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ABSTRACT

The present study was conducted with an aim to scale
up the production of iturin A using soybean curd re-
sidue (okara). Iturin A was produced by indigenous
bacterial strain Bacillus subtilis RB14-CS through
glass column reactor (GCR) under solid state fer-
mentation (SSF) was characterized. The enhanced
iturin A production was observed with respect to en-
hanced substrate bed height when SSF was conducted
in Erlenmeyer flask. To check the effect of substrate
bed height on iturin A production under SSF of okara,
GCR was introduced. Substrate bed height of 15 cm
was suitable for iturin A production which was about
2700 mg/kg wet substrate. The observed iturin A
production by the aerobic bacteria Bacillus subtilis in
nearly anaerobic condition in such high substrate bed
for SSF is a wonderful finding for development of
SSF system in future.
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1. INTRODUCTION

The extensive human activities in agriculture and food
industries produce a substantial amount of waste. These
wastes have become no longer negligible to the atmos-
phere. Therefore, it is necessary to develop optimized
system for waste management. Probably the only solu-
tion for the decent waste management is the recycling of
waste. Agriculture and food industries wastes, for exam-

“Corresponding author.

OPEN ACCESS

ple, wheat straw, rice hulls, corn cobs and okara are be-
ing recycled as solid substrates for SSF [1-3]. This pro-
cess requires relatively low energy whereas produces
higher concentrated products. Foods, feeds, fuel, enzy-
mes and antibiotics have been produced through SSF
[1,2].

The residue left from ground soy beans after extrac-
tion of the water extractable fraction used to produce soy
milk or tofu, is called okara. About 1.1 kg of fresh okara
is produced from every kilogram of soybean processed
into soymilk or tofu [4]. Annually about 0.7 million tons
of okara is produced as byproduct of tofu manufacture
and most of it has been incinerated as waste [2]. Okara is
rich in water-insoluble ingredients (protein (4.8%), fat
(3.6%), starch and sugar (6.4%), fiber (3.3%), ash (0.8%)
and water (81%)) making it a potentially useful substrate
for microbial fermentation [5]. In our laboratory okara
has been successfully used by several researchers [2,6]
for SSF, but very little work has been conducted to scale
up SSF and iturin A production.

The wild strain B. subtilis RB14 utilized in previous
works produced iturin A and surfactin [7]. In plate assay
it was found that purified iturin A inhibited a good num-
ber of plant pathogenic fungal growth [8]. Iturin A shows
strong antibiotic activity than that of surfactin [9]. Iturin
A is a cyclolipopeptide containing seven residues of
a-amino acids (L-Asn-p-Tyr-b-Asn-L-GIn-L-Pro-p-Asn-
L-Ser-) and one residue of a f-amino acid is likely to be
the active agents in biological control [10]. There- fore,
the single iturin A producer B. subtilis RB14-CS was
used in this study for utilization of okara and iturin A
production. RB14-CS is a spontaneous mutant derived
from RB14-C and was selected by morphological change
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of RB14-C in colony formation. B. subtilis RB14-C is a
streptomycin resistant mutant from a parent strain RB14
and is a coproducer of the antibiotics iturin A and surfac-
tin [9,11].

When SSF was conducted in Erlenmeyer flasks, inter-
esting effects of substrate bed heights on iturin A pro-
duction were observed. To check the effect of substrate
bed height on secondary metabolite, lipopeptide antibi-
otics iturin A production, glass columns were introduced
as reactors.

2. MATERIALS AND METHODS

Okara was used as substrate for SSF which was collected
from Marusho Shoten (Machida, Tokyo). Small packets
(150 to 200 g) were made by using commercially avail-
able plastic bags and were stored at —20°C for experi-
mental use. The frozen okara was kept at room tempera-
ture to be thawed. Thawed okara was taken in 1000 mL
beaker and autoclaved twice at 120°C for 20 min at an
interval of 8 - 12 h.

2.1. Microorganism and Liquid Inoculum
Preparation

B. subtilis RB14-CS culture was grown overnight at
30°C at 120 stroke per minute (spm) in 18 mm test tubes
using L medium (1% Polypepton (Nippon Pharmaceuti-
cals Co., Tokyo), 0.5% yeast extract (Oriental Yeast Co.,
Tokyo), 0.5% NaCl, pH 7.0) and 1 mL of it was used for
preparation of 100 mL of preculture in Sakaguchi flask
using No.3S medium (3% Polypepton S (Nippon Phar-
maceuticals Co., Tokyo), 1% Glucose (Kanto Chemical
Co., Tokyo), 0.1% KH,PO, (Kanto Chemical Co., To-
kyo), 0.05% MgSO,7H,O (Kanto Chemical Co., To-
kyo), pH 6.8) at 30°C and at 120 spm for 24 h.

