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Abstract The operation of a fed-batch culture is more
complicated than that of batch or continuous culture.
Thus, an appropriate feeding strategy for fed-batch
cultures should be carefully designed. In this study, a
simple feeding strategy for fed-batch culture of Bacillus
thuringiensis based on ‘“motile intensity’ is described.
The feeding strategy consisted of two steps: (1) initiating
feeding at the peak of motile intensity; (2) terminating
feeding at low motile intensity (or non-motility) of the
cells. In addition, the motile intensity of B. thuringiensis
was used to determine the optimum environmental
conditions (pH, temperature, and dissolved oxygen) and
optimum medium composition. Using this fed-batch
strategy, the production of thuringiensin increased 34%
compared with batch culture using the same environ-
mental conditions and medium composition. The pro-
posed strategy for fed-batch culture helps to avoid
overfeeding of substrate and facilitates on-line control.
A comparison of several alternative strategies for fed-
batch culture demonstrated that strategies such as glu-
cose-stat and DO-stat result in a lower productivity than
that obtained using the motility intensity method.
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Introduction

Bacillus thuringiensis produces seven kinds of bioin-
secticides [3,13,20]. One of these, the water-soluble,
thermostable metabolite thuringiensin, is a nucleotide
ATP analogue that inhibits the production of DNA-
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dependent RNA polymerase [7]. Thuringiensin is an
exotoxin, and has been used to control Colorado
potato beetles [16] and several species of mites [12].

While fed-batch culture is a standard technique in
fermentation processes, prevention of substrate inhibi-
tion is frequently problematic. Various fed-batch strat-
egies, such as glucose-stat, DO-stat and pH-stat, have
been used to cultivate B. thuringiensis [4,6]. However, in
B. thuringiensis, the production of thuringiensin is not
limited to a single growth phase or metabolic pathway.
Thus, a simple fed-batch strategy based on glucose-stat
or DO-stat increases cell density but decreases thurin-
giensis formation.

The motility of bacteria is an important variable
during growth and nutrition [5,9,10,11,14,15], and the
rotations of the bacterial flagellum and the energy
sources for rotation are interrelated [1,2]. While the
metabolism-dependent behavior of motility in bacteria
has been well studied [17], the relationship between
motility and fermentation process has not been exploi-
ted. In this report, the motility of B. thuringiensis with
respect to a fed-batch process was investigated. A
quantitative parameter, ‘“‘motile intensity”’, defined as
the mean specific kinetic energy of the bacteria [18], was
used to describe the motility of bacteria. In batch culture
of B. thuringiensis, motile intensity reaches a maximum
between late lag phase and early exponential phase. This
observation was used to determine the culture time of
the inoculum. The optimum inoculum time occurs when
motile intensity is maximum [18]. In addition, the motile
intensity of B. thuringiensis was used to screen media.
Optimum medium composition could be determined in a
single drop of media by noting the maximum motile
intensity of the cells [19].

In the present study, we used motile intensity to
design an optimum strategy for fed-batch culture for
the production of thuringiensin in B. thuringiensis. The
strategy consisted of two steps: (1) initiating feeding at
maximum motile intensity using an optimum substrate
concentration control, (2) terminating feeding at low
motile intensity (or non-motility) of the cells. In addi-
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tion, the droplet medium-selection method was used to
establish optimum environmental conditions and opti-
mum substrate concentration. The results show that the
proposed method increases the production of thurin-
giensin by avoiding overfeeding during growth.

Materials and methods

Strain

Bacillus thuringiensis subst. darmstadiensis, HD-199 (provided by
Dr. de Barjac, Institute Pasteur, Paris, France) was used in this
study.

Cultivation

The pre-culture was carried out in 1-1 Erlenmeyer flasks containing
250 ml of medium at 30 °C on a rotary shaker (Firstech, Taiwan)
at 200 rpm for 5 h. The main culture was incubated in a 2-1 stirred
tank fermentor ( MD-250, LE Marubishi, Japan) operated at an air
flow rate of 3.4 vvm and an agitation rate of 500 rpm. The working
volume was 0.88 1. The pH and temperature were varied between
5.0 and 7.0, and between 25 and 37 °C, respectively.

