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Abstract The effects of DO and pH on the mass production
of pullulan with high molecular weight and the morphology
of A. pullulans ATCC 42023 were evalvated. A. pullulans
showed a maximum production of pullulan (11.98 g/l) when
the initial pH of the culture broth was 6.5 in a shake-flask
culture. In a batch culture, the mixture of a yeast-like and
mycelial cell forms was found at a pH of 4.5, and the maximum
production of pullulan (13.31 g/l) was obtained. However, a high
proportion of high molecular weight pullulan (M. W. >2.,000,000)
was produced at a pH of 6.5, with a yeast-like morphology.
The maximum pullulan production yield (51%) was obtained
at a pH noncontrol (initial pH 6.5) and DO control (above
50%) condition. Pullulan degrading enzyme was activated
when the pH of the broth was lower than 5.0 and the portion
of low molecular weight pullulan was increased. The formation
of a black pigment was observed at an initial stationary phase,
at 40 h of fermentation. Therefore, the fermentation should be
carried out in a pH noncontrol (initial pH of 6.5) and DO
control (above 50%) condition, and should be harvested
before reaching the stationary phase (around 40 h) for the
production of high molecular weight pullulan.
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Many polysaccharides produced by microorganisms have
been studied, including xanthan [18], curdlan [9], pullulan
[4], gellan [14], welan [5], and rhamsan {13]. Pullulan is an
extracellular water-soluble microbial polysaccharide produced
by the yeast-like fungus Aureobasidium pullulans. It mainly
consists of maltotriose units interconnected via o(1-—6)
linkages [4].
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A number of potential applications have been reported
for puliulan due to its transparent, oil resistant, and oxygen
impermeable film-forming properties. Pullulan could be
used as a coating for packing materials, in calorie food
formulations, cosmetic emulsions, and other industrial
and medicinal applications [4]. Important parameters for
pullulan synthesis are temperature [11], pH of the medium
[8], oxygen supply [20], nitrogen concentration [16], and
carbon source [21,22]. Among these parameters, the
pH of the culture broth is one of the main factors
influencing not only the production of pullulan, but also
the morphology of A. pullulans [17]. Besides the yield
of pullulan production, the important parameter for
the commercial application of pullulan is the molecular
weight. Pullulan with a high molecular weight has a high
viscosity, thus, it is more valuable than that with a low
molecular weight.

The factors that control the rate of pullulan synthesis
and produce high molecular weight pullulan have not been
well studied. Several factors for the synthesis and secretion
mechanism of pullulan and cellular metabolism of A.
pullulans have been reported [8]. The pH of the culture
broth influences not only the production of pullulan, but
aiso the morphology of A. pullulans. The mycelial form
and yeast-like form were predominant at pH 2.0-2.5 and
pH 6.0-8.0, respectively. There were several reports on
the relationship between the production of pullulan and its
morphology [17]. However, these reports showed somewhat
conflicting results. Therefore, further study on the relationship
between the morphology and pullulan production is necessary
to increase the yield of pullulan and to obtain high
molecular weight pullulan.

The viscosity of the fermentation broth decreases due to
the decrease in the average molecular weight of the
pullulan from 3x10°-6x10° to 1x10°=2x10° by the action
of pullulanase [15]. Pullulanase is a debranching enzyme



2 LEEetal

which hydrolyses the o-1,6-glycosidic linkages in pullulan
and other amylaceous polysaccharides [7].

In this study, the effects of dissolved oxygen and pH on
the morphology, the synthesis of pullulan, and the molecular
weight distribution of pullulan during the fermentation process
were evaluated to obtain the optimum pullulan fermentation
condition.

MATERIALS AND METHODS

Microorganism and Medium Compositions
Aureobasidium pullulans ATCC 42023 [19] was used as a
fermentation organism. The medium used for cell growth
and pullulan production contained the following composition
(g/): K,HPO,, 5.0; NaCl, 1.0; MgSO,-7H,0, 0.2; (NH,),SO,,
0.6; yeast extract, 2.5; and glucose, 50 [6]. The medium
was adjusted to pH 6.5 with 1 N NaOH.

Culture in the Shake-Flasks

Cultures were grown in a 50 ml medium in 250-ml flasks
for 2 days at 28°C in a rotary shaking incubator at 200 rpm.
These cultures were used to inoculate (5%, v/v) 150 ml of
medium held in 500-ml shake-flasks. These cultures were
then incubated for 5 days under the same conditions used
for the starter cultures. Samples were periodically withdrawn
from the cultures to determine cell growth and pullulan
production. Sets of shake-flasks were prepared at different
initial pH levels in order to evaluate the influence of the
initial pH on the kinetic aspects of pullulan production.
The shake-flasks containing 150 ml of production medium,
at different initial pH levels (2.5, 3.5, 4.5, 5.5, 6.5, 7.5, and
8.5), were prepared and incubated at 28°C in a rotary
shaking incubator at 200 rpm for 5 days.

Fermentation Conditions

The seed cultures were incubated for 2 days at 28°C with
200 rpm of agitation and used as an inoculum (10%, v/v)
for 1.5 1 of medium containing glucose (5%, w/v) in a 2.5-1
fermenter (Model Bioflowlll, New Brunswick Scientific
Instrument Co., U.S.A.)). The effect of the pH was
evaluated by controlling the pH at 2.5, 3.5, 4.5, 5.5, 6.5, and
7.5. The fermentation with the pH contrel was carried out
at 28°C, 500 rpm, and 0.5 vvm for 5 days. Three-hundred
ml of cultures were inoculated in a 5-1 fermenter (Model
KF-5, Korea Fermenter Company Ltd., Inchon, Korea).
Fermentation was carried out for 6 days under a pH or O,
control. The fermenter was operated at 28°C. The impeller speed
was maintained constant at 500 rpm, except otherwise stated.

Measurement of Dry Cell Weight and Pullulan Production
The fermentation broth was centrifuged at 400 xg for
20 min at 4°C to remove the cells. To determine the
biomass weight, the cells were washed with distilled water

and dried at 105°C until the weight was constant. To measure
the amount of pullulan from the broth, the supematant of
culture broth was collected and 2 volumes of 95% ethanol
were added. Then, the mixture was stored at 4°C for 24 h
to precipitate the crude pullulan. The precipitated material
was separated by centrifugation at 400 xg for 20 min and
dried at 105°C until the weight was constant.

Determination of Molecular Weight by Gel Permeation
Chromatography (GPC)

The average molecular weights of the pullulan were
determined by the GPC system equipped with HP 1100
series 20RBAX PSM HPSEC columns (M.W. range of
1x10° to 1x10’ dal.) and an RI detector.

Pullulan standards with narrow polydispersity and molecular
weights ranging from 5.80x10° to 1.6x10° were used to
construct a calibration curve. Water was used as the mobile
phase at a flow rate of 1.0 ml/min. The sample concentration
and injection volume were 5.0 mg/ml and 100 p, respectively.
All of the sample solutions were filtered through 0.45 um
pore size filters (Adbentec MFS, Inc., Japan) before injection.

Determination of Pullulanase Activity

The activities of standard pullulanase (Sigma Co. St.
Louis, U.S.A.) and crude pullulanase obtained from the
fermentation broth of the pullulan were determined at
various pH levels.

The effect of the pH on the pullulanase activity of the
fermentation broth was determined by using the standard
procedure [3] and appropriate buffers. For pH 2.0t0 3.0, a
50 mM citrate buffer; for pH 4.0 to 5.0, a 50 mM acetate
buffer; and for pH ranging from 6.0 to 8.0, 50 mM phosphate
buffers were used.

The crude pullulanase samples from the fermentation
broths were collected at two different growth stages to
determine the pullulanase activation during the growth
phases. The pullulanase from fermentation broths obtained
from 1 day (24 h), logarithmic phase, and 3 days (72 h),
stationary phase, were named Enzyme-1 and Enzyme-3,
respectively. To obtain the pullulanase, the culture broth
was centrifuged at 400 xg for 20 min at 4°C to remove the
cell pellet. Aliquots (500 ml) of culture supematant were
treated at 4°C with ammonium sulfate at 80% saturation.
The precipitate was obtained by centrifugation at 400 xg
for 20 min at 4°C. The pellet was resuspended in distilled
water and dialyzed against 2 1 of distilled water for 24 h in
a dialysis tubing (molecular weight cut-off, 3,500; Spectrum
Medical Industries Inc., Houston, U.S.A.). The protein
concentration was determined by the method of Lowry et
al. [10] using bovine serum albumin as the standard.

To determine the optimum pH for the pullulanase
activity, 900 ul of puliulan (1 mg/ml) from the fermentation,
and 100 Wl of standard pure pullulanase (0.1 mg/ml) or
isolated pullulanase (0.1 mg/ml) were incubated at 25°C
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for 48 h. The released reducing sugars were determined by
the dinitrosalicylic acid method [12]. One unit of activity was
defined as the amount of enzyme that catalyzed to release
1 umol of maltotriose (measured as glucose) per min.

RESULTS AND DISCUSSION

Optimum Initial pH of the Pullulan Production

The pH of the medium was changed to obtain optimum
conditions under which pullulan could be produced. The
maximum cell growth of 4. pullulans with an initial pH of 3.5
was achieved at the level of 6.87 g/l with a yield coefficient
of 0.14 (Fig. 1). However, the pullulan production increased
from this initial pH up to 6.5. The maximum pullulan
production, 11.98 g/1, was obtained in the culture grown at an
initial pH of 6.5 with a yield coefficient of 0.24 (Fig. 1). This
result indicated that the optimum initial pH for pullulan
production was different from that of the cell growth. Also,
the optimum pH of the cell growth and pullulan production
were different from the initial pH, because the pH of the
culture broth changed during the cultivation. The culture with
the initial pH of 6.5 showed a medium pH of 4.5 after 24 h
of culture (data not shown). This result agreed with those
of Badr-Eldin et al. [1] who also reported that pullulan
production was the highest with an initial pH of 6.5.

Effects of pH on the Yield of Pullulan and the
Morphology of A. pullulans

A. pullulans was cultured in a 2.5-1 fermenter containing
1.5 1 of medium, with the pH controlled at 2.5 to 7.5 by the
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Fig. 1. Effect of initial pH on the production of pullulan and
specific yields on pullulan production by 4. pullulans in shake-
flasks.

The data were obtained from 5-day culture grown at 28°C and the values
were based on results of triplicate experiments. The different initial pH was
adjusted to 2.5, 3.5, 4.5, 5.5, 6.5, 7.5, and 8.5 before sterilization. (-@-):
Dry Cell Weight (g/1). (-C-): Pullulan Weight (g/1). (-M-): Specific Yield
(g pullulan/ g cell).

8 3

161
? 14 §
=
2 424 b2 2
[ c
3 i
£ 10 £
[ =]
3 =
2 87 z
3 81 -1 g
- 2
8+ ’

21

0 r r T : : T 0

25 35 4.5 5.5 6.5 75
pH

Fig. 2. Effect of pH on the production of pullulan and specific
yields on pullulan production by A. pullulans in 2.5-1 fermenter.
The impeller speed, air flow rate, and temperature for culture were
500 rpm, 0.5 vvm, and 28°C, respectively. The constant pH was adjusted to
2.5,3.5,4.5,5.5,6.5, and 7.5 before sterilization. The values were based on
results of triplicate experiments. (-@-): Dry Cell Weight (g/). (-O-):
Pullulan Weight (g/1). (-M -): Specific Yield (g pullulan/ g cell).

addition of 1 N HCl or 1 N NaOH. The maximum cell
growth of 4. pullulans at a pH of 6.5 was achieved at the
level of 16.55 g/, with a yield coefficient of 0.33 (Fig. 2).
However, the maximum pullulan production was obtained
at a pH of 4.5, and the pullulan concentration was 13.31 g/l
with a yield coefficient of 0.27 and a specific yield of
1.5 g/g. These results agreed with those of Shin et al. [17].

Fig. 3. The different morphologies of the A. puilulans at various
pHs.
(A) pH 2.5; (B) pH4.5; (C) pH 6.5; (D) pH 7.5.
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Fig. 4. Effect of pH control and dissolved oxygen concentration control on the production of puliulan and pH by A. pullulans in 5-1

fermenter. Cultivated at different culture conditions.

(a) Dry cell weight; (b) dry pullulan weight; (¢} pO2; (d) pH. (O): Constant pH 6.5 and DO control to 50% of pO, (pH control and DO control). (M ):
Constant pH 6.5 and without DO control (pH control and DO noncontrol). (O): Initial pH 6.5 and with DO control to 50% of pO, (pH noncontrol and DO
control). (@): Initial pH 6.5 and without DO control (pH noncontrol and DO noncontrol).

The morphology of the cell at various pH levels was
evaluated by a microscope. Culture pH was the most
important parameter to significantly affect morphological
change [2]. Cells at pH 2.5 showed mycelial growth (Fig.
3A), however, the mycelial form started to change to a
yeast-like single cell at pH 4.5 (Fig. 3B). Further increase
of pH increased the portion of the yeast-like cell as shown
in Figs. 3C and 3D. The cell showed a high growth rate
during singie cell morphology at pH 6 to 7. However, the
pH decrease of the culture broth induced the morphological
change to mycelia. Due to the linear mycelial growth, the

cell mass yield coefficient decreased. When the mycelial
growth started, by the pH decrease to 4.5, the environmental
condition for the cell became unfavorable, thus leading to
exopolysaccharide pullulan production.

Effect of pH and DO on Cell Growth and Production of
Pullulan

Cell growth and pullulan production from A. pullulans
were determined at various culture conditions with
dissolved oxygen (DO) and pH as variables. DO and pH
values were monitored (Fig. 4), and the final yields and

Table 1. Effect of dissolved oxygen concentration and pH control on the cell mass and pullulan productivity.

. Cell Pullulan
Final - - - - - —
pH DO pH Concentration Yield Specific growth Concentration Yield Productivity
(g Yy g/g)  rate p,, (1/h) (g (Y, 8/2) (g/Vd)
6.5° 50° 6.50 16.86 0.34 0.103 13.10 0.26 2.64
6.5° - 6.50 15.84 0.32 0.101 13.62 0.27 2.64
-° 50° 3.47 14.26 0.29 0.099 25.54 0.51 5.04
= - 4.81 11.27 0.23 0.134 18.73 0.37 3.84

‘pH control condition: pH was controlled to 6.5.
*pH noncontrol condition: initial pH was adjusted to 6.5.

‘DO control condition: DO value was maintained above 50% by increasing agitation speed.
‘DO noncentrol condition: aeration was set to 0.5 vvm and 500 rpm of agitation speed.
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productivities of the cell and pullulan were summarized in
Table 1.

The DO (Fig. 4c; blank) was controlled with agitation
speed (500 rpm to 800 rpm) to maintain O, concentration
above 50%, and the pH (Fig. 4d; square) was controlled
to 6.5 with 1 N HCI and 1 N NaOH. Concentrations of
biomass and pullulan increased steadily during 50h of
fermentation as shown in Figs. 4a and 4b, respectively.

At a constant pH condition of 6.5, the cell growth and
pullulan productions in each case showed similar patterns
regardless of dissolved oxygen concentrations (Figs. 4a
and 4b; square). The cultures with pH control conditions
showed higher cell growth than those without pH control,
however, the cultures showed lower pullulan productions
than those without pH control. When the pH of the culture
was maintained at 6.5 throughout the fermentation period,
the oxygen concentration did not influence the cell growth
and pullulan production. A constant pH level of 6.5 might
provide a proper condition for the cell to proliferate. Most
of the carbon source allocated to cell mass production
caused less production of the pullulan.

In the case of DO noncontrol, oxygen was provided at a
constant rate (0.5 vvm, 500 rpm) and oxygen concentration
rapidly decreased to less than 10% in 20 h. In the case of
the DO control condition, dissolved oxygen concentration
decreased to less than 50% in 10 h, thus the agitation
speed was increased to 800 rpm to increase the oxygen
concentration to higher than 50%.

At pH noncontrol (initial pH of 6.5) conditions with and
without DO control, the maximum cell densities were low
compared to those of the pH control conditions. However,
the production of pullulan increased compared to those of
the pH control conditions. (Figs. la and 1b, circle). The
maximum pullulan production was achieved at an amount
of 25.54 g/, and the yield coefficient (Y,,) increased to
0.51 with the DO control (Fig. 4b, Table 1).

The final yields and productivity are shown in Table 1.
Oxygen is necessary for the biosynthesis of pullulan by 4.
pullulans. High pullulan yield and synthesis rates are
associated with high oxygen concentration. The results
were in accordance with the fact that the rate of pullulan
synthesis and the yield of pullulan were proportional to
oxygen availability. The final pH of the culture with a DO
control and without a pH control (Fig. 4d, Table 1.) was
3.47, which was lower than the pH of 4.81 in the DO
noncontro! and the pH noncontrol conditions. The condition
with a pH of 3.5 was not proper for the growth of 4.
pullulans. However, this accelerated the production of
pullulan from glucose. Therefore, the mass production of
pullulan was obtained when the pH reached a level of 3.5
in the pH noncontrol, and oxygen concentration was
maintained higher than 50%. However, the cell growth and
the pullulan production were retarded due to lack of oxygen
in the pH noncontrol and the DO noncontrol conditions.

Molecular Weight Distribution of Pullulan and Pullulan
Degrading Enzyme Activity

A high molecular weight pullulan above 2.0x10° is
important for industrial applications. The molecular weight
of pullulan could depend on both culture conditions and
the strain used [15, 21].

The molecular weight distributions of pullulan produced
at various conditions are shown in Fig. 5. The proportion
of high molecular weight pullulan increased steadily at
the logarithmic phase (40 h) in each condition. The total
amounts of pullulan in the pH noncontrol conditions (Figs.
5¢ and 5d) were much higher than those of the pH control
conditions (Figs. 5a and 5b). In the case of the pH
noncontrol condition, the portion of high molecular weight
pullulan was at a maximum level of 6.02 g/l after 30 h of
fermentation (Fig. 5¢). However, after reaching the maximum

(@

High molecular weight (>200,000)
2 Low molecular weight (< 200,000)

Molecular weight distribution of putlulan (gA)

0 30 60 90 120 150
Cultivation time (h)

Fig. 5. Pullulan concentration as a function of culture time.

(a) Constant pH 6.5 and DO control to 50% of pO, (pH control and DO
control), (b) constant pH 6.5 and without DO control (pH control and DO
noncontrol), (¢) initial pH 6.5 and with DO control to 50% of pO, (pH
noncontrol and DO control), (d) initial pH 6.5 and DO control (pH
noncontrol and DO noncontrol)). (M), High molecular weight (>200,000);
(T_"), low molecular weight (<200,000).
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level, the amount of high molecular weight portion of
pullulan decreased and, consequently, the low molecular
weight portion increased. In the case of a constant pH of
6.5, the portion of high molecular weight pullulan reached
a high level of 5.7 g/l at 59 h and maintained the high
molecular weight pullulan for 150 h (Fig. 5b).

This indicated that the cells at a high pH produced high
molecular weight pullulan, but the yield coefficient of
pullulan was low. The reason for the decrease in the
high molecular weight portion of pullulan at low pH was
likely the pullulanase activation at low pH levels and acid
hydrolysis during low pH conditions.

The amount of high molecular weight pullulan produced
in a pH control condition (pH 6.5) was maintained at the
level throughout the fermentation period. The molecular
weight shift in the pH noncontrol condition was caused by
the activation of pullulanase. As shown in Fig. 6, standard
pullulanase showed optimum activity at pH 4.0-8.0, and
the crude pullulanase from a fermentation broth showed
optimum activity at a pH of 3.0-4.0. Crude pullulanase
from the fermentation broth showed 70% of the pure
pullulanase activity.

Generally, pullulanase is one of the starch debranching
enzymes, and the optimum pH for activity is in the
range of 5.0-7.0. However, crude pullulanase in this study
showed optimum activity at pH 3.0 (Fig. 6). Therefore, pH
decreases in the culture with a pH noncontrol and a
DO control condition promoted the degradation of high
molecular weight pullulan. In contrast, the molecular
weight of pullulan produced in the pH control condition,
pH 6.5, could maintain a high molecular weight portion of
pullulan throughout the fermentation process.

During the fermentation with 4. pullulans, the formation
of a black pigment was observed at the initial stationary

110
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40 -

Relative activity (%)

30 1
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10 4

0 ——— e ——————

1 2 3 4 5 [ 7 8 9
pH

Fig. 6. Effect of pH on the activity of enzyme from culture
broth by A. pullulans and on pullulanase activity.

Treated pullulan with pure pullulanase (@), crude enzyme solution with
fermentation time of 1 day (Enzyme-1) (O), crude enzyme solution with
fermentation time of 3 days (Enzyme-3) (V).

stage; the pigment is synthesized through the pentaketide
pathway in which 1,8 dihydroxynaphthalene is the direct
precursor [20]. It has been reported [16] that melanin
pigment appears between 2 and 4 days of fermentation.
The strain used in the present study produced melanin at
the initial stationary phase of 40 h of fermentation, at which
the production of the high molecular weight pullulan reached
the maximum level.

In conclusion, the maximum production yield of pullulan
was obtained from the culture of 4. pullulans with pH
noncontrol (initial pH 6.5) and DO control conditions. In
addition to the pullulan yield, the fermentation time should
be less than 40 h to prevent pigment formation. Therefore,
the optimum conditions for the production of high molecular
weight pullulan without pigment is suggested to be pH
noncontrol (initial pH 6.5) and a DO control (above 50%)
condition with 40 h of fermentation time.
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