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ABSTRACT

Objective: Lipases are industrially important enzymes especially the thermostable and
organic solvent tolerant lipases. This study was planned to enhance the production using fed
batch fermentation technique.

Materials and Methods: The possibility of using fed-batch fermentation for improvement of
organic solvent tolerant and thermostable lipase production by recombinant £.coli BL21 was
studied in 2 L stirred tank bioreactor. Exponential fed-batch fermentations were operated at
different specific growth rates (p). The effect of antibiotics addition in feed medium, on the
number of plasmid bearing cells was also investigated. Kinetics of the fed-batch fermentation
was evaluated for the generation of kinetic parameter values. Effect of yeast extract in feed
medium was also investigated.

Results: The number of plasmid bearing cells was increased from 13 % to 91 % with the
addition of antibiotics (2 g/L ampicillin and 1.4 g/L chloramphenicol) in the feed medium.
Among the different p investigated (0.05, 0.10 and 0.15 h"), the highest cell concentration (30.32
g/L) and lipase production (130.5 IU/mL) were obtained in exponential fed-batch fermentation,
where p was controlled at 0.10 h™' with 800 g/L glucose in the feed medium. No significant
improvement was achieved on growth and lipase production in fed-batch fermentation with
addition of yeast extract in feed medium, though p was controlled at 0.10 h™".

Conclusion: Fed-batch was found a good technique for enhancement of lipase production
from recombinant E.coli BL21 on the cost of increasing time of fermentation (fermentation
time for batch fermentation was 16 h and for fed-batch was 26 h) and quantity of some
medium ingredients as compared to the batch mode.
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OZET

Amag: Isiya dayanikli ve ¢oziiciiye toleransli lipazlar, endiistriyel olarak 6nemli lipazlardir.
Bu calisma kesikli-beslemeli fermentasyon teknigi kullanilarak lipaz tiretimini arttirmak
i¢in planlanmistir.

Gere¢ ve Yontemler. Rekombinant E.coli BL2lile 1siya dayanikli ve ¢oziiciiye toleransli
lipazlarin tretimini, kesikli-beslemeli fermentasyon kullanarak gelistirebilmek igin 2 L’lik
karistirilmis biyoreaktor tankinda calisildi. Ustel kesikli-beslemeli fermantasyon farkli
Ozgiil biiylime oranlarinda isletildi (p). Ayrica besleme vasatina eklenen antibiyotigin,
plazmid igeren hiicrelerin sayisina olan etkileri de incelendi. Kesikli-beslemeli fermantasyon
kinetigi, kinetik degerleri olusturmak i¢in degerlendirildi. Maya ekstrelerinin de besleme
vasatina etkileri incelendi.

Bulgular: Besleme vasatina antibiyotik (2 g/L ampisilin ve 1.4 g/L kloranfenikol) eklenmesi
ile plasmid igeren hiicre sayilart % 13’den % 91’e ¢ikt1. Farkli 6zgiil bityiime oranlar1 (0.05,
0.10 ve 0.15 h') arasinda yapilan arastirmada, en yiiksek hiicre konsantrasyonu (30.32
g/L) ve lipaz tretimi (130.5 IU/mL) istel kesikli-beslemeli fermantasyondan saglandi. Bu
durumda p besleme vasatinda 0.10h™" de 800 g/L glukoz ile kontrol edildi. Kesikli-beslemeli
fermantasyonda maya ekstresinin besleme vasatina ilavesi, p 0.10 h' de kontrol edilmis
olmasina ragmen biiytime ve lipaz olusumu iizerinde anlamli bir ilerleme gergeklestirmedi.
Sonug¢: Kesikli-beslemeli fermentasyon, rekombinat E.coli BL21 den lipaz iiretimini
arttirmasi, fermentasyon zamanini uzatmasi (kesikli-beslemeli fermentasyon 26 saat
ve kesikli fermentasyon 16 saat) ve vasat iceriginin miktar1 agisindan kesikli model ile
karsilastirildiginda, daha iyi bir teknik oldugu gorilmiistiir.

Anahtar Kelimeler: kesikli-beslemeli kiiltiir, 1stya dayanikli lipaz, rekombinant, E. coli
Cikar Catismasi: Yazarlar ¢ikar catigmasi olmadigini beyan ederler.
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Introduction

Thermostable and organic solvent tolerant lipases are in
high demand in many industrial reactions. Production
of these types of enzymes could be enhanced using
recombinant microorganisms by expressing the genes
isolated from the wild strain to the host cell. E. coli has
been successfully used as the host cell to express lipase
genes [1-3].

Recombinant proteins produced by E. coli are mostly
intracellular and therefore the production is normally
proportional to cell concentration [4]. The production of
recombinant protein by E. coli depends on many factors
including medium composition, time of induction,
physical conditions and mode of fermentation. In
general, three modes of bioreactor operation (batch, fed-
batch and continuous) could be used for the production
of biotechnology product through fermentation. The
selection of mode for bioreactor operation depends on
various factors such as the microorganisms employed,
the target products and the kinetics of growth and
product formation. Batch fermentation is mostly used for
the preliminary studies of the process development such
as selection and optimization of medium composition
and other physical culture conditions. In industry, it
is also used for simple fermentation process where
complicated control strategy may not be required for the
production of the target product. The main limitations of
batch fermentation are the use of high initial substrate
concentration and accumulation ofundesired by-products,
which may inhibit growth and the production of the target
product excessively. In addition, longer operation time
such as time for cleaning, reloading and sterilization
between batches reduces the overall productivity of the
process. In theory, continuous fermentation has many
advantages such as high productivity and ability to
control fermentation parameters accurately. However,
this mode of fermentation is complex, difficult to
setup and to maintain the sterility and stability for long
operation period.

Fed-batch fermentation is widely used for recombinant
protein production by E. coli, especially when glucose
is used as a carbon source. The use of high initial
concentrations of glucose in batch fermentation of E.
coli leads to the accumulation of acetate even in aerobic
conditions [5], which inhibit growth and the production
of recombinant protein even at very low levels. In fed-
batch fermentation, glucose in the culture could be
controlled at low levels by appropriate glucose feeding
strategy that meet the requirement of the growing
culture. Thus, accumulation of acetate shall be inhibited
to enhance growth and product yields. The use of fed-
batch fermentation for high cell density culture of £. coli
and the overproduction of recombinant proteins have
been reported [6-8].

An organic solvent tolerant and thermostable lipase
(Lip 42) gene from a local Bacillus sp. 42 [9] has been
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cloned in E. coli BL21 (DE3) by a research group [10].
The composition of medium and the culture conditions
for Lip 42 fermentation by E. coli have been optimized
in shake flasks [11, 12] and 1 L stirred tank bioreactor.
From kinetic analysis, it was found that the specific
Lip 42 production rate was proportionally increased
with increasing specific growth rate (Nelofer et al.,
2013, work in publishing process), suggesting that the
exponential fed-batch fermentation where the specific
growth rate could be controlled at certain values may be
used to improve the production of this enzyme.

Only a limited number of research articles are available
on fed-batch fermentation for the production of lipase
by recombinant E. coli in bioreactor. A research group
in University Putra Malaysia isolated an organic solvent
tolerant and thermostable lipase (Lip 42) producing
bacterial strain, Bacillus sp.42 from oil mill effluent [9].
The lipase gene from Bacillus sp. was over expressed
in E. coli BL21 [10]. The recombinant lipase production
process was statistically optimized in shake flasks using
batch mode of fermentation [11, 12]. The next step of
the study was the development of a fed-batch process
for Lip 42 production. The objective of the present study
was therefore to investigate the possibility of using
exponential fed-batch fermentation for the improvement
of lipase (Lip 42) production by recombinant E. coli
BL21 in stirred tank bioreactor. The specific growth rate
(p) of E. coli in fed-batch fermentation was controlled
at several required values by glucose feeding strategy
according to the algorithm developed from the mass
balance equations.

Material and methods

Microorganism and medium

Recombinant E. coli BL21 [10] hosting a thermostable
and organic solvent tolerant lipase gene from Bacillus sp.
42 [9] was used in the study. Luria Bertani (LB) medium
was used for inoculum preparation. The production
medium used in this study consisted of (g/L); glucose,
10; tryptone, 10; yeast extract, 25; NaCl, 3; potassium
hydrogen phosphate, dibasic 9.4; potassium phosphate,
monobasic 2.2. Medium pH was adjusted to 7 before
sterilization. Ampicillin 50 pg/mL and chloramphenicol
35 pg/mL were added to all media to avoid contamination.
The feed medium for fed-batch fermentation consisted
of 800 g/L glucose with and without antibiotics (2 g/L
ampicillin and 1.4 g/L chloramphenicol).

