
initial pH of 7.0 to 8.0 after 36 h. Production of CMCase with shift
in initial pH of 7.0 to 8.0 after 36 h was 720.1 U/mL, which was
1.19 times higher than that without shift in initial pH of 8.0, which
had been known to be the optimal pH for production of CMCase
by E. coli JM109/A-53 [11]. The optimal initial pH of the medium
for cell growth of B. subtilis subsp. subtilis A-53 and E. coli JM109/
A-53 were 7.3 and 7.0, respectively, whereas those for production
of CMCase were 6.8 and 8.0 [10,14]. The shift in pH from 7.0 to 8.0
after 36 h resulted in relatively higher cell growth of E. coli JM109/
A-53, which seemed to enhance higher production of CMCase due
to more cells to participate in production of CMCase.
2. Effect of Shift in Temperature on Production of CMCase

Effect of shift in temperature on cell growth of E. coli JM109/A-
53 and production of CMCase was also investigated in bioreac-

tors. Initial pH of the medium was 8.0, which had been also opti-
mized for production of CMCase in the previous study [14]. Maximal
cell growth was obtained at the culture temperature of 40 oC with-
out shift in temperature, as shown in Fig. 2. However, maximal
production of CMCase was obtained at shift temperature from 40 oC
to 35 oC after 36 h. Production of CMCase with shift in tempera-
ture from 40 oC to 35 oC after 36 h was 743.1 U/mL, which was 1.26
times higher than that without shift in temperature at 35 oC, which
had been also known to be the optimal temperature for production
of CMCase. The optimal initial pH of the medium for cell growth
of B. subtilis subsp. subtilis A-53 and E. coli JM109/A-53 was 35 and
40 oC, respectively, whereas that for production of CMCase was 30
and 35 oC [10,14]. The shift in temperature from 40 oC to 35 oC
after 36 h also resulted in relatively higher cell growth. The shifts
in temperature from the optimal condition for cell growth to that
for production of CMCase seemed to enhance higher production
of CMCase.
3. Effect of Shifts in pH and Temperature on Production of
CMCase

Effect of shifts in pH of the medium and temperature on cell
growth of E. coli JM109/A-53 and production of CMCase was inves-

Fig. 1. Effect of shift in pH on cell growth (a) and production of
CMCase (b) by E. coli JM109/A-53 (●, constant at pH 7.0;
■, shift in initial pH of 7.0 to 8.0 after 12h; ▲, shift in initial
pH of 7.0 to 8.0 after 24 h; ○, shift in initial pH of 7.0 to
8.0 after 36 h; and □ , constant at 8.0).
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tigated in 7 L bioreactors based on results from studies on effects
of shifts in pH and temperature. Maximal cell growth was obtained
at initial pH of 7.0 and temperature of 40 oC without shifts, as shown
in Fig. 3. However, maximal production of CMCase was obtained
at shifts in initial pH of 7.0 to 8.0 and temperature from 40 to 35 oC
after 36 h. The maximal production of CMCase by E. coli JM109/
A-53 with shifts in pH and temperature was 783.1 U/mL, which
was 2.13 times higher than that under optimal conditions for cell
growth, as shown in Table 1. Moreover, its production of CMCase
was 1.27 times higher than those under optimal conditions for pro-
duction of without shift. The optimal initial pH of medium and
temperature for cell growth of E. coli JM109/A-53 were reported
to be 7.0 and 40 oC, whereas those for production of CMCase were
8.0 and 35 oC.

Due to difference in optimal conditions for cell growth and pro-
duction of CMCase, lower cell growth seemed to cause higher pro-
duction of CMCase. However, more cells due to later shifts in pH
and temperature for optimal conditions from cell growth to those
for production of CMCase, could produce higher production of

CMCase. Later shifts in pH and temperature also resulted in rela-
tively higher total protein content, which was the similar tendency
to production of CMCase. Shifts in optimal conditions from cell
growth to those for production of CMCase after early stationary

Fig. 3. Effect of shift in pH and temperature on cell growth (a), pro-
duction of CMCase (b), and protein content (c) by E. coli
JM109/A-53 (●, constant at pH 7.0 and 40 oC; ■, shift in
initial pH of 7.0 to 8.0 and temperature from 40 to 35 oC
after 12 h; ▲, shift in initial pH of 7.0 to 8.0 and tempera-
ture from 40 to 35 oC after 24 h; ○, shift in initial pH of 7.0
to 8.0 and temperature from 40 to 35 oC after 36 h; and □,
constant at 35 oC and pH 8.0).

Fig. 2. Effect of shift in temperature on cell growth (a) and produc-
tion of CMCase (b) by E. coli JM109/A-53 (●, constant at
40 oC; ■, shift in temperature from 40 to 35 oC after 12h; ▲,
shift in temperature from 40 to 35 oC after 24h; ○, shift in
temperature from 40 to 35 oC after 36 h; and □, constant at
35 oC).
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phase seemed to result in relatively higher cell growth and sequen-
tially enhanced production of CMCase by E. coli JM109/A-53.

4. Relationship Between Cells Growth and its Production of
CMCase

The relationship between dry cell growth and production of
CMCase by E. coli JM109/A-53 was investigated using the statistical
methodology (SigmaPlot for Windows Version 10.0, Systat Soft-
ware Inc., San Jose, USA). As shown in Fig. 4(a), nonlinear regres-
sion analysis of the experimental data gave the following second-
order polynomial equation to represent the relationship between
dry cell weight (X) and production of CMCase (Y) obtained under
the fixed initial pH of medium and cultural temperature (Eq. (1)):

Y=446.8++160.4X−32.1X2 (1)

The regression equation indicated that the multiple correlation
coefficient of R2 was 0.9904, which could explain 99.04% variation
in the response. The value of the adjusted determination coeffi-
cient (Adj. R2=0.9841) was very high to advocate for a high signif-
icance of this model [18]. From the statistical results obtained, it
was shown that the above equation was adequate to predict pro-
duction of CMCase by E. coli JM109/A-53 within the range of dry
cells weight obtained under the fixed initial pH of medium and
cultural temperature. However, the multiple correlation coefficient
of R2 from nonlinear regression analysis of dry cells weight and
production of CMCase obtained under the shifts in initial pH of
medium and cultural temperature was less than 0.5000, as shown
in Fig. 4(b). A higher value indicates a better predictability of the
dependent variable from the independent variables, which meant
that production of CMCase could not be predicted by dry cells wegith
obtained under under shifts in initial pH and temperature.

CONCLUSION

The optimal conditions for cell growth were different from those
for production of CMCase by E. coli JM109/A-53. Multi-stage con-
tinuous culture was used for production of fuel ethanol to over-

Table 1. Effect of shifts in pH and temperature on cell growth and production of CMCase by E. coli JM109/A-53
Conditions DCW

(g/L)
CMCase
(U/mL)pH Temperature (oC) Time (h)

Shift in pH 7.0 35 - 4.55 513.1
7.0→8.0 35 12 3.54 652.2
7.0→8.0 35 24 4.08 695.4
7.0→8.0 35 36 4.28 720.1

8.0 35 - 3.48 604.4
Shift in temperature 8.0 40 - 4.45 517.2

8.0 40→35 12 3.47 643.1
8.0 40→35 24 4.18 687.3
8.0 40→35 36 4.38 743.1
8.0 35 - 3.86 588.5

Shifts in pH and 7.0 40 - 5.45 367.9
temperature 7.0→8.0 40→35 12 4.17 543.1

7.0→8.0 40→35 24 4.89 647.3
7.0→8.0 40→35 36 5.25 783.1

8.0 35 - 3.66 618.5

Fig. 4. Relationship between cell growth and production of CMCase
by E. coli JM109/A-53 under fixed initial pH and tempera-
ture (a) and shifts in initial pH and temperature (b).
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come low productivity due to difference in optimal conditions for
cell growth and production [19]. However, their major disadvan-
tages are high cost for equipment and risk for contamination during
cultivation [20]. A process with simple shifts in pH and tempera-
ture to enhance the production of CMCase by E. coli JM109/A-53
was developed in this study, which could be economically applied
for enhanced production of CMCase with industrial scale.
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