Carbohydrate Polymers 82 (2010) 111-117

journal homepage: www.elsevier.com/locate/carbpol

Contents lists available at ScienceDirect

Carbohydrate Polymers

Levan production using Bacillus subtilis natto cells immobilized on alginate

Ing-Lung Shih®*, Li-Dar Chen?, Jane-Yii WuP

2 Department of Environmental Engineering, Da-Yeh University, 168, University Rd., Dacun, Changhua 51591, Taiwan

b Department of Bioindustry Technology, Da-Yeh University, Changhua, Taiwan

ARTICLE INFO ABSTRACT

Article history:

Received 18 March 2010

Received in revised form 31 March 2010
Accepted 13 April 2010

Available online 21 April 2010

Keywords:

Bacillus subtilis natto
Levan

Alginate
Immobilization
Repetitive fermentation

The immobilization of B. subtilis natto Takahashi on alginate matrix was attempted for repeated produc-
tion of levan. Factors that influence the stability of the immobilized-cell beads and the levan production
in the process of fermentation were also investigated. The levan production and the stability of immo-
bilized beads were greatly affected by the sucrose concentration, medium pH, metal ions and agitation
speed. When the immobilized cells were cultivated in the optimal conditions, high levan production
(70.6 g/L) was obtained after 3 d of fermentation and no damaged beads were observed. In the repetitive
cultivation, the supplement of organic nitrogen source and control of initial pH was critical for high levan
production. Immobilized cells on alginate beads were reused in five successive reaction cycles (each cycle
72 h) without any loss of biocatalytic activity and 9 cycles with 72% residual activity.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Levan, a 3-(2 — 6) fructan biopolymer with occasional 3-(2 — 1)
branching, was found in many plants and microbial products (Han,
1990). Microbial levan is of commercial importance, which offers a
variety of industrial applications in the fields of cosmetics, foods
and pharmaceuticals; it can be used as industrial gums, blood
plasma extender, sweeteners, hypocholesterolemic agent and anti-
tumor agent (Leibovici & Stark, 1985; Yamamoto et al., 2000).
Potential applications of levan have also been proposed as an emul-
sifier, formulation aid, stabilizer and thickener, surface-finishing
agent, encapsulating agent, and carrier for flavor and fragrances
(Han, 1990; Jang et al., 2001).

Microbial levans are produced from sucrose-based sub-
strate by transfructosylation reaction of levansucrase (beta-2,6
fructan:p-glucose-fructosyl transferase, EC 2.4.1.10) by a variety of
microorganisms (Corrigan & Robyt, 1979; Dedonder, 1966; Hestrin,
Avineri-Shapiro, & Aschner, 1943; Kennedy, Stevenson, & White,
1989; Shimamura et al., 1987; Tanaka, Susumu, & Yamamoto,
1979). Although many investigations on the levan production
have been reported, all suffer the disadvantages of low yield and
contaminating of impure products. In recent years, strategies to
improve the yield of levan production by microorganisms attracted
greater attention (Melo, Pimmentel, Lopes, & Calazans, 2007; Muro,
Rodriguez, Abate, & Sifieriz, 2000; Rhee et al., 2002). In our pre-

* Corresponding author. Fax: +886 4 8511344.
E-mail address: ils@mail.dyu.edu.tw (L.-L. Shih).

0144-8617/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.carbpol.2010.04.030

vious reports (Shih & Yu, 2005; Shih, Yu, Shieh, & Hsieh, 2005)
we have found that Bacillus subtilis (natto) Takahashi, a commer-
cial natto starter, was able to selectively produce levan in sucrose
medium. In addition, it is the most efficient levan producing strain
reported to date; it produced the highest amount of levan in
less time (21h) under the same cultivation condition. B. subtilis
(natto) Takahashi can accumulate 30-50g/L levan during batch
fermentation.

For industrial application, immobilization of biocatalysts such
as enzymes or living cells on inert supports is a very appealing
approach because it offers several advantages over free-cell fer-
mentation in that it can facilitate product isolation and biocatalyst
reutilization. Moreover, immobilized system based on living cells
has active metabolic ability to synthesize complicated bioprod-
ucts using the multi-enzyme catalysis. In addition, this approach
may help to enhance catalytic activity and prolong catalytic life
of the biocatalysts (Vignoli, Celligoi, & Silva, 2006). Because of its
economical potential, the immobilization of whole growing cells
by techniques of encapsulation, entrapment in polymer gels and
adhesion onto the surface of carriers has been applied for valu-
able bioproduct productions (Aykut, Hasirci, & Alaeddinoglu, 1988;
Mozes & Rouxhet, 1984). Numerous immobilization supports and
matrices have been used for the immobilization of biocatalysts
(Furusaki & Seki, 1992). However, because of the mild conditions
forimmobilization and its simplicity, calcium alginate was the most
common immobilization matrix used nowadays and it has been
used in various whole-cell immobilizations for bioproduct produc-
tions (Gacesa, 1988; Gough, Barron, Zubov, Lozinsky, & McHale,
1998; Prasad & Mishra, 1995).
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Production of levan by immobilization of levansucrase from
Zymomonas mobilis and B. subtilis on different immobilization
matrixes using different methods, like ionic binding, covalent
binding, cross linking and matrix entrapment have been well
documented in the literature (Chambert & Petit-Glatorn, 1993;
lizuka, Yamaguchi, Ono, & Minamiura, 1993; Marx, Koning, &
Hartmeier, 1999; Parlot & Mansen, 1984). It was found that levan-
sucrase immobilized on calcium alginate gel strongly increased its
polymerase activity, in addition to the highest stability and immo-
bilization efficiency (Esawy, Mahmoudl, & Fattah, 2008). However,
investigation of levan production by whole-cell immobilization
was scarce (Berkers et al., 2001). In this study, the immobiliza-
tion of B. subtilis natto Takahashi, a commercial natto spore, on
alginate matrix was attempted for repeated production of levan.
Factors that influence the stability of the immobilized-cell beads
and the levan production in the process of fermentation were also
investigated.

2. Materials and methods
2.1. Reagents, microorganisms and culture medium

B. subtilis (natto) Takahashi was obtained from Gem Cultures (Ft
Bragg, CA, USA) or Takahashi Yuzo research facility Japan. Nutri-
ent agar (NA) and nutrient broth (NB) composed of beef extract
(3g/L), peptone (1.5 g/L), and NaCl (5g/L), pH 7.4 were purchased
from DIFCO Laboratories Michigan, USA. Culture medium (SM
medium) composed of sucrose (200g/L), MgS0O4-7H,0 (0.5g/L),
NaH,PO4-2H,0 (3 g/L), Na,HPO4-12H,0 (3 g/L) were used for levan
production. MgSO4-7H,0, NaH,PO4-2H50, Na;HPO4-12H, 0, CaCly,
and AlCl5-6H,0 were obtained from Sigma Chemical, USA. All other
reagents used were of the highest grade available unless otherwise
indicated.

2.2. Immobilization of B. subtilis (natto) Takahashi cells in
Ca-alginate gel beads

For immobilization, the powder of B. subtilis (natto) Takahashi
cells (approximately 3 g of cells, dry wt.) were suspended with
10mL of sterilized distilled water and mixed thoroughly with
200 mL of 3% (w/v) sterilized sodium alginate solution. After proper
mixing, the suspension was dropped by a pipetter into 2% CaCl,
solution. The Ca-alginate gel beads were washed to remove the
excess of CaCl, solution. The mean diameter of beads obtained was
about 0.33 mm.

2.3. Conditions for batch and repeated batch fermentation

The immobilized cells were inoculated into 1500 mL of NB com-
posed of beef extract (3 g/L), peptone (1.5 g/L), and NaCl (5 g/L), pH
7.4 in a 2 L sterilized serum flask, and incubated at 37°C for 24h
with shaking at 100 rpm. After activation, 10 g of the immobilized
cells were incubated with 300 mL SM medium into 500 mL Erlen-
meyer flasks at 37 °C, pH 5.8 for 80 h at a gentle agitation of 100 rpm.
Repeated batch fermentation was conducted in fermentation run
up to 80 h/batch. At the end of each fermentation run, the gel beads
collected from fermentation broth were washed with sterile water
and transferred to the fresh medium. This procedure was continued
for runs in this experiment.

2.4. Factors affecting on the levan production and stabilities of
alginate-immobilized cells

The immobilized cells were inoculated into NB and incubated
with SM medium as described above. In order to determine the
effect of sucrose concentration on levan production by Ca-alginate

immobilized B. subtilis (natto) cells, sucrose concentrations in SM
were varied at 0, 50, 100, 150, 200, and 250 g/L. To test the effects
of metal ions for enhancing the strength of alginate beads, immobi-
lized cells were incubated with SM (200 g/L sucrose) supplemented
with 0.2% of various metal ions (Al3*, BaZ*, Ca2*, Mg2*, Fe?* and
Fe3*) and cultivated at 37°C, pH 5.8 for 80 h at a gentle agitation of
100 rpm. The effect of initial pH was studied by conducting fermen-
tation at various initial pH of 3.0, 5.0, 6.0, 7.0, 9.0 and 11.0 adjusted
with 0.2 M sodium hydroxide, and cultivated at 37 °C, for 80 h at a
gentle agitation of 100 rpm.

2.5. Analytical methods

Levan in the culture supernatant was precipitated using 75 vol%
of ethanol and the concentration was determined as fructose units
after hydrolysis in 0.1N HCl at 100 °C for 2 h (Viikari & Gisler, 1986).
The number-average molecular weight (M;,) of the levan was mea-
sured by gel permeation chromatography (GPC) system (Hitachi
L6200 series, Japan) on a series of TSK gel G5000PWXL and TSK
gel G4000PWXL columns (Toso Haas, Tokyo, Japan) and a refrac-
tive index (RI) detector (Bischoff, Model 8110) with de-ionized
water as an eluent. The flow rate was set at 1.0 mL/min and the
column oven was at 50°C (Shih & Yu, 2005). 'H NMR and 13C
NMR spectroscopy was performed with a Varain Unity Inova 600
spectrometer. Samples for NMR were dissolved in D,0 solution.
For sugar analysis, fermentation samples were filtered through a
0.2 wm filter, the concentration of sugars (sucrose, glucose, and
fructose) were measured by HPLC using a Hitachi L6200 system
controller equipped with Spherclone 5w KS-802 300 x 8.0 mm,
a refractive index (RI) detector (Bischoff, Model 8110). The
flow rate was set at 0.5mL/min and the injection volume was
20 L.

3. Results and discussion

3.1. Effects of sucrose concentrations on the levan production by
alginate-immobilized cells

The effect of sucrose concentration varied at 0, 50, 100, 150,
200, and 250 g/L on levan production by Ca-alginate immobilized
B. subtilis (natto) cells were studied. The time course of levan pro-
duction and sugar concentration during fermentation is shown in
Fig. 1. It was previously shown that in the free-cell cultivation,
the maximum levan productivity (49.4 g/L) occurred after 21 h cul-
tivation in the medium containing 200 g/L of sucrose, while the
yield decreased at higher and lower sucrose concentration (Shih
& Yu, 2005). In the immobilized-cell cultivation, there was a lag
for the maximum levan production, which appeared after 36 h of
cultivation. The levan concentration increased with the increase
of sucrose concentration, which reached the highest (86.3 g/L)
when the sucrose concentration was 200g/L. It was previously
shown that the highest production of levan obtained by suspended
free-cell fermentation for various levan-production strains was
50-60 g/L (about 20-25% yield on available sucrose) for B. subtilis,
36 g/L (24% on available sucrose) for B. polymyxa (NRRL B-18475),
50g/L (23% on available sucrose) for Z. mobilis and 15g/L (30%
on available sucrose) for Erwinia herbicola, respectively (Han &
Clarke, 1990; Keith et al., 1991; Shih & Yu, 2005). The highest pro-
duction of levan, 86.3 g/L (about 43% yield on available sucrose),
obtained by fermentation of Ca-alginate immobilized B. subtilis
(natto) cells was much improved than that obtained by fermenta-
tion of suspended free-cell. In addition, the levan-production rate
for the suspended free-cell fermentation of B. subtilis (natto) was
50-60g/L/d, which was much higher than those of other levan-
producing strains; they are 3.6 g/L/d for B. polymyxa, 5.0 g/L/d for
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Fig. 1. The time course of levan production and sugar concentration by fermentation of alginate-immobilized B. subtilis natto in medium containing various sucrose
concentrations. Sucrose concentration (H) 0g/L; (®) 50¢g/L; (o) 100g/L; (v) 150g/L; (O) 200g/L; (O) 250 g/L.

E. herbicola and 5-6g/L/d for Z. mobilis, respectively. In contrast,
the levan-production rate for the Ca-alginate immobilized B. sub-
tilis (natto) was 57.5 g/L/d, which is comparable to that of free-cell
fermentation.