Inoculum preparation and fermentation

Inoculum was prepared by inoculating a single colony
from LB agar plate into a 250 mL screw capped
bottle containing 40 mL LB medium. The bottle was
incubated at 30°C on a rotary shaker agitated at 200 rpm
for 12-16 h. All fed-batch fermentations were carried
out using a 2 L stirred tank bioreactor (BIOSTAT DCU-
200, B. Braun Biotech International, Germany). The
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initial batch fermentation was started with a volume
of 1L and inoculated with 4 % (v/v) inoculum. The
fed-batch fermentation was started when significant
changes in the culture pH and dissolved oxygen tension
(DOT) were observed, about 6 h from the start of the
experiment. The feeding strategy was performed
according to the algorithm (Eq.1) at different required p
values. At mid log phase, the culture was induced with
0.5 mM isopropyl B-D-1-thiogalactopyranoside (IPTG)
to enhance the expression of the gene. Initially, the fed-
batch fermentation was conducted with the required p of
0.15 h'l, without induction with 0.5 mM IPTG to identify
the growth profile. In the subsequent experiments,
the fed-batch fermentations were conducted with and
without antibiotics in the feed medium to investigate
the effect of antibiotics on plasmid stability and lipase
production. For kinetic studies, fed-batch fermentations
were carried out with feeding strategy at different
required p values. The effect of yeast extract in the
feeding medium on Lip 42 production by E. coli was
also studied. In this experiment, the exponential fed-
batch fermentation was performed with a required p
of 0.10 h'! and the feed medium consisted of 800 g/L
glucose, 200 g/L yeast extract and antibiotics.

Feeding strategy

The exponential feeding strategy was calculated
according to Eq. 1. Derivation of this equation has been
described elsewhere [13].

wrorr o, oL
i ¥ LE

Ve is®o

F =

Where F is the feed flow rate (mL/h), X_ (g cell/mL) is
cell concentration at 0 h of fed-batch fermentation, V_ is
the initial culture volume (mL) of fed-batch fermentation,
Y, is the cell yield (g cell/g substrate) of substrate from
the batch fermentation experiment and S_is glucose (g
substrate/mL) concentration in the feed solution.

The performance of exponential fed-batch fermentation
for Lip 42 production was investigated using three
different required p values (0.05, 0.10 and 0.15 h'). The
required p values selected are lower than the p_ value
(0.431 h'!) for recombinant E. coli BL21, calculated from
batch fermentation data using batch fermentation model
based on Monod equation (data not shown). The feed
flow rate was controlled by a microtube pump MP-3N
(EYELA, Tokyo Rikakikai Co, LTD, Japan). A standard
curve was drawn for the pump flow rate with the set
points.

Kinetic models
Mass balance equations used for batch fermentation;

Growth rate
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Lipase production rate
AP
e 1 X 3

Substrate consumption rate
A%
— = _qE ._X 4

At

Where, X, P and S is cell concentration, lipase activity
and glucose concentration, respectively. Specific growth
rate is denoted by p, while volumetric lipase production
rate and volumetric glucose uptake rate is expressed as
q, and q, respectively.

Mass balance equations used for fed-batch fermentation;

Rate of increase in volume
d¥
—=F 5
dt

Growth rate
e 6

dt

Glucose consumption rate

ds F

—= —agX+-(5,— § 7
" T 55— 5)

Lipase production rate

dp F

—=naX—=P 8
de v

Where, pn, 6 and = is the specific growth rate, substrate
consumption rate and lipase production rate in fed-batch
fermentation, respectively. V is the culture volume and
F is the feeding rate.

Statistical analysis

Tukey Honestly Significant Difference (HSD) test was
used to compare the means of kinetic parameters using
SPSS (version 17).