Medium

Cells were cultivated in two different media, a pre-culture medium
and a main-culture medium. The pre-culture medium contained
(per 1 distilled water): 5 g yeast extract (Merck, analytical grade);
8 g nutrient broth (Merck, analytical grade), 5 g K,HPOy, S g
KH,PO,, 1.5 g NaNH4PO,, 0.01 g MnSO,4 4H,0, 0.01 g Mg SO,
7H,0, 0.01 g Fe SO4 7H,0, and 0.01 g CaCl, 4H,0. The main-
culture medium contained (per | distilled water): 2 g yeast extract
(Merck, analytical grade), 4 g nutrient broth (Merck, analytical
grade), 5g K,HPO,, 5g KH,PO, 1.5g NaNH4PO4 0.01 g
MnSO, 4H,0, 0.01 g Mg SO, 7H,0, 0.01 g Fe SO, 7TH,0, 0.01 g
CaCl, 4H,0. The glucose and ammonium sulfate concentrations
were varied from 10 to 20 g 1"!. The feed consisted of glucose and
ammonium sulfate 100 g 1”', each.

Assays

Thuringiensin was assayed by HPLC using an Intertsil 7 ODS-3
column (4.5 mmx15 cm) and following the procedure of Levinson
et al. [8] with modifications. The mobile phase was 50 mM
KH,PO4/ H3;PO, (pH 2.8) at 1.0 ml/min.

Image analysis

The movement of B. thuringiensis was recorded with a CCD-cam-
era (Panasonic NV-DJ1, Japan) attached to a microscope (Olym-
pus BX40, Japan). The optical magnification of the microscope was
100x (10x10) and the digital magnification of CCD-camera was
10x. The final magnification was thus 100x10.

Prior to microscopy, B. thuringiensis cells were diluted to
facilitate their observation under the microscope. Measurements
were randomly taken in seven sections and each section was filmed
for 10 s.

Image analysis was carried out using a computer with an image-
capture card. The image from the CCD-camera was saved in the
computer with a resolution of 76,800 (320x240) pixels and 256 gray
values. The image analysis program was written with WiT software
(Logical Vision, Canada. A threshold operation was also applied

for segmentation, which gave a gray correction. Using the image
analysis program, the cross-sectional area and the coordinates of
the geometric center of each cell in terms of pixels were measured.
The data application program, which was written with C+ +, al-
lowed determination of the cell cross-sectional area, the shift in the
geometric center, and the motile intensity of cells. The shift in the
geometric center of a cell was calculated on the basis of two con-
secutive images taken at a 0.2-s interval.

Motile intensity

The motile intensity /y; is defined as the specific mean kinetic en-
ergy of the cells in terms of their cross-sectional area. The kinetic
energy was calculated based on the assumption that the density and
thickness of living cells are constant. Since the cross-sectional area
and biomass of cells have a linear relationship, the assumption is
appropriate [18]. The motile intensity is expressed as:
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where A; is the cross-sectional area of the i cell and V; denotes the
moving of geometric center of the i cell. Measurements of the
geometric center and the cross-sectional area of the cells were based
on the image analysis.

Droplet medium selection

Selection by the droplet medium method was described previously
[19]. Briefly, the bacteria are pre-cultured until the motile intensity
of the cells is nearly maximal. Subsequently, the cells are inoculated
into the testing medium and the motile intensity of the cells is
measured. Since the measurements are completed within a few
minutes, the oxygen effect for the cells is not a limiting factor. The
criterion for selection of the medium is based on the motile inten-
sity value. A low value implies that the medium is not suitable for
cultivation of the cells [19]. In order to study the medium compo-
sition and environmental conditions such as temperature, pH, and
dissolved oxygen (DO), the testing medium was controlled at the
desired value. For example, DO was controlled by using air and
nitrogen gas to manipulate the DO in the flasks at the desired value.