The Gel-Permeation chromatograms (GPC) of levan product
from Ca-alginate immobilized B. subtilis (natto) in fermentation
medium containing various sucrose concentrations are shown in
Fig. 2. It was shown that two peaks, one has molecular weight
greater than 2000 kDa and the other has molecular weight around
6-9 kDa, were always obtained regardless the sucrose concentra-
tion used. This is consistent with the previous results obtained for
the free-cell fermentation of B. subtilis Takahashi in shake flask
and fermenter (Shih & Yu, 2005), and for the levansucrase cat-
alyzed formation of levans (Euzenat, Guibert, & Combes, 1997), in
that high and low molecular weight levans appeared simultane-
ously during sucrose consumption. The dual molecular-weight of
levan products produced by B. subtilis Takahashi in free-cell and
immobilized-cell fermentation was rather characteristic; however,
the mechanism by which these two different molecular-weight
products were formed is still unknown. The potential applications
ofthe high and low molecular weight levans were well documented
in the literature and it was shown that levan with different molec-
ular weight was needed for different purposes (Calazans, Lima,
de Franca, & Lopes, 2000; Leibovici & Stark, 1985; Schechter &
Hestrin, 1963). Therefore, fractionation of levans of low and high
molecular weight is necessary. Previously, successful fractionation
of levans using an ethanol gradient and membrane ultrafiltration
has been demonstrated (Chen, 2009; Shih & Yu, 2005). In addi-
tion, the pure levan products produced in this study were also
characterized by "HNMR, 13C NMR. The "HNMR and '3C NMR spec-
tra show peaks identical to those of authentic samples previously
reported (Han, 1990; Shih & Yu, 2005), indicating that the polysac-
charide produced was levan type with the linkage of B(2—6)
fructofuranoside.

3.2. Effects of metal ions on the levan production and stabilities of
alginate immobilized cells

In the previous experiments, it is noticed that the immo-
bilized beads were damaged or disintegrated after 72h of
cultivation. In order to have repetitive use of the immobi-
lized cells, preventing deformation and maintaining the integrity
of the beads are critical. It was shown previously that cal-
cium alginate gel can be stabilized with simple treatment with
trivalent cations, gel strength can be increased by a factor of
two after washing with 0.1 M aluminum nitrate without signif-
icant loss of ability for cell immobilization (Rochefort, Rehg, &
Chau, 1986). In addition, stronger alginate matrix was demon-
strated by adding CaCOs into fermentation medium that results
in higher calcium levels (Morin, Bernier-Cardou, & Champagne,
1992). Furthermore, in the study of the operational stability of
the immobilized packed-bed bioreactor for ethanol production,
CaCl, solution (2%) was passed through the column occasionally
to prevent disruption and maintain the mechanical structure of
Ca-alginate beads before increasing the sugar concentration of the
feed (Goksungur & Zorlu, 2001).

The effects of metal ions (Ba2*, Ca2*, Mg2*, Fe?* and Fe3*) at
0.2% were studied for enhancing the strength of alginate beads.
The results showed that in the medium supplemented with Ba%*,
Ca?*, and Mg?*, the maximum levan production reached after 72 h
of cultivation; they are 6.7 g/L, 74.4g/L and 79.0 g/L, respectively.
In contrast, in the medium supplemented with Al3*, Fe2* and Fe3*,
the levan production was completely inhibited in that no leven pro-
duction was observed within 80 h of cultivation. However, severely
damaged and disintegrated beads were observed after 72 h of fer-
mentation in medium supplemented with Ba%*, Mg2*, Fe2* and Fe3*,
Partially damaged and totally intact beads were observed after 72 h
of fermentation in medium supplemented with Ca2*, AI3*, respec-
tively. The stabilities of beads enhanced by addition of AI3* in the
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Fig.2. GPCchromatogram of levan products from Ca-alginate immobilized B. subtilis
(natto) in fermentation medium containing various sucrose concentrations.

medium were significant, although the levan production was com-
pletely diminished for the reason still unknown.

To further study the effects Al3*on the stability and levan pro-
duction of immobilized cells, various concentrations of Al3* (0%,
0.01%, 0.03%, 0.05%, 0.1% and 0.2%) were supplemented with SM
medium in addition of 0.2% of Ca2*. Fig. 3 shows the levan produc-
tion under the influence of various Al3* concentrations. The results
showed that when the AI3* concentration was less than 0.1%, the
maximum levan production reached after 72 h of cultivation; they
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Fig. 3. The levan production by Alginate-immobilized B. subtilis (natto) in fermen-
tation medium supplemented with various concentration of AI3*. AI3*concentration
(m) 0%; (@) 0.01%; (a) 0.03%; (v) 0.05%; (O) 0.1%; (O) 0.2%.

are 75.4g/L, 73.1g/L, 71.3 g/L and 67.7 g/L when AI3* concentration
was 0%, 0.01%, 0.03% and 0.05%, respectively. When the AI3* con-
centration was 0.1%, the levan production was partially inhibited
and the maximum levan production after 72 h of cultivation was
46.3 g/L.In contrast, the levan production was completely inhibited
when AI3* concentration was higher than 0.2%, in that no levan pro-
duction was ever observed within 80 h of cultivation. On the other
hand, severely damaged and disintegrated beads were observed
after 72 h of fermentation when AI3* concentration was less than
0.1%; however, totally intact beads were observed after 72 h of fer-
mentation when the AI3* concentration beyond 0.1% was added.
The supplement of AI3* concentration higher than 0.1% has greatly
enhanced the stability of beads, which was compromised by the
reduction of levan production. It was also noticed that the addition
of metal ions has made no difference to the molecular weight of
levan products, in that two peaks, one has molecular weight greater
than 2000 kDa and the other has molecular weight around 6-9 kDa,
were always obtained regardless the metal ion used, a result similar
to what was described in the previous section.

3.3. Effects of initial pH and agitation speed on the levan
production by alginate immobilized cells

The effect of various initial pH on the levan production of the
immobilized B. subtilis (natto) Takahashi during the batch fermen-
tation is illustrated in Fig. 4(A). The results showed that the levan
production by alginate-immobilized B. subtilis (natto) was high in
a neutral environment with an initial pH in the region of 5.0-7.0,
generally 65-80 g/L of levan was produced after 72 h of cultivation.

B) 100

80 |
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40
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60 80

Fig. 4. The time course of levan production by alginate-immobilized B. subtilis natto at (A). Various initial pH (B) various shaking speeds. Initial pH (W) 3.0; (®) 5.0; (a) 6.0;
(v)7.0; (O) 9.0; (O) 11.0. Shaking speed (rpm) (W) 0; () 100; (@) 125; (O) 150; (a)175; (v) 225.



L-L. Shih et al. / Carbohydrate Polymers 82 (2010) 111-117

6.0

115

1st batch

5.6+ 2nd batch

||
520\ .

pH

4.8+

44}

"‘l—'/.é"" ""'_';/.\ n I\'

3rd batch 4th batch 5th batch

g g R fun
n | § B
.\ ."-..._-—-

1

[ ]
601 ./ \ t

"

20

Levan
concentration (g/L)

a—thoanaa . a R

200

k
150 XA

100+ \

50+
N

Sucrose
concentration (g/L)

LAAAA

- "“A-._.‘l‘"‘-A—A——‘(‘ "AA'A—-A_.‘

0
100

80t ,V“‘V"J,

60+ /

40}

Glucose
concentration (g/L)

20t

- -vr'V"'vT"L

vy vV

Fructose
concentration (g/L)

2 I o L

_o—T4 D/D——‘E

—1

0
¥ e o
0 h o ol

h o e T

40 80 120

160 200 240 280 320 360 400 440 480

Culture time(h)

Fig. 5. The time course of levan production by immobilized cells during repeat-batch fermentation without pH control.

An environment, which is too acidic and alkaline, is not conducive
for levan production. The levan concentration was only 22.4g/L
when the initial pH was 9.0, it was completely diminished when
the initial pH was 3 and 11, and this is probably due to the fact
that the extreme initial pH brought too much stress on the organ-
ism metabolic abilities (Goksungur & Guvenc, 1997). These results
are similar to what was observed for free-cell fermentation previ-
ously reported (Chen, 2009), although immobilized cells are often
proved to be more stable to changes in their surroundings than
free cells (Goksungur & Guvenc, 1997). When the initial pH was
in the region of 3.0-6.0, the beads remained intact; beyond that
range, severely damaged and disintegrated beads were observed
after 72 h of fermentation.

In Fig. 4(B), the effect of various shaking speeds on the levan
production of the immobilized B. subtilis (natto) Takahashi during
the batch fermentation is illustrated. The results showed that the
levan production by alginate-immobilized B. subtilis (natto) was
higher in shake culture than in static culture; the maximum levan
production was 66.2 g/L, 68.7 g/L, 70.6g/L in 48 h and 59.7g/L in
72 h for shaking speed at 100 rpm, 125 rpm, 150 rpm and 175 rpm,
respectively; in contrast, the maximum levan production lagged
behind and only 28.8 g/L was obtained in static culture. It should
be noticed that the beads remained intact during the process of cul-
tivation when the shaking speed was in the region of 0-150 rpm,
while severely damaged beads were observed at 225 rpm. It was
again observed that the variation of initial pH and agitation
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speed had no influence on the dual molecular weight of levan
products.