Analytical procedures

Samples withdrawn at time intervals from the bioreactor
were centrifuged at 10700 x g for 10 minutes at 4 °C
(TA-14-50, Allegra®250R, Beckman Coulter, USA).
The supernatant was used to analyse acetate and glucose
concentration while the cell pellet was resuspended in 20
mM phosphate buffer at pH 7 for enzyme extraction. The
cells were disrupted using a sonicator for 2 minutes on
ice and re-centrifuged, where the supernatant obtained
was used for the determination of lipase activity. Lipase
activity was determined according to the method used
earlier [11]. One unit of lipase is defined as 1 pM free
fatty acids released per minute. Glucose was analyzed
using YSI biochemistry analyzer (Model 2700). Acetate
was analyzed using HPLC (Shimadzu, model JUBR 121)
with 300 mm X 7.8 mm Aminex® organic acid column
(HPX-87H) and UV detector. The mobile phase (4 mM
H,SO,) at a flow rate of 0.6 mL/min was used and the
detection was read at 210 nm after 15 min retention time.
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In order to check the plasmid stability, the culture sample
was diluted in a series and was grown on LB agar plate
with and without the presence of antibiotics. The plates
were incubated at 37 °C for 24 hours and the colonies
appeared on the plates were counted. The percentage
of plasmid stability was calculated as the number of
colonies on plate with antibiotics divided by the number
of colonies in plate without antibiotics, and multiplied
with 100.

Results

Effect of antibiotics in feed medium

The fed-batch fermentation was started after a drastic
changes in pH and DOT level (after about 6 h of initial
batch fermentation), which indicated that the substrates
were utilized for active growth of E. coli. The culture was
induced in the mid exponential phase, which was after 12
h of fermentation. The performance of exponential fed-
batch fermentation of lipase by E. coli BL21, with and
without induction with IPTG, as well as with and without
the presence of antibiotics in feed medium is shown in
Table 1. The specific growth rate was controlled at 0.15
h' and fermentation time is 26 h. Lipase production in
exponential fed-batch fermentation without induction
and antibiotics in feed medium was significantly lower
than that obtained in batch fermentation, though the cell
concentration was about three times higher.

The percentage of plasmid bearing cells in this
fermentation was 27 %. Increase in lipase production
was observed in fed-batch fermentation with induction
and without antibiotic, though cell concentration and
the percentage of plasmid bearing cells were reduced.
In exponential fed-batch fermentation with the addition
of antibiotics (ampicillin and chloramphenicol) in the
feed medium and induced with IPTG, the percentage of
plasmid bearing cells was more than 90 % while lipase
activity (82.83 IU/mL) was increased by more than
two times higher as compared to fermentation without
antibiotics (31.18 TU/mL). The lipase production in the
fed-batch with antibiotics was also higher than lipase
activity obtained in batch mode, but the difference was
not as prominent as with other experiments. However

cell mass concentration was more than two times as
compared to the batch fermentation (Table 1).

Effect of specific growth rate on lipase pro-
duction

A typical time course of exponential fed-batch
fermentation, using high glucose concentration (800
g/L) in the feed medium, is shown in Fig. 1. For fed-
batch fermentation operated at required p of 0.05 h,
the culture pH was increased up to pH 8.5, while for
fed-batch fermentation operated at p of 0.15 h’', the
culture pH was decreased to 5.4. The culture pH for
fed-batch fermentation operated at p of 0.10 h'! p was
remained almost constant around pH 7 throughout the
fermentation.

During fed-batch fermentations, DOT was varied from
25 to 40 % saturation, though the DOT was planned to
control at 30 % saturation. Big variations in agitation
speed to maintain the DOT level at 30 % saturation
were observed for fed-batch fermentation operated at
different required p value. In all cases, during the initial
batch fermentations the change in agitation was almost
similar (Fig. 2). The agitation was started to increase
within 2 h of fermentation, increased gradually up to 4
h and then the agitation was stated to decrease for the
next two hours. This was the time when the feeding was
started to initiate fed-batch fermentation. During the
time course of fermentation (including both batch and
fed-batch parts), the agitation speed was varied from 350
to 900 rpm, 350 to 1050 rpm and 350 to 850 rpm for the
required p of 0.05 hl, 0.10 h' and 0.15 h, respectively.