Results
Environmental conditions and media composition

Figure 1 shows the effect of pH on the motile intensity
of the cells and on thuringiensin production after 24 h of
culture. Thuringiensin production was measured in
batch fermentation in a stirred tank. The optimum pH
was around 7.0 for both motile intensity and thurin-
giensin production. The similarity of the curves of motile
intensity and thuringiensin production indicated that
motile intensity might be representative of thuringiensin
production as well.

The optimum growth temperature based on the mo-
tile intensity of the cells and measured by the droplet
medium selection technique was 30 °C. The effect of DO
levels in the medium on motile intensity is shown in
Fig. 2. In this experiment, motile intensity of the bac-
teria was measured at various DO levels. The minimum
DO value of 40% was selected based on the motility
intensity of the cells. The optimum conditions of pH 7.0,
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Fig. 1 Effect of the pH of the medium on the motile intensity of
Bacillus  thuringiensis cells after Sh of preculture, and on
thuringiensin production after 24 h of cultivation
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Fig. 2 The effect of the dissolved oxygen concentration of the
medium on the motile intensity of B. thuringiensis cells as
determined by the droplet medium selection method after 5 h of
preculture

temperature of 30 °C and a DO of 60% were used in all
further experiments.

The optimum medium for growth of B. thuringiensis
was also determined using the droplet medium selection
technique and different concentrations of glucose and
(NH4),SOy4 (Table 1). Both glucose and (NH4),SO,4 were
optimum at 15 g/l.

Fed-batch culture based on the motile intensity
of B. thuringiensis

A typical time-course of motile intensity and the specific
glucose consumption rate of B. thuringiensis are shown
in Fig. 3. Maximum specific glucose consumption oc-
curred at the same time as the maximum motile intensity
of the cells. Therefore, the motile intensity of B. thur-
ingiensis could serve as an index for predicting the
specific glucose consumption rate.

Figure 4 compares a fed-batch fermentation with a
batch fermentation in a stirred tank. For the fed-batch
fermentation, the glucose concentration was controlled
at 15 g/l starting at the moment when the motile inten-
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Table 1 Droplet medium design with different carbon and nitrogen
sources

Carbon and nitrogen sources (g/1) Motile intensity (pixel/s)>

Glucose (10), (NH4)>SO4(10) 28.41
Glucose (10), (NH4)>SO4(15) 2.23
Glucose (10), (NH4)>SO4(20) 1.59
Glucose (15), (NH4)>SO4(10) 39.75
Glucose (15), (NH4)2SO04(15) 50.43
Glucose (15), (NH4)>SO4(20) 9.61
Glucose (20), (NH4)>SO4(10) 15.48
Glucose (20), (NH4)2SO4(15) 39.46
Glucose (20), (NH4),SO4(20) 46.97
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Fig. 3 The time courses of a motile intensity and b the specific
glucose consumption rate during cultivation of B. thuringiensis

sity of the cells approached the maximum (~hour 2).
The feeding medium was a mixture of glucose and
ammonium sulfate (100 g/l, each). Feeding was termi-
nated when the cells reached a low motile intensity
(~hour 7). This operation is designated as case A. The
motile intensity of the cells increased when the medium
was fed. Moreover, the motility time of the cells was also
extended. However, the motility time of B. thuringiensis
could not be further extended after reaching the low
motile intensity period even if more substrate was fed
into the bioreactor. Figure 3 shows that the specific
glucose consumption rate of cells was also weak when
the motility was low. Thus, termination of feeding at low
motility avoids overfeeding of the substrate. Typical
time courses of the cross-sectional area of the cells are
shown in Fig. 4b. The cross-sectional area of the cells in
case A was almost the same as that of the batch culture
before the post-exponential growth phase. Since the
cross-sectional area of the cells and the cell concentra-
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Fig. 4 The typical time courses of a motile intensity, b the cross-
sectional area of the cells, ¢ thuringiensin production during
cultivation of B. thuringiensis. . ® Fed-batch culture of case A, O
batch culture with glucose and ammonium sulfate (15 g/l)

tion have a liner relationship, the maximum cell con-
centration of case A increased up to 50% compared to
the batch culture after the exponential growth phase.
The typical time courses of the production of thurin-
giensin during cultivation are shown in Fig. 4c. In case
A, thuringensin production increased by 34% (to
1.129 g/l) compared to the batch culture.

Figure 5 shows the results of an experiment similar to
that shown in Fig. 4 but with the feeding time adjusted
to later in the motile intensity period. This operation is
designated as case B. The time courses of the motile
intensity of case B cells and cells of the batch culture
during cultivation are shown in Fig. 5a. Compared with
cells of case A, the motile intensity of case B cells did not
increase significantly when substrate was fed. Further-
more, the motile time of case B cells was not extended.
Figure 5b shows the typical time courses of the cross-
sectional area of the cells during cultivation. The initial
increase of the cross-sectional area of case B cells was
almost the same as that of cells from the batch culture.
By comparing case A and case B, the initial increase in
the cross-sectional area of case B cells was far less than
that of case A cells. The time courses of thuringensin
production during cultivation are shown in Fig. 5c.
Thuringensin production increased by only 10.5% in
fed-batch culture compared to the batch culture. A
comparison of Figs. 4c and 5c shows that case A cells
produced higher amounts of thuringensin than case B
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Fig. 5 The typical time courses ofa motile intensity, b the cross-
sectional area of the cells, ¢) thuringiensin production during
cultivation of B. thuringiensis. . @ Fed-batch culture of case B, O
batch culture with glucose and ammonium sulfate (15 g/l)

cells. Therefore, the timing of feeding is essential for fed-
batch cultures of B. thuringiensis, and the motile inten-
sity of the cells may serve as an index for establishing the
initial feeding time of these cultures.

Different strategies of fed-batch culture, such as glu-
cose-stat and DO-stat, were also investigated. In the
simple glucose-stat fed-batch culture, substrate was fed
after glucose was consumed, and the glucose concentra-
tion was controlled at 15 g/l. In the DO-stat fed-batch
cultures, substrate was fed so as to keep the DO value
under 60%. The major difference between these strategies
is the timing of initial feeding. Figure 6 shows the typical
time courses of thuringiensin production during cultiva-
tion. Fed-batch cultures based on the motile intensity of
the cells produce the largest amounts of thuringiensin.
Other strategies of fed-batch culture reduce thuringiensin
production even if the amount of feeding is the same.
Thus, a fed-batch culture strategy based on the motile
intensity of the cells results in higher productivity than
obtained using other strategies of fed-batch culture.

Discussion

Selection by the droplet medium method not only results
in selection of optimum medium composition, but also
of environmental conditions suitable for cultivation.
Furthermore, this method is relatively fast and inex-
pensive and can thus be readily applied to determining
optimal culture conditions..
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Fig. 6 The time courses of thuringiensin production using different
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The strategy of fed-batch culture based on the motile
intensity of the cells is an economical method for the
production of thuringiensin. Based on the motile inten-
sity, the initiation and termination of feeding can be
determined. A suitable feeding strategy is the key point
in fed-batch cultures. Even though we do not under-
stand the complex metabolic pathways used by the cul-
ture, we have found that motility can be used as an
indicator to optimize the fed-batch process. Motile
intensity acts as an indicator of cellular activity during
cultivation, for example, the specific glucose consump-
tion rate of the cells. When motile intensity is high, the
specific glucose consumption rate is also high. Conse-
quently, the motile intensity can be used to design a
fermentation process based on the motile intensity of
cells consisting of the culture time of the inoculum,
optimum medium composition, suitable environmental
conditions for growth, and fed-batch culture.
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