3.4. Repeated batch fermentation of alginate immobilized cells

The importance of cell immobilization on solid materials lies
in the fact that the biocatalysts thus generated can be easily
separated from the reaction mixture for reuse if the immobi-
lized cells are sufficiently stable. In this work, repeated batch
cultivation was conducted in the optimal medium contents
(sucrose: 200g/L, MgSO4-7H,0: 0.5g/L, NaH,P04-2H,0: 3g/L,
Nay;HPO4-12H,0: 3 g/L, CaCl, 0.2%, AlCl3-6H,0 0.1%) and the opti-
mal culture condition (pH 5.6-5.8, 37%, 150 rpm) obtained from
the above studies, and the results are shown in Fig. 5. It was
seen in the first batch of fermentation that the pH of the medium
was lower than the initial pH while the sucrose was consumed
in the process of cultivation, which was accompanied by the pro-
duction of levan and the accumulation of glucose; the maximum
levan production (66.2 g/L) was observed after 48 h of fermenta-
tion. In the second batch of fermentation, the initial pH dropped
immediately as soon as the beads recovered from the first batch
were transferred into the 2nd batch medium, this is probably
due to the fact that low pH medium at the end of first fermen-
tation was partly carried over by the beads into the 2nd batch
medium, that led to the drop of initial pH. The same phenom-
ena were seen in every batch of the repeated fermentation. It
was also observed that the sucrose consumption accompanied by
the production of levan and the accumulation of glucose in the
process of 2nd batch cultivation was dramatically reduced; the
maximum levan production observed was only 30.4 g/L. Further-

more, the sucrose consumption accompanied by the production
of levan and the accumulation of glucose was completely dimin-
ished from the 3rd batch of fermentation afterward. The drop
in the 2nd batch and the completely diminished from the 3rd
batch of levan production and sucrose consumption is likely to be
attributed to the lack of nitrogen supply in the medium which com-
posed only of sucrose and salts (sucrose: 200 g/L, MgSO4-7H,0:
0.5¢g/L, NaH,;PO4-2H,0:3 g/L, NapHPO4-12H,0:3 g/L, CaCl, 0.2%,
AICl3-6H,0 0.1%). The limited nitrogen supply in the 1st batch
of fermentation is likely to be contributed from the carry-over
of the immobilized beads which were pre-incubated in nutrient
broth (NB) composed of beef extract (3 g/L), peptone (1.5 g/L), and
NaCl (5g/L) before they were transferred into levan-production
medium. This is consistent with the facts that limited nitrogen is
a critical factor for high polysaccharide production in that high
polysaccharide was obtained when bacterial cells were supple-
mented with an abundant carbon source and a limited nitrogen
source (Lee & Lee, 2001; Saudagar & Singhal, 2004). Therefore, it
is conceivable that with the control of the initial pH and the sup-
plement of needed nitrogen will revive levan production. In fact,
as seen in Fig. 6A and B, the levan production revived to a small
extent when the initial pH was controlled at 5.6-5.8 for every
batch after the immobilized beads were transferred from the pre-
vious batch. In addition, the levan production has resumed to a full
extent when NB powder was supplemented in the concentration of
0.8 g/L to the medium of each batch from the 2nd batch afterward.
Immobilized cells on alginate beads were reused in five successive
reaction cycles (each cycle 72 h) without any loss of biocatalytic
activity (Fig. 6C) and 9 cycles with 72% residual activity (data not
shown).
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Fig. 6. Levan production by immobilized cells in repeat-batch fermentation. (A) Without initial pH control and no addition of nitrogen source; (B) with initial pH control and
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4. Conclusions

In this study, successful immobilization of B. subtilis natto
Takahashi, a commercial natto spore, on alginate matrix for
repeated production of levan was demonstrated. The levan pro-
duction and the stability of immobilized beads were greatly
affected by the sucrose concentration, medium pH, metal ions
and agitation speed. Using immobilized B. subtilis (natto) and cul-
tivation in the optimal medium (sucrose: 200g/L, MgS0,4-7H,0:
0.5g/L, NaH,P04-2H,0: 3 g/L, NayHPO,4-12H,0:3 g/L, CaCl, 0.2%,
AlCl3-6H,0 0.1%) at optimal pH (5.6-5.8), temperature (37 °C) and
agitation speed (150rpm), high levan production (70.6 g/L) was
obtained after 3 d of fermentation, which is significantly higher
than by fermentation using free cell. In addition, no damaged and
disintegrated beads were observed in the fermentation process.
In the repetitive cultivation, the supplement of organic nitrogen
source and control of initial pH were critical for high levan pro-
duction. Immobilized cells on alginate beads were reused in five
successive reaction cycles (each cycle 72 h) without any loss of
biocatalytic activity and 9 cycles with 72% residual activity. The
immobilized B. subtilis natto Takahashi has the advantages of high
levan production even after long term and repetitive fermentation.

Acknowledgements

This work was supported by a grant (96-2628-B-212-001-MY3)
from National Science Council of Taiwan.

References

Aykut, G. G., Hasirci, V. N., & Alaeddinoglu, G. (1988). Immobilization of yeast cells
in acrylamide gel matrix. Biomaterials, 9, 168-172.

Berkers, M., Laukevics, ]., Karsakevich, A., Ventina, E., Kaminska, D., Upite, L, et al.
(2001). Levan-ethanol biosynthesis using Zymomonas mobilis cells immobilized
by attachment and entrapment. Process Biochemistry, 36, 979-986.

Calazans, G. M. T,, Lima, R. C,, de Franca, F. P., & Lopes, C. E. (2000). Molecular weight
and antitumor activity of Zymomonas mobilis levans. International Journal of
Biological Macromolecules, 27, 245-247.

Chambert, R., & Petit-Glatorn, M. F. (1993). Immobilisation of levansucrase on cal-
cium phosphate gel strongly increases its polymerase activity. Carbohydrate
Research, 244, 129-136.

Chen, L. D. (2009). Production of levan using immobilized Techniques. Master thesis,
Da-Yeh University, Changhua, Taiwan.

Corrigan, A., & Robyt, . F. (1979). Nature of the fructan of Streptomyces mutant OMZ
176. Infection and Immunity, 26, 386-389.

Dedonder, R. (1966). Levansucrase from Bacillus subtilis. Methods in Enzymology, 8,
500-505.

Esawy, M. A., Mahmoud], D. A. R., & Fattah, A. F. A. (2008). Immobilisation of Bacillus
subtilis NRC33alevansucrase and some studies on its properties. Brazilian Journal
of Chemical Engineering, 25, 237-246.

Euzenat, O., Guibert, A., & Combes, D. (1997). Production of fructo-oligosaccharides
by levansucrase from Bacillus subtilis C4. Process Biochemistry, 32, 237-
243.

Furusaki, S., & Seki, M. (1992). Use and engineering aspects of immobilized cells in
biotechnology. Advances in Biochemical Engineering Biotechnology, 46, 161-185.

Gacesa, P. (1988). Alginate. Carbohydrate Polymers, 8, 161-182.

Goksungur, Y., & Guvenc, U. (1997). Continuous production of lactic acid from beet
molasses by L. delbrueckii IFO 3202. Journal of Chemical Technology and Biotech-
nology, 69, 399-404.

Goksungur, Y., & Zorlu, N. (2001). Production of ethanol from beet molasses by Ca-
Alginate immobilized yeast cells in a packed-bed bioreactor. Turkish Journal of
Biotechnology, 25, 265-275.

Gough, S., Barron, N., Zubov, A., Lozinsky, V. 1., & McHale, A. P. (1998). Production of
ethanol from molasses at 45 °C using Kluyveromyces marxianus IM3 immobilised
in calcium alginate gels and polyvinyl alcohol. Bioprocess Engineering, 19, 87-90.

Han, Y. W. (1990). Microbial levan. Advances in Applied Microbiology, 35, 171-194.

Han,Y.W., & Clarke, M. A.(1990). Production and characterization of microbial levan.
Journal of Agricultural and Food Chemistry, 38, 393-396.

Hestrin, S., Avineri-Shapiro, S., & Aschner, A. (1943). The enzymatic production of
levan. Biochemical Journal, 37, 450-456.

lizuka, M., Yamaguchi, H., Ono, S., & Minamiura, N. (1993). Production and isolation
of levan by use of levansucrase immobilised on the ceramic support SM-10.
Bioscience Biotechnology and Biochemistry, 57, 322-324.

Jang, K. H., Song, K. B., Kim, C. H., Chung, B. H., Kang, S. A., Chun, U. H,, et al. (2001).
Comparison of characteristics of levan produced by different preparations of
levansucrase from Zymomonas mobilis. Biotechnology Letters, 23, 39-44.

Keith, ]., Wiley, B., Ball, D., Arcidiacono, S., Zorfass, D., Mayer, |., et al. (1991). Con-
tinuous culture system for the production of the biopolymer levan using the
bacterium Erwinia herbicola. Biotechnology and Bioengineering, 38, 557-560.

Kennedy, ].F., Stevenson, D. L., & White, C. A.(1989). The chromatographic behaviour
of a series of fructo-oligosaccharides derived from levan produced by the
fermentation of sucrose by Zymomonas mobilis. Carbohydrate Polymers, 10,
103-113.

Lee,]. H., & Lee, . Y. (2001). Optimization of uracil addition for curdlan (betaglucan)
production by Agrobacterium sp. Biotechnology Letters, 23, 1131-1134.

Leibovici, J., & Stark, Y. (1985). Increase in cell permeability to a cytotoxic agent by
the polysaccharide levan. Cellular and Molecular Biology, 31, 337-341.

Marx, S., Koning, S., & Hartmeier, W. (1999). Synthesis of fructooligosaccharrides
by native and immobilised levansucrase from Zymomonas mobilis. In Thirteenth
Forum for applied biotechnology Hept P and Belgium Proceedings, vol. 64 (pp.
246-251).

Melo, I. R., Pimmentel, M. F., Lopes, C. E., & Calazans, G. M. Y. (2007). Application of
fractional factorial design to levan production by Zymomonas mobilis. Brazilian
Journal of Microbiology, 38, 45-51.

Morin, N., Bernier-Cardou, M., & Champagne, C. P.(1992). Production of concentrated
Lactococcus lactis subsp. Cremoris suspension in calcium alginate beads. Applied
and Environmental Microbiology, 58, 545-550.

Mozes, N., & Rouxhet, P. G. (1984). Dehydrogenation of cortisol by Arthrobater sim-
plex immobilized a supported monolayer. Enzyme and Microbial Technology, 6,
497-502.

Muro, A. C., Rodriguez, E., Abate, C. M., & Sifieriz, F. (2000). Levan production using
mutant strains of Zymomonas mobilis in different culture conditions. Biotechnol-
ogy Letters, 22, 1639-1642.

Parlot, P., & Mansen, P. (1984). Production, purification, and immobilisation of Bacil-
lus sublits levansucrase. Annals of the New York Academy of Sciences, 434,468-471.

Prasad, B., & Mishra, I. M. (1995). On the kinetics and effectiveness of Immobilized
whole cell batch cultures. Bioresource Technology, 53, 269-275.

Rhee, S. K, Song, K. B., Kim, C. H., Park, B. S., Jang, E. K., & Jang, K. H. (2002). Levan. In
E.J. Vandamme, S. De Baets, & A. Steinbuchel (Eds.), Biopolymers (pp. 351-377).
Weinheim: Wiley-VCH, KGaA.

Rochefort, W. E., Rehg, T., & Chau, P. C. (1986). Trivalent cation stabilization of
alginate gel for cell immobilization. Biotechnology Letters, 2, 115-120.

Schechter, L., & Hestrin, S. (1963). Levan as a blood volume expander: relationship
of polymer size and behavior in the organism. Journal of Laboratory and Clinical
Medicine, 61,962-978.

Shih, I. L, & Yu, Y. T. (2005). Simultaneous and selective production of levan and poly
(+y-glutamic acid) by Bacillus subtilis. Biotechnology Letters, 27, 103-106.

Shih, L. L., Yu, Y. T., Shieh, C. J., & Hsieh, C. Y. (2005). Selective production and char-
acterization of levan by Bacillus subtilus (natto) Takahashi. Journal of Agricultural
and Food Chemistry, 53, 8211-8215.

Shimamura, A, Tsuboi, K., Nagase, T., Ito, M., Tsumori, H., & Mukasa, H. (1987). Struc-
tural determination of p-fructans from Streptococcus serotype b, ¢, e and f strains
by '3C-n.m.r spectroscopy. Carbohydrate Research, 165, 150-154.

Saudagar, P. S., & Singhal, R. S. (2004). Fermentative production of curdlan. Applied
Biochemistry and Biotechnology, 118, 21-32.

Tanaka, T., Susumu, O., & Yamamoto, T. (1979). Synthesis of levan by levansucrase.
Some factors affecting the rate of synthesis and degree of polymerization of
levan. Journal of Biochemistry, 85, 287-293.

Vignoli, J. A., Celligoi, M. A. P. C., & Silva, R. S. F. (2006). Development of a statistical
model for sorbitol production by free and immobilized Zymomonas mobilis in
loofa sponge Luffa cylindrica. Process Biochemistry, 41, 240-243.

Viikari, L., & Gisler, R. (1986). By-products in the fermentation of sucrose by different
Zymomonas strains. Applied Microbiology and Biotechnology, 23, 240-244.

Yamamoto, Y., Takahashi, Y., Kawano, M., lizuka, M., Matsumoto, T., Saeki, S., et
al. (2000). Hypercholesterolemic effects of levan in rats. In K. Nishinari (Ed.),
Hydrocolloids Part I (pp. 399-400). The Netherlands: Elsevier Science.



	Levan production using Bacillus subtilis natto cells immobilized on alginate
	Introduction
	Materials and methods
	Reagents, microorganisms and culture medium
	Immobilization of B. subtilis (natto) Takahashi cells in Ca-alginate gel beads
	Conditions for batch and repeated batch fermentation
	Factors affecting on the levan production and stabilities of alginate-immobilized cells
	Analytical methods

	Results and discussion
	Effects of sucrose concentrations on the levan production by alginate-immobilized cells
	Effects of metal ions on the levan production and stabilities of alginate immobilized cells
	Effects of initial pH and agitation speed on the levan production by alginate immobilized cells
	Repeated batch fermentation of alginate immobilized cells

	Conclusions
	Acknowledgements
	References