Eq. 2, 3 and 4 were used to calculate cell growth, lipase
production and glucose consumption rates for initial
batch fermentation, respectively. On the other hand, Eq.
6, 7 and 8 were used for the calculation of these rates for
fed-batch fermentation. Table 2 shows the performance
and kinetic parameter values of exponential fed-batch
fermentation of lipase by E. coli BL21 carried out at
different p values. Among the three different p tested,
the highest lipase production (130.5 IU/mL) and cell
concentration (30.32 g/L) were observed in fed-batch
fermentation, where p was controlled at 0.10 h™'. In this
fermentation run, residual glucose in the culture was

Table 1. The performance of exponential fed-batch fermentation of lipase by E. coli BL21, with and without induction with IPTG, as well as
with and without the presence of antibiotics in the feed medium. The specific growth rate was controlled at 0.15 h''. (Fermentation time is 26 h).

Fed-batch fermenta-
tion without antibiotic

Variable (units) and induction

Fed-batch fermentati-
on with induction and
without antibiotic

Fed-batch fermentati-
on with induction and

with antibiotic Batch fermentation

Lipase (IU/mL) 0.13 £0.07 31.18 +1.24 82.83 £1.70 73.85 +2.04
Cell concentration (g/L) 23.85+0.84 20.63 +1.53 17.94 +1.27 7.55 £0.75
Plasmid bearing cells (%) 27.00 +1.73 13.00 +0.76 91.00 + 1.41 93.00 +1.74
Values after * are the standard deviation of triplicate data.
Turk J Biochem, 2013; 38 (3) ; 299-307 302 Nelofer et al.
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Figure 1. Time course of fed-batch fermentation for lipase production by E. coli BL21, operated at the required p of 010 h'.
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Figure 2. Variation in impeller speed to maintain the DOT at 30 % during exponential fed-batch fermentation conducted with three different

required p values.

maintained at very low level (0.19 g/L) and very low
amount of acetate was accumulated in the culture (0.32
g/L).

In fed-batch fermentation operated at required p of
0.05 h', residual glucose and acetate were not detected
in the culture. However, lipase activity (66.74 1U/mL)
and cell concentration (15.63 g/L) obtained in this
fermentation were the lowest among the three different
u tested in this study. Substantially high glucose (104.85
g/L) and acetate (6.52 g/L) were detected in fed-batch
fermentation operated with the highest required p
value (0.15 h'), which resulted to significantly lower
lipase activity (82.83 U/mL) and cell concentration
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(17.31 g/L) as compared to that obtained in fed-batch
fermentation operated at the required p of 0.10 h'. High
cell concentration obtained in fed-batch fermentation
operated at the required p of 0.10 h' was related to the
highest agitation speed applied (350 to 1050 rpm) to
maintain the DOT level at 30 % saturation.

Most of the kinetic parameter values were statistically
similar for the initial batch fermentation of three
experiments with different p values (Table 2). In contrast,
most of the kinetic parameter values are significantly
different for fed-batch fermentation operated at three
different p values. The actual p values for fed-batch
fermentation carried out at the required p values of 0.05

Nelofer et al.



Table 2. Kinetic parameters for the batch and fed-batch parts of exponential fed-batch production of lipase by recombinant E. coli BL21 con-
ducted with different required p values. (Fermentation time is 26 h).

Specific growth rate, p (h)

g, or o (g/g/h)

0.800+0.0522

0.830+0.036°

0.840+0.025°

0.0700+0.00152

0.120+0.006°

Kinetic Initial batch fermentation Fed-batch fermentation
parameters
0.05 0.10 0.15 0.05 0.10 0.15
X, (g/L) 3.53+0.352 3.59+0.26" 3.61+0.41° 15.63+1.062 30.32+1.16° 17.31+0.92°
P_(IU/mL) 3.79+0.722 410+0.75° 4.00+0.63° 66.74+0.962 130.5+1.76° 82.83+0.84°
Total glucose . b . N b .
consumed (g/L) 8.50+0.59 8.70+0.82 8.98+0.71 10.09+0.85 48.16+0.95 78.97+1.20
Residual
glucose (g/L) -- -- -- -- 0.190+0.074 104.85+1.53
Acetate
accumulated 0.030+0.0052 0.0400+0.00387 0.0300+0.00272 0.00+0.002 0.320+0.0512 6.52+0.83°
(9/L)
u (h7) 0.47+0.067 0.48+0.0622 0.46+0.0282 0.049+0.0052 0.120+0.007°  0.160+0.031°
q, or m (IU/g/h) 0.040+0.0072 0.0400+0.0053*  0.0500+0.00922 0.58+0.0372 0.790+0.014°  0.620+0.008°

0.150£0.010°

Values with the different letters (a, b and c) are significantly different.
Values after + are the standard deviation of triplicate data.

h?',0.10 h' and 0.15 h' were 0.049 h™!, 0.12 h" and 0.16 h™!,
respectively. This result suggests that the feed strategy
employed in this study was capable to control the p of
E. coli during fed-batch fermentation at the required p
values. The highest lipase production rate, m, (0.79 1U/
g/h) was observed in fed-batch fermentation operated
at the required p of 0.10 h'. In general, the values of
for all fed-batch fermentations were significantly higher
than those calculated for initial batch fermentation.
Glucose consumption rate (o) was increased with

increasing p and the values for fed-batch fermentation
were significantly lower than the values for initial batch
fermentation.

The profiles of kinetic parameter values for fed-batch
fermentation operated at the required p of 0.10 h' are
shown in Fig. 3. The o and p were decreased drastically
during the initial batch fermentation. The rates remained
almost constant during the fed-batch fermentation.
The m was increased gradually during the initial batch
fermentation and slightly reduced during the initial

Batch | Fed batch b, n, ¢
K, Qs,
dps

038 -
< ——qp, N
Lo —n
2 o6 - . ——qs,0
& Induction
=
0
2 04
o
o
[ =
w©
&
I 02

(4] 1 T T T T T |
0 5 10 15 20 25 30
0.2 -
Time (h)

Figure 3. Profile of specific growth, specific lipase production rate and glucose consumption rate during fed-batch fermentation using E. coli
BL21 for lipase production, where the specific growth rate (i) was controlled at 0.10 h™'.

u: Specific growth rate, qg: Specific glucose consumption rate in batch part, q,: Specific lipase production rate in batch part, n: Specific lipase
production rate in fed-batch part, 6: Specific glucose consumption rate in fed-batch part.
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stages of fed-batch fermentation. The © was increased
sharply after the induction and reached its maximum
value after 2 h and then decreased drastically with time.

Effect of yeast extract in the feed medium

The time course of fed-batch fermentation for Lip 42
production by recombinant E. coli with the supplement
of yeast extract in the feed medium is presented in
Fig. 4. This fed-batch fermentation was conducted
with the required p of 0.10 h' and the feed medium
consisted of 800 g/L glucose, antibiotics and 200 g/L
yeast extract. Initial yeast extract concentration in the
medium for initial batch fermentation was 5 g/L. In this
fermentation run, glucose and acetate were maintained
at very low levels. However, reduced cell concentration
(28.3 g/L) and lipase production (90.03 U/mL) were
observed in this fermentation run as compared to fed-
batch fermentation without the addition of yeast extract
in the feed medium and operated at the same required p
value (0.10 h!).

Discussion

The natural producer of Lip 42 was Bacillus sp. 42. It
produced very low quantities of lipase, even highest
amount obtained was less than 1 IU/mL [9]. The gene
responsible for lipase production was therefore over
expressedinE. coli BL21[10]. Thebatchlipase production
process was then optimized statistically in shake flasks
[11, 12]. In batch process, large concentrations of acetate
were observed in the medium, which inhibit the cell
growth and lipase production. Therefore it was assumed
that the slow feeding of substrate in a fed-batch mode
may increase the growth and lipase production.

In the present work the fed-batch process for lipase
production was studied in 1L bioreactor. In fed-
batch fermentation without the addition of antibiotics,

cells without plasmid grew faster than the cells with
plasmid. This was indicated by the low percentage of
plasmid bearing cell in fed-batch fermentation without
antibiotics in the feed, which resulted to substantial
reduction Lip 42 production. That is why, the reduced
lipase (Lip 42) production by recombinant E. coli BL21
was observed in exponential fed-batch fermentation
when antibiotics were not added into the feed medium.
Similar phenomena has also been observed for other
recombinant proteins production [14]. The recombinant
E. coli BL21 is ampicillin resistant and degradation of
ampicillin during high cell density cultivation has been
reported [14, 15]. The addition of antibiotics throughout
the fed-batch fermentation has also been successfully
used to maintain plasmid stability for recombinant
protein production [16]. However, Goyal [14] claimed
that the addition of antibiotics in fed-batch fermentation
failed to increase plasmid stability in £. coli system when
the DOT level was fluctuated from 5 to 55 % saturation.
The problem was recovered when the DOT level was
successfully controlled accurately at 50 % saturation
throughout the fermentation. In this study, the DOT level
was fluctuated between 25 to 40 % saturation and the
problem of plasmid stability was solved by the addition
of antibiotics in the feed. The result suggests that the
DOT level may not contribute to the plasmid instability
of E. coli BL21 for Lip 42 production. Induction was
performed at mid log phase, which has been claimed
as the appropriate induction point for improvement of
recombinant protein yields [17]. Lipase activity observed
in fed-batch with antibiotics was not much higher than
the batch fermentation mode in the present study. On
the other hand the cell mass concentration for fed-batch
was more than double as compared to the batch mode.
The small difference in the lipase activities and big
difference in cell mass produced in batch and fed-batch
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Figure 4. A typical time course of exponential fed-batch fermentation using E. coli BL21 for lipase production, where the feed medium
consisted of a mixture of yeast extract and glucose was used and the required p was set at 0.10 h'.
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modes probably indicate the need of optimization of fed-
batch process for lipase production enhancement.

In fed-batch fermentation by E. coli for the production of
recombinant proteins including enzymes, carbon source
such as glucose in the feed medium was normally kept
at very high concentration to avoid substantial increase
in culture volume due to the addition of large volume
of feed [18]. Glucose concentration in the feed of up to
700 g/L [19, 20] and 800 g/L [21, 22] have been used
in fed-batch fermentation of E. coli. Very high final
cell concentration (134 g/L) has also been achieved in
fed-batch fermentation of E. coli by feeding with solid
glucose powder [23]. The use of very high glucose
concentration (800 g/L) in the feed could also be used to
overcome the problem related to substantial increase in
culture volume in exponential fed-batch fermentation by
recombinant E. coli BL21 for lipase production.

Exponential fed-batch fermentation carried out at three
different required p values showed that the required p
of 0.10 h'' was most suitable for Lip 42 production by
E. coli BL21. Fed-batch fermentation with low required
u value (0.05 h') resulted in elevated pH, indicating the
limitation of carbon source. Reduced cell concentration
and lipase production were observed due to carbon
source limitation. Decrease in culture pH with higher
residual glucose and acetate accumulation in the culture
was observed in fed-batch fermentation where the
required p was set at higher value (0.15 h™"). This means
that this fed-batch fermentation can be considered as
over fed. Due to higher glucose concentration than that
needed by the growing culture of E. coli BL21, acetate
accumulated as a result of overflow metabolism, a well
known phenomena at higher glucose concentrations
[5]. The accumulation of acetate reduced the culture
pH, which in turn, reduced the cell growth and lipase
production. Fed-batch fermentation with controlled
p at 0.10 h'' has been used for the improvement of the
production of other recombinant proteins by E. coli
[20, 24]. Yeast extract has a positive role in controlling
the acetate accumulation in E. coli fermentation [25].
However, the addition of yeast extract in the feed did not
improve Lip 42 production by recombinant E. coli BL 21.

Exponential fed-batch fermentation developed in this
study was able to improve the final cell concentration
and Lip 42 production by about 4 times and 1.8 times as
compared to conventional batch fermentation (Table 1),
respectively.

Conclusion

Exponential fed-batch fermentation has been developed
for improvement of Lip 42 production, an organic
solvent tolerant and thermostable lipase, by recombinant
E. coli BL21. To overcome the problem of antibiotics
degradation, their sufficient quantities were added in
the feed medium. For optimal production of Lip 42 by
recombinant E. coli BL21, fed-batch fermentation was
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operated with controlled p at 0.10 h'. The total lipase
activity (130.5 IU/mL) and cell concentration (30.32
g/L) obtained in optimal fed-batch fermentation were
significantly higher than the batch fermentation (Lipase
activity 73.85 IU/mL and cell concentration 7.55 g/L).
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