2.2. Experimental Setup for SSF in Erlenmeyer
Flasks and GCR

The 100, 300 and 1000 ml Erlenmeyer flasks, glass co-
lumns, cotton plugs, saran nets and silicon plugs were
autoclaved and dried before use.

Preculture, 20% (v/w) of liquid inoculum was added to
solid substrate okara which was supplemented with 5.5%
(v/w) of 2.5 M glucose; 0.5% (v/w) of 1 M KH,POy4; 1%
(v/iw) of 1 M MgSO47H,0 and 2.45% (v/w) of water.
The final moisture content of the substrate became 79%.

The properly mixed, supplemented and inoculated
okara was aseptically transferred into the 100 mL, 300
mL and 1000 mL Erlenmeyer flasks at different quantity.
The flasks were covered by sterile silicon caps.

GCR is very simple in construction. The main part of
the GCR is its long hollow glass column which was
filled with substrate for fermentation. The diameter and
height of the hollow columns were 5.5 cm and 30 cm
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respectively. The bottom side of the glass column was
blocked by silicon rubber cap and the top of the column
was covered with cotton plug (Figure 1). Every 5 cm
height of the column of the GCR can contain about 50 g
of substrate. GCRs and flasks were incubated in a water
bath at 25°C for 6 days.

2.3. Determination of Viable Cell Number and
pH

After sixth day of its cultivation the fermented products
of the flasks and columns were taken into sterile beaker
and mixed thoroughly with sterile spatulas. 1 g of mixed
product was taken into a sterile test tube (18 mm diame-
ter) and added 9 mL of sterile distilled water. It was
mixed thoroughly by using vortex and water bath shaker
(150 spm for 5 min) at room temperature. Culture mix
was serially diluted and was spread on agar plate for total
cell while culture mix was heated at 80°C for 10 min
before spreading for spore count. The cell suspension
obtained for CFU measurement was used for pH mea-
surement [10].

2.4. Determination of lIturin A Concentration

For iturin A extraction, 15 gm of fermented product was
taken into 100 mL Erlenmeyer flasks and 45 mL of
HPLC grade methanol was added. It was mixed thor-
oughly by shaking at 150 spm for 1 h at room tempera-
ture. From the homogenized sample, 1000 ul was trans-
ferred into 1.5 mL polypropylene tube. The samples
were vortexed at room temperature for 20 min and then
centrifuged at 15,000 x g for 10 min at 4°C. The super-
natant was filtrated through 0.20 um polytetrafluoro eth-
ylene (PTFE) membrane filter (Advantec, Tokyo, Japan)
and 20 ul of the filtrate was injected into HPLC column
for iturin A detection. A mixture of acetonitrile and 10

Cotton plug
Ail5-20 cm
— Substrate
B:10-15 cm
Ci5-10cm le— Glass column
D: 0-5cm

--------------- “—Saran net
Silicon plug

Figure 1. Glass column reactor (GCR).
This column was segmented in to four
equal parts, each of them was 5 cm and
denoted as “A”, “B”, “C” & “D” from
top to bottom respectively.
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mM ammonium acetate (35:65, v/v) was used in mobile
phase through ODS column (chromolith performance
RP-18e 100 - 4.6 mm, Merck KGaA, Darmstadt, Ger-
many) at a flow rate of 2 mL/min at 30°C [10].

2.5. Resazurin Test for Determination of
Dissolved Oxygen Concentration

Resazurin 0.5 g (resazurin sodium salt, Kanto Chemicals
Co., Inc. Tokyo) was dissolved with the distilled water of
500 mL and stored it in a brown reagent bottle at 4°C in
a refrigerator.

Resazurin solution was used to check oxygen deple-
tion gradient in 20 cm high substrate bed in GCR system.
Resazurin solution was sterilized at 121°C for 20 min
and added [2% (v/w)] to the substrate okara. A control
column was also set without microorganism.

3. RESULTS AND DISCUSSION

3.1. Effect of Substrate Quantity and Height on
Iturin A Production

B. subtilis RB14-CS is an aerobic bacterium, therefore, it
was thought that the increased substrate bed height might
create more anaerobic condition into substrate bed and
production of iturin A would be reduced. The scale up of
substrate bed height was never tried before for SSF of
okara.

SSF of okara was first conducted in 100 mL Erlen-
meyer flask with 15 g of okara [2]. The gradual increases
of the substrate quantity as well as substrate bed height
were observed to achieve the scale up of substrate use
and iturin A production. SSF of 10, 15, 20, 25 and 30 g
of okara in 100 mL Erlenmeyer flasks were conducted
and the iturin A production were found to be similar re-
gardless of the volume of okara and it was about 2000
mg/kg wet okara (Figure 2). When the substrate quantity
was doubled compare to initial 15 g of substrate, no ma-
jor difference was observed for iturin A production,
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Figure 2. Effect of substrate (okara) weight
on iturin A production by SSF in 100 mL Er-
lenmeyer flasks.
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therefore, further scale up of the substrate quantity was
aimed and iturin A production was checked.

Substrate weight 30 g was the possible maximum
amount of substrate in 100 mL Erlenmeyer flasks, so
SSF of 45 g, 90 g and 120 g of substrate were conducted
in 300 mL Erlenmeyer flaks. Though 45 g of substrate
showed similar iturin A production of 15 g substrate,
whereas, 90 g and 120 g of substrate showed better pro-
duction (2800 mg/kg wet substrate) than 15 g substrate
(Figure 3).

Further scale up of substrate for SSF was conducted in
1000 mL Erlenmeyer flasks with 150, 300 and 450 g of
substrate. The maximum iturin A production was ob-
served during its sixth day of cultivation (Figure 4). In
this experiment, different weights of the substrate (mini-
mum 10 g to maximum 450 g) were used for SSF in dif-
ferent flasks.

The maximum amount of substrate in the largest Er-
lenmeyer flask also gave the maximum height of sub-
strate bed. In 100 mL Erlenmeyer flasks 10 g of okara
formed 1 cm high bed while 450 g of okara in 1000 mL
Erlenmeyer flasks formed about 9 cm high bed, these
results strongly support that substrate bed height has an
important influence during SSF of okara on iturin A pro-
duction by using B. subtilis RB14-CS (Table 1). It was
thought that such a big height might create adverse con-
dition for microbial metabolism and iturin A production.
However it showed its best production on the contrary of
those assumptions (Figure 4). During the fermentation,
the medium pH declined due to acid production by con-
sumption of carbon substrates during the growth of ve-
getative RB14-CS cells. Then, pH increased mainly by
ammonification of degradation of nitrogenous com-
pounds in okara (Figure 4).

Due to the conical structure of Erlenmeyer flask, en-
hancement of substrate bed height was not possible to
check the effect of substrate bed height on iturin A pro-
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Figure 3. Iturin A production when SSF was
conducted in 300 mL Erlenmeyer flask with
45 (dimond), 90 (square) and 120 (triangle) g
of (okara) substrate.
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Figure 4. SSF in 1000 ml Erlenmeyer flask
with 150 (diamond), 300 (square) and 450 (tri-
angle) g of (okara) substrate where colony for-
ming units (a), pH (b) and iturin A production
(c) are shown.

Table 1. Comparison of substrate bed weight, height and their
iturin A production.

Fermenter size (mL) Substrate  Substrate bed Iturin A production

- . (mg/kg wet
(Erlenmeyer flask) weight (g) height (cm) substrate)
100 10 1 2000
1000 450 9 3250

duction. Substrate bed area was not same at all height
levels of substrate bed in Erlenmeyer flask. Therefore,
oxygen homogeneity was not possible into the whole
substrate bed. For these reasons, glass column was se-
lected as reactor for its uniform structure.

3.2. Observation of Substrate Bed Height Effect
in GCR

Substrate bed heights 5 cm, 10 cm, 15 cm, and 20 cm
were applied for GCR. The average iturin A production
increased with the increasing substrate bed height up to
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15 cm. Heights more than 15 cm showed lower produc-
tion than 15 cm height substrate bed. The average iturin
A produced in 5 cm, 10 cm, 15 cm, and 20 cm substrate
bed were 1990, 2650, 2720 and 2220 mg/kg wet sub-
strate respectively.

Iturin A production at different bed heights was not
uniform. The lower part of the GCR might be less aero-
bic than the top part, for this reason differences in pro-
duction in column substrate bed was observed. Substrate
bed was divided into four equal parts and denoted as A,
B, C and D from top to bottom respectively as shown in
Figure 1. The average iturin A production of 20 cm high
substrate bed decreased due to very low production (Fig-
ure 5(a)) at bottom part (part D, Figure 1) of the sub-
strate bed. The trend of increasing Iturin A production
was observed up to 15 cm substrate bed height. The av-
erage iturin A production in 15 cm high substrate bed
and the average iturin A production in top three parts of
the 20 cm high substrate bed were same. lturin A pro-
duction might be affected by oxygen deficiency at the
bottom part of the 20 cm high substrate bed.

According to research of Phae et al. (1991) lower aera-
tion rate was favorable for a higher production of iturin,
indicating that an increase of oxygen supply gave no
stimulation to the increase of iturin production, even for
an obligate aerobe, B. subtilis NB22 [12]. Incase of SSF
of B. subtilis RB14-CS in GCR, same phenomena was
observed. Hypothetically part “A” should be more aero-
bic compare to part “B”, whereas part “B” showed better
iturin A production than that of part “A”.

The top part of the substrate bed was more alkaline
than the bottom part and at that part all the vegetative
cells became spores. At bottom part of substrate bed low
vegetative cell growth was observed compared to top
part, whereas ten times lower sporulation was observed
at bottom part compared to its vegetative growth (Figure

5(b)).

3.3. Determination of Depletion Rate of Oxygen
in GCR

Differences on iturin A production at the different hights
of substrate bed, seemed to be the effect of oxygen de-
pletion. Therefore resazurin solution was added to ob-
serve the oxygen depletion in GCR system. Resazurin
works as a color indicator. In presence of oxygen, oxi-
dized resazurin produces dark blue color. On the other
hand when oxygen decreases, resazurin is reduced to
pink colored resorufin and its further reduction to hydro-
resorufin turned the column uncolored [13].

The color of substrate bed in the control column re-
mained blue during the experimental period, whereas the
color of the inoculated column changed gradually (Fig-
ure 6). Hourly observations were conducted at 0, 2nd,
6th, 11th, 18th and 29th h. Color change was observed
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Figure 5. SSF in GCR system, figure (a) represents iturin A
production when SSF was conducted at different substrate bed
height. Open bar is for 0 - 5 cm, part “D”; doted bar is for 5 -
10 cm, part “C”; brick bar is for 10 - 15 cm, part “B” and solid
bar is for 15 - 20 cm, part “A”. (circle), (diamond) and (square)
are shown pH, total cell and spore respectively; (b) represents
CFU and pH at different position of 20 cm high substrate bed.

Figure 6. Oxygen depletion in GCR using Resazurin
as an indicator. Images were taken at specific intervals
(0, 2, 6, 11, 18, 29 h) for control (without inoculation,
left reactor) and experimental (with inoculation, right
reactor) columns.
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clearly on 2nd h after incubation and the color was lost
completely at 18th h (Figure 6).

Ohno et al. (1993) reported that first day aeration was
critical for the production of iturin by Bacillus even
though iturin was most rapidly produced during 48 - 72 h
of the incubation in the stationary growth phase where
the oxygen requirement is relatively lower [14]. From
resazurin test result and the findings of Ohno et al. (1993)
it can be said that Bacillus got its necessary oxygen dur-
ing the first 18 h of incubation period for iturin A pro-
duction and its growth. As the top of the GCR was cov-
ered by cotton plug (Figure 1), there was a possibility of
small but continuous oxygen supply from environment
into the GCR, thus a good amount of iturin A production
in GCR up to 15 cm high substrate bed was observed.
Recent studies show that B. subtilis can grow in anaero-
bic condition [15] however the production of lipopeptide
like iturin A is really interesting.

4. CONCLUSION

Every year a huge amount of food industry organic
wastes are being produced all over the world. SSF is a
very well known technique to utilize these bulk amounts
of solid wastes. Several techniques have been developed
for efficient SSF to produce microbial metabolites. Sub-
strate bed height is one of the major problems for effi-
cient SSF. In this study, SSF was successfully conducted
at a 15 cm high substrate bed where remarkable amount
of lipopeptide antibiotics Iturin A was observed. To our
knowledge it is the highest substrate bed height for SSF
and for microbial secondary metabolites production.
GCR is found to be an effective technique for SSF at a
higher substrate bed height. Further investigations are
essential for SSF of bacteria in GCR system to produce
microbial metabolites as well as scale up of substrate
use.
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