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Semibatch Production
of Fructo-Oligosaccharides
from Sucrose by Immobilized Cells
of Aureobasidium pullulans
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ABSTRACT

Aureobasidium pullulans cells with fructosyltransferase activity
were immobilized in 2% calcium alginate beads, and the production of
fructo-oligosaccharides from sucrose was studied in a stirred tank bio-
reactor. It was found that cells of A. pullulans were entrapped evenly
on the alginate matrix of 2.2 mm in diameter, and an effectiveness fac-
tor of the beads was determined to be 0.3. By comparison with the sys-
tem of free cells in batch operation, the total amount of fructo-oligo-
saccharides produced by immobilized cells was similar although the
composition of fructo-oligosaccharides was found to be different. In
semibatch operation with immobilized cells, reproducible results up
to 60 cycles were obtained at 50°C and this operation resulted in no
loss of activity of immobilized cells.

Index Entries: Fructo-oligosaccharides; semibatch process;
immobilized cells; Aureobasidium pullulans; effectiveness factor.

INTRODUCTION

In recent years, a number of new sweeteners, including palatinose
(1,2), galacto-oligosaccharides (3,4), and fructo-oligosaccharides (5),
have been reported. The fructo-oligosaccharides, in which 1-4 fructose
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units are bound at the beta (2—1) position of sucrose, are mainly com-
posed of GF,, GFs, and GF4. With the sweetness 0.2-0.4 times of sucrose,
the nondigestible fructo-oligosaccharides are found in many kinds of
plants, such as onion'and asparagus root (6). However, the supply is
rather limited owing to limited content of fructo-oligosaccharides in plants.
Therefore, the industrial production of fructo-oligosaccharides, which
may be used in so-called health foods, may be carried out from sucrose by
the action of fructosyltransferase. This enzyme has been found in fungi,
such as Aspergillus sp. (5), Fusarium sp. (7,8), and Aureobasidium sp. (9).

In our previous work (10), conditions for the production of fructosyl-
transferase from Aureobasidium pullulans were studied, and the impor-
tance of magnesium sulfate on the ratio of intra- to extracellular enzyme
production was demonstrated. Based on enzyme kinetic studies with
various substrates, such as GF, GF,, and GF; (11), it was found that the
formation of fructo-oligosaccharides occurred from a consecutive set of
disproportionation reactions (viz. GFn+ GFn— GFn-1+GFn4+1). In the
present investigation, semibatch production of fructo-oligosaccharides by
immobilized cells of A. pullulans was studied in a stirred tank bioreactor
over a period of 2 mo. For comparative purposes, continuous production
was also carried out at a dilution rate of 0.05 h-! (residence time of 20 h).

MATERIALS AND METHODS

Cell Preparation

A. pullulans KFCC 10245 was grown at 28°C for 36 h under 400 rpm in
a 100-L pilot fermentor containing 70 L of the following medium composi-
tion: 20% sucrose, 2% yeast extract, 0.5% KHPOys, 0.2% MgSO, - 7TH20,
and 1.5% NaNOsj. The cells were then harvested by centrifugation and
washed twice with deionized water prior to use.

Cell Immobilization

Cells were mixed thoroughly with 2% sodium alginate at room tem-
perature. The mixture was extruded as small beads using various size of
syringe needles into 1% calcium chloride solution. The beads were cured
at room temperature for 2 h and then hardened overnight at 4°C.

Enzyme Assay

Fructosyltransferase activity in both free and immobilized cells was
determined by measuring the release of glucose by the method reported
previously (10). One fructosyltransferase unit is defined as the amount of
enzyme activity required to produce 1 umole of glucose/min under the
specified conditions described.

Applied Biochemistry and Biotechnology Vol. 24/25, 1990



Production of Fructo-Oligosaccharides 301

Bioreactor Operation

Unless otherwise specified, 25 U of immobilized cells were transferred
to a bioreactor (BIOSTAT M, B. Braun, Melsungen, West Germany) con-
taining 1 L of 77% sucrose (Brix 60), and then batch operation was started
at 300 rpm for 20 h at 50°C and pH 5.5. In a semibatch process (12,13), the
whole reaction product was drawn off within 5 min, and the bioreactor
was filled quickly with fresh feed substrate and then the operation was
repeated with the same immobilized cells. Continuous operation was also
carried out at a dilution rate of 0.05 h-? for comparative purposes.

Analytical Method

Enzyme reaction products were analyzed by high pressure liquid
chromatography (HPLC, Waters Associates Model 244, equipped with a
differential refractometer RI-401 detector), using the u Bondapak carbo-
hydrate column (0.4x30 cm). A mixture of acetonitrile/distilled water
(75125, viv) was used as the mobile phase at a flow rate of 1.5 mL/min.

RESULTS AND DISCUSSION

Batch Culture Kinetics of A. pullulans |

A typical time course for the growth of A. pullulans on 20% sucrose
medium is shown in Fig. 1. As can be seen from Fig. 1, both cell concen-
tration and intracellular fructosyltransferase activity were increased almost
linearly with time up to 40 g/L and 200 U/mL, respectively. Also shown in
Fig. 1 are sugar concentration profiles. During the early period of growth
(12 h), sucrose concentration declined very rapidly, and an accumulation
of GF,, GF3, and GF; was observed. However, these fructo-oligosacchar-
ides were utilized slowly toward the end of batch culture. The cells of A.
pullulans obtained were used as a fructosyltransferase enzyme source
throughout the course of this work.

Production of Fructo-Oligosaccharides
from Sucrose by Free Cells

Batch reaction kinetics with 77% sucrose (Brix 60) is shown in Fig. 2.
For this particular experiment, free cells equivalent to 5 U/g sucrose were
employed. The fructo-oligosaccharides formed from this time-course
reaction were found to be GF,, GF3, and GF;, and the liberation of glucose
occurred simultaneously, as shown in Fig. 2. Similar reaction patterns
were found by us with a fructosyltransferase enzyme system. The fructo-
oligosaccharides formed accounted for 55-57% of the total sugars after 24
h reaction.
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Fig. 1. Batch culture kinetics of A. pullulans on 20% sucrose medium at
28°C. (A), G; (®), GF; (A), GF; (M), GF3; (0), GF4; (@), enzyme activity; and
(O), dry cell weight.
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Fig. 2. Batch reaction kinetics with 77% sucrose by the use of 5 U free
cells at 55°C and pH 5.5. (&), G; (®), GF; (A), GF,; (W), GF;3; and (1), GFa.
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Fig. 3. The influence of bead diameter on the effectiveness factor.

Measurement of Effectiveness Factor
for Immobilized Cells

The effect of alginate bead size on effectiveness factor was studied, as
shown in Fig. 3. The effectiveness factor was determined by measuring
the ratio of the observed initial rate of sucrose disappearance to that with
free cells (14). The effectiveness factor for the bead diameter of 2.2 to 3.3
mm was in the range 0.1-0.3. The beads, which have an effectiveness fac-
tor of 0.3, were used in later kinetic studies.

The internal structure of the immobilized cells has been examined by
scanning electron microscopy (Jeol 35 CF, Tokyo, Japan), as shown in Fig.
4. Clearly, cells of A. pullulans were entrapped evenly throughout the
alginate matrix.

Production of Fructo-Oligosaccharides
from Sucrose by Immobilized Cells

In Fig. 5, a typical time-course kinetic study is shown. The peak con-
centration of GF, was reached after 5 h. Thereafter, the concentration
declined, presumably because GF, was being converted more rapidly to
GFs, GF;, and GFs than it was being formed. In Fig. 6, the production of
fructo-oligosaccharides with 77% sucrose with different immobilized cell
dosages at pH 5.5 and 55°C is compared. It is clear that increasing the
amount of immobilized cell dosage resulted in an increased initial reaction
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Fig. 4. A scanning electron micrograph of immobilized cells.
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Fig. 5. A typical time-course batch reaction kinetics with 77% sucrose by
the use of 25 U immobilized cells at 55°C and pH 5.5. (4), G; (®), GF; (A), GE»;
(M), GFs; (O), GF4; and (@) GFs.

rate of fructo-oligosaccharides production. The reaction rate declined sig-
nificantly at low immobilized cell dosage (5 U) compared to 5 U of free
cells. By comparison with the system with free cells, the total amount of
fructo-oligosaccharides produced by immobilized cells was similar when
25 U of immobilized cells were used although GFs was formed besides
GF,, GFs, and GF,, as illustrated in Table 1.

Applied Biochemistry and Biotechnology 304 Vol. 24/25, 1990



Production of Fructo-Oligosaccharides

305

60
o
Q
x 50
»
(]
hel
Tou
gm 40 L)
ol—
ON
HE
/2]
g,J(D 30}
3
S|+ 20
Q
>
Lo
w
10
0 1
] 5

10

15

Time (h)

25

Fig. 6. Effect of immobilized cell dosage on the production of fructo-

oligosaccharides: (@), 25 U; (O) 5 U.

Table 1

Comparison of Typical Composition of Reaction Products
with Free Cells and Immobilized Cells

Sugars Free cells, % Immobilized cells, %
F 1.0 1.0
Mono- and G 26.6 29.0
disaccharides GF 15.0 15.0
F+G+GF 42.6 45.0
GF; 35.0 26.0
GF; 19.0 19.5
Fructo- GFy 3.4 7.8
oligosaccharides GFs - 1.7
5
r GF, 57.0 55.0
n=2
Total 100.0 100.0
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Fig. 7. A typical profile of semibatch production of fructo-oligosaccha-
rides at 50°C.

Semibatch Production of Fructo-Oligosaccharides
with Immobilized Cells

Semibatch production of fructo-oligosaccharides was investigated in
a stirred tank bioreactor. In the semibatch process, reaction was carried
out in batch mode. The whole reaction product was drawn off within 5
min, and the reactor was filled quickly with fresh feed substrate and the
operation repeated with the same immobilized cells. Initial studies on
77% sucrose feed at 55°C showed that it was not possible to obtain repro-
ducible cycles that are essential for sustained semibatch process, probably
owing to deactivation of immobilized cells caused by prolonged exposure
to high temperatures. However, it was possible to maintain steady-state
cycles at 50°C, as shown in Fig. 7. To check the long-term operational
stability of semibatch process, the semibatch operation was repeated up
to 60 cycles (over a period of 1200 h). As shown in Fig. 8, there was no
evidence for the deactivation of immobilized cells at 50°C and, therefore,
the total amount of fructo-oligosaccharides at the end of each cycle (ex-
pressed by Relative Productivity in Fig. 8) was not changed.

For comparative purposes, continuous production of fructo-oligosac-
charides was also carried out in a stirred tank bioreactor at a dilution rate
of 0.05 h-1 (residence time of 20 h). Unlike the semibatch process, it was
found that a high concentration of glucose (77% feed x0.27=21%) was
steadily maintained in the bioreactor with the conventional continuous
process. As illustrated by Table 2, it is clear that the performance of the
semibatch process is superior to the continuous process for the produc-
tion of fructo-oligosaccharides. This was owing to the decrease in reaction
rate associated with competitive inhibition caused by a high concentration
of glucose in the latter case (11).
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Fig. 8. Effect of operational temperature on the long-term stability for
semibatch production of fructo-oligosaccharides: (®), 50°C; (O) 55°C.

Table 2

Comparison of Typical Composition of Reaction Products
with Semibatch and Continuous Processes

Sugars Semibatch process,* % Continuous process,? %
F 1.0 1.0
Mono- and G 29.0 27.0
disaccharides GF 15.0 29.0
F+G+GF 45.0 57.0
GF; 26.0 19.4
GF; 19.5 15.5
Fructo- GF4 7.8 6.7
oligosaccharides  GFs 1.7 1.4
5
r GF, 55.0 43.0
n=2
Total 100.0 100.0

4Processing time=20 h.
bDilution rate=0.05 h~1.
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CONCLUSIONS

By comparison with the free cell system, the final ratio of total fructo-
oligosaccharides to total sugars was similar with the system of immobilized
cells although GFs was formed besides GF,, GFs, and GF,, as illustrated
in Table 1. The difference in the composition of fructo-oligosaccharides
may have resulted from the diffusional resistance associated with immo-
bilized cells.

It appears that the semibatch process provided a means of steady pro-
duction of fructo-oligosaccharides at 50°C over a period of 1200 h although
the process was operated under unsteady-state conditions. Furthermore,
the performance of the semibatch process was superior to the continuous
process. The decrease in reactor performance with the continuous process
was owing to prolonged exposure to high concentrations of glucose,
which is considered to be a competitive fructosyltransferase inhibitor.
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