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A recombinant Bacillus subtilis DB104 strain harbouring recombinant plasmid pSKE194 containing an
Open Reading Frame (ORF) of endoxylanase and its indigenous promoter from the wild-type B. subtilis
AQ1 strain was constructed. This recombinant B. subtilis DB104 strain had higher endoxylanase activity
than the nonrecombinant B. subtilis DB104 strain in standard media, such as Luria Bertani (LB) and LB
with xylan. The agroindustrial wastes corncobs and tofu liquid waste were chosen as cost-effective
carbon and nitrogen sources, respectively, to test the economics of xylanase production using the re-
combinant B. subtilis DB104 at a larger scale. Submerged fermentation using a 4.5 L working volume
fermentor with tofu liquid waste and 4% corncobs produced maximum xylanase activity of 1296 ± 1.2 U/
mg (601.7 ± 0.6 U/mL) after 48-hour fermentation at 37�C with 150 rpm agitation; this is more than
twofold higher than the activity produced in an Erlenmeyer flask. This is the first report of high xylanase
activity produced from recombinant B. subtilis using inexpensive medium. During fermentation, the
xylanase degrades corncobs into xylooligosaccharides, showing its potential as an enzyme feed additive
or in xylooligosaccharide production.
Copyright © 2016 Institut Pertanian Bogor. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The majority of agroindustrial waste is lignocelullosic biomass
containing xylan, which is the second most abundant polysaccharide
in theworld (Beg et al. 2001). It is the source of several valuable xylan
derivatives, such as xylose and xylooligosaccharides (XOS) (Vazquez
et al. 2000; Akpinar et al. 2007), as well as a potential feedstock for
lignocellulosic biomass-based bioethanol. Xylanases are important
enzymes that are often used to transform xylan into its derivatives.
They are also used to generate renewable fuels and chemicals from
agricultural lignocellulosic materials. They are also used in the paper
and pulp industries, where xylanases can reduce the environmental
burden or as feed enzymes (Kulkarni et al. 1999; Subramaniyan and
Prema 2002; Wu et al. 2005; Motta et al. 2013). XOS derived from
xylanase-degraded xylan can be used as functional foods/feed addi-
tives (i.e. prebiotics) or further transformed to xylitol and used as an
@bppt.go.id (I. Helianti).
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alternative sweetener (Vazquez et al. 2000; Motta et al. 2013).
Cheaper enzymes are currently required for any industrial applica-
tion. Increasing enzyme expression or secretion via genetic engi-
neering would improve the economics of these processes. In
addition, engineering of fermentation processes using cost-effective
media components, such as agroindustrial waste and/or optimising
fermentation conditions such as agitation, aeration, pH, and tem-
perature condition, are other means to improving economic value
(Motta et al. 2013; Prasad et al. 2014).

The bioconversion of agroindustrial wastes to high-value
products would not only recover value from waste but would also
mitigate some environmental issues such as disposal manage-
ment and pollution. For example, 19 million tonnes of corn, which
is one of Indonesia's agroindustrial plants, were produced there
in 2014 (http://www.bps.go.id/Brs/view/id/1122). Clearly,
Indonesia has abundant agricultural biomass as a by-product,
which, if left unprocessed, poses a serious environmental prob-
lem. Corncobs contain significant amounts of xylan (Barl
et al.1991), making it an ideal substrate for xylanase production
via microbial fermentation.
evier B.V. This is an open access article under the CC BY-NC-ND license (http://
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I. Helianti, et al2
Traditional tofu industries generate liquid waste that can also
become a serious environmental pollution problem. Although tofu
liquid waste (TLW) is considered a high protein source for po-
tential use in fermentation medium, only a small percentage of the
waste has been utilised thus far and the rest remains industrial
waste (Kim and Lee 2010). Several reports have described the
utilisation of agroindustrial wastes as potential components for
fermentation medium (De Azeredo et al. 2006; Prakasham et al.
2005); however, none of these publications used recombinant
microbes.

We have previously reported the cloning and expression of
endoxylanase genes from Bacillus subtilis AQ1 in Escherichia coli
(Helianti et al. 2010). The recombinant xylanase had optimum
growth at pH 7 and 55�C, but there was still significant activity at
37�C and lower pH levels. These properties make it suitable for
application as an enzyme feed additive to improve broiler perfor-
mance (Wu et al. 2005). In this study, we have subcloned and
expressed this xylanase gene in B. subtilis DB104 using a shuttle
E. coli-Bacillus vector. This study demonstrates the production of
xylanase by this recombinant B. subtilis using low cost carbon
(corncobs) and nitrogen (TLW) sources to reduce the cost of
enzyme production and provide an alternative to costly disposal of
crop biomass and agroindustrial wastes.
2. Materials and Methods

2.1. Bacterial strains, plasmids, and standard media
The bacterial strains used were E. coli DH5a (purchased from

ITB, Bandung) as a host for the recombinant plasmid
propagation and B. subtilis DB104 for subcloning and expression.
We used a pSKE194 plasmid as an E. coli-Bacillus shuttle vector
(B. subtilis DB104 strain, and the plasmid were provided by Prof
Meinhardt, Muenster University). All antibiotics used in the ex-
periments were from Sigma, St. Louis, Missouri, USA, and themedia
components, such as yeast, tryptone, and agar, were from Difco,
New Jersey, USA. To regenerate Bacillus protoplasts containing the
desired recombinant plasmid, 1.5% (w/v) agar containing regener-
ation medium DM3 was used (Chang and Cohen 1979). To select
positive Bacillus transformants, LB medium containing erythro-
mycin 5 mg mL�1 was used. For confirmation of gene expression, LB
agar medium containing ampicillin (100 mg mL�1) or erythromycin
(5 mg mL�1) and 0.7% (w/v) oat spelt xylan (Roth, Germany) was
used.
2.2. Subcloning of the xylanase gene in the Bacillus-E. coli
shuttle vector

All genetic engineering experiments were carried out based on
standard protocols (Sambrook and Russel 2001). The inserted
endoxylanase gene (xyn11AQ1) with confirmed DNA sequence was
isolated from the previously reported recombinant pGEM-T easy
plasmid (Helianti et al. 2010) by restriction digest with KpnI and Bgl
II. The gene was then ligated into the pSKE194 vector at the Kpn I
and BamH I sites because the vector has no Bgl II as a unique site and
BamH I and Bgl II have compatible ends.

The recombinant plasmid was transformed into E. coli DH5a.
Xylanase activity was observed as xylaneCongo red clearance on
oat spelt xylan-LB agar. The positive clones harbouring recombi-
nant pSKE 194 plasmids were selected as clear zone-forming col-
onies on oat spelt xylan-LB agar medium. The recombinant
pSKE194-xyn11AQ1 plasmid was then extracted from E. coli and
used to transform B. subtilisDB104 using protoplast transformation.
Bacillus protoplasting and transformationwere performed based on
themethod by Chang and Cohen (1979). The positive transformants
were chosen by selection on erythromycin resistance medium.
Please cite this article in press as: Helianti, I., et al., Production of Xylanas
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2.3. Confirmation of the increased endoxylanase activity in
recombinant B. subtilis DB104

The erythromycin-resistant transformants were selected from
erythromycin-containing LB medium and cultivated in liquid LB
medium containing the same antibiotic. The plasmid was extracted
from liquid culture (Voskuil and Chambliss 1993) and analysed by
restriction digest. Xylanase activity of the positive transformants
was qualitatively checked on LB xylan agar medium by measuring
the clear zone ratio [clear zone ratio ¼ diameter of clear zone (cm)/
diameter of the colony (cm)]. Nonrecombinant B. subtilis DB104
was used as a control.

2.4. Enzyme production by recombinant B. subtilis DB104
cultivated in standard medium

One single colony of recombinant B. subtilis DB104 was inocu-
lated into both 10-mL LB medium and LB 1% xylan medium. The
cultures were grown in the presence of erythromycin until the
OD600 reached 0.95, and then 2.5 mL of this preculture was used to
inoculate a fresh 100mL of LB or LB-xylanmedium. The new culture
was cultivated at 37�C in a shaker incubator (Kuehner, Germany)
with 150 rpm agitation. Bacterial number was measured by the
spectrophotometric method and plating (colony forming unit
method). Samples were taken from the culture every 4 hours
during the 32-hour fermentation to test bacterial number, endox-
ylanase activity, and protein concentration. The same procedure
was applied to the nonrecombinant B. subtilis DB104.

2.5. Preparation of corncobs and tofu waste liquid
Corncob was purchased from the Agrotechnology Business Area

(Kawasan Agroteknobisnis Sumedang), Sumedang, West Java. They
were crushed, ground, and sieved into particles with differentmesh
sizes (20, 40, 70, and 100). Various sizes of corncobs were used in
Erlenmeyer flask scale and thin layer chromatography (TLC) ana-
lyses; however, only corncobs with 20 mesh size were used in
production in the fermentor. TLW was obtained from a tofu
manufacturer at Serpong, Tangerang Selatan, Banten. The range of
total protein content in TLW,measured by the Kjedahlmethod (Kirk
1950), was between 0.003 and 0.02% in the water-containing form.
The glucose concentration (detected by a glucose sensor) was be-
tween 10 mg/dL and 140 mg/dL, and the pH was 4e6.

2.6. Selection of cost-effective medium
The substitution of xylan with corncobs was conducted after

confirming the increased activity in LB-xylan medium. Different
corncob concentrations (1%e5%) were tested in LB medium, and
the growth, activity, and protein concentration were observed.
Then, the mediumwith the corncob composition giving maximum
xylanase production was chosen for further tests. TLW and organic
[mixture of peptone (0.25%) and yeast extract (0.15%)] and inor-
ganic nitrogen sources [(NH4)3PO4 0.93%, (NH4)2SO4 0.93%, urea
0.42%, and NH4NO3 0.56%] were tested, and the nitrogen source
that gave the highest activity was chosen for further tests.

2.7. Production of endoxylanase using recombinant B. subtilis
DB104 in alternative cost-effective medium at Erlenmeyer
flask scale

Medium containing TLW, 4% corncobs sieved with size 20 mesh,
and 1% NaCl was used at Erlenmeyer flask scale and larger scale
fermentation. TLW was used without any dilution. The initial pH of
the medium was adjusted to 7, and the medium was autoclaved at
121�C for 15 minutes. One single colony of recombinant B. subtilis
DB104 was inoculated into 10-mL LB in the presence of erythro-
mycin until the OD600 reached 0.95, and then 2.5 mL of this pre-
culture was used to inoculate a fresh 100 mL of cost-effective
e by Recombinant Bacillus subtilis DB104 Cultivated in Agroindustrial
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Production of xylanase by Bacillus subtilis DB104 3
medium. The fermentation was performed at 37�C for 28 hours at
150 rpm agitation.
2.8. Endoxylanase production with submerged fermentation
(4.5 L working volume) in a 6-L fermentor

Larger scale fermentation tests were performed in a 6-L
fermentor (LKB, Germany) with a working volume of 4.5 L.
Several aeration [0.4; 0.45; and 0.6 vvm (gas volume flow per unit
of liquid volume perminute¼ volume per volume perminute)] and
agitation (130 and 150 rpm) rates were tested to explore the
maximum endoxylanase activity. The protein, glucose content, and
pH of every batch of TLW was measured before use. A 450-mL
culture in LB mediumwith OD600 ~0.8 was inoculated into a 4.05-L
mixture medium of TLW, 4% corncobs, and 1% NaCl. The
Figure 1. Production of endoxylanase in different defined media using recombinant and no
recombinant and nonrecombinant B. subtilis DB104 in LB-xylan agar medium. The clear zone
out each colony of B. subtilis DB104). (B) Comparison of xylanase production between no
production between nonrecombinant and recombinant B. subtilis in LB xylan medium. Triang

: the activity from the nonrecombinant one; triangle with dot line : growth of
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fermentation was run for 54 hours, and the samples were taken
every 6 hours. The bacterial cell concentration was measured by
plating (colony forming unit method).
2.9. Enzyme and protein assay
Crude xylanase extract was obtained by recovering supernatant

after centrifuging the culture (3000�g, 10minutes, 4�C). This crude
enzyme extract was used for enzyme assays. Xylanase activity was
measured (each sample in triplicate) by the Miller method using
dinitrosalicylic acid to detect reducing sugar with D-xylose as a
standard (Bailey et al. 1992; Miller 1959); this procedure has been
previously described (Helianti et al. 2010). Protein concentration
wasmeasured by the dye-binding assaymethodwith bovine serum
albumin as the standard protein (Bradford 1976).
nrecombinant Bacillus subtilis DB104. (A) Comparison of the clear zone ratio between
ration is defined as the clear zone diameter (cm)/colony diameter (cm) (Arrows pointed
nrecombinant and recombinant B. subtilis in LB medium. (C) Comparison of xylanase
le with bold line : the activity from recombinant B. subtilis; square with bold line
recombinant B. subtilis; square with dot line : growth of the nonrecombinant one.
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2.10. Analyses of fermentation products during fermentation
using thin layer chromatography

Approximately, 0.75 mL of fermentation broth sampled at 0, 8,
24, and 32 hours was dropped on TLC plates coated with a 0.2-mm
layer of silica gel G. XOS standards [xylose, xylobiose, xylotriose,
and xylotetraose (Sigma, USA)] were also treated in the same
manner. The plate was developed with a solvent system of butanol,
acetic acid, and water at a ratio of 2:1:1 (v/v). The staining mixture
contained aniline, diphenylamine, acetone, and phosphate acid
(0.4 mL, 0.4 g, 20 mL, and 3 mL, respectively). The TLC plate was
dried for 4 hours at 60�C (using an oven) until spots appeared.
3. Results

3.1. Xylanase activity of recombinant B. subtilis and
nonrecombinant B. subtilis in standard media at Erlenmeyer
flask scale

Subcloning of the endoxylanase gene and its promoter from
B. subtilis AQ1 into the Bacillus-E. coli pSKE194 shuttle vector was
conducted, and the recombinant plasmid was introduced into
B. subtilis DB104. The newly constructed recombinant B. subtilis
DB104 harbouring the B. subtilis AQ1 xylanase gene (pSKE194-
xyn11AQ1) showed a higher clear zone ratio (2.25) on LB-xylan agar
compared to the nonrecombinant strain (1.36) (Figure 1A).

The expression of the two homologous endoxylanase genes, one
in the B. subtilis DB104 chromosome and the other one in the
plasmid pSKE194 (originating from B. subtilis AQ1), was constitu-
tive. Even when there was no substrate (xylan) in the medium,
xylanase activity was still observed at a lower level (Figure 1B). The
maximum xylanase activity of recombinant Bacillus in LB medium
(100-mL fermentation in Erlenmeyer flasks) was achieved after 24
hours when the cell density or absorbance reached 1.2 at l 600 nm.
The maximum xylanase activity produced by recombinant
B. subtilis in LB medium was 35.9 U/mL, which is more than two
times higher than the nonrecombinant strain (16.5 U/mL)
(Figure 1B).
Figure 2. Effect of different corncob concentrations on the production of xylanase
using recombinant Bacillus subtilis DB104 in LB medium. ( ): showing the activity
coming from recombinant B. subtilis DB104 using 1% corncobs; ( ): 2% corncobs;
( ): 3% corncobs; ( ): 4% corncobs; ( ): 5% corncobs. ( ):
showing growth of recombinant B. subtilis DB104 using 1% corncobs; ( ):
growth using 2% corncobs; ( ): growth using 3% corncobs; ( ): growth
using 4% corncobs; ( ): growth using 5% corncobs.

Please cite this article in press as: Helianti, I., et al., Production of Xylanas
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However, when cultivated in LB-oat spelt xylan medium, the
recombinant B. subtilis DB104 strain produced more than seven
times the activity of the nonrecombinant strain (302.6 U/mL
compared to 42.6 U/mL). This occurred at 28 hours with similar
bacterial growth curves (Figure 1C) and shows that the presence of
xylan induces the productivity of endoxylanase in both recombi-
nant and nonrecombinant B. subtilis.
3.2. Selection of cost-effective medium
After several trials in Erlenmeyer flask experiments using

several media, it is clear that the recombinant B. subtilis has
consistently higher endoxyalanase activity than the nonrecombi-
nant strain (data not shown). To remove the expensive compo-
nents, such as xylan, yeast, and tryptone, which are unavoidable
when standard medium is used, several cost-effective media were
tested. Corncobs containing 32% xylan (data not shown) were used
to replace the expensive carbon source, xylan. To find the suitable
corncob concentration yielding the best endoxylanase activity,
small-scale fermentations were conducted using 1%e5% corncob-
containing LB in Erlenmeyer flasks. The xylanase activity
increased with the corncob concentration up to 4%. However, at 5%
corncob, the xylanase activity decreased. Thus, 4% corncobs pro-
vided the best endoxylanase activity (211 U/mL) after 24 hours
(Figure 2). The level of endoxylanase activity of recombinant
B. subtilis grown in a medium containing corncobs was higher than
that grown in LB; this indicates that xylan-rich natural substrates,
such as autoclaved corncobs, can induce xylanase productivity.

The medium containing corncobs was then further modified by
replacing the expensive nitrogen sources (i.e. peptone, tryptone,
and yeast extract) with TLW. Before choosing TLW, we tried several
inorganic and organic nitrogen sources. However, when cultivated
in medium containing these nitrogen sources, the recombinant
B. subtilis strain produced lower xylanase activity than in LB me-
dium (data not shown). When the yeast and tryptone in the me-
diumwere replaced with TLW, the xylanase activity was 226 U/mL
(Figure 3). Thus, the combination of TLW and 4% corncobs was
selected as a suitable medium for larger scale fermentation.
3.3. Cultivation in a 6-L scale fermentor with 4.5-L working
volume

We performed larger scale tests to investigate the feasibility of
the medium for further applications. Our experiments using corn-
cobs with different particle sizes showed that the size did not
significantly impact activity (data not shown). Therefore, we used
Figure 3. Comparison of endoxylanase activity in an Erlenmeyer flask using different
media: (A) endoxylanase productivity using LB medium; (B) endoxylanase productivity
using LB-xylan medium; (C) endoxylanase productivity using LB medium containing
4% corncobs; (D) endoxylanase productivity using 1% xylan and TLW; and (E) endox-
ylanase productivity using 4% corncobs and TLW. All values are the means of tripli-
cates, and error bars indicate the standard deviation of independent experiments.
TLW ¼ tofu liquid waste.
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Figure 4. Analyses of fermentation products from Erlenmeyer flasks using 4% con-
centrations of different corncob sizes using thin layer chromatography (TLC) after 0, 8,
24, and 32 hours of fermentation. The middle black blot is the xylooligosaccharide
standard, from top to bottom: xylose, xylobiose, xylotriose, and xylotetraose.

Production of xylanase by Bacillus subtilis DB104 5
the most affordable size (20 mesh) for enzyme production. The
parameters used in the 4.5-L fermentation were determined based
on the Erlenmeyer flask experiments and were 4% corncob con-
centration, initial medium pH 7, and at least 0.005% nitrogen con-
tent of TLW. The initial pH of the medium was critical for the
fermentation, as we observed that there was no bacterial growth if
the initial pH of the mediumwas below 5. During fermentation, pH
was monitored but not tightly controlled. We found that, to give
good conditions for fermentation, the minimal protein content of
TLW needed to be at least 0.005% (w/v). Good cellular growth and
enzyme activity could not be obtained when the protein content of
TLW was below 0.005% or more than 0.02%.

Maximum xylanase production was obtained when the
fermentation was carried out at 37�C with an aeration rate of 0.6
vvm, 150 rpm agitation, density of the starter OD600 of 0.8, and an
initial glucose concentration of 143 mg/dL. Under these conditions,
the maximum activity of 1296 ± 1.2 U/mg or 601.7 ± 0.6 U/mL could
be reached after 48 hours (Table 1).

3.4. Analyses of the metabolic products during fermentation
using corncobs and TLW

At the beginning of fermentation (zero hour), the presence of
XOS could not be detected. As the fermentation process progressed,
the presence of XOS (xylose, xylobiose, xylotriose, and xylote-
traose) became apparent (Figure 4). The size range (20e100 mesh)
of the corncobs used in the fermentation did not impact the XOS
produced. At the end of fermentation, XOS was still detected
(i.e. not degraded into xylose). The TLC results confirm that the
enzyme was endoxylanase, which has potential applications for
XOS production from lignocellulosic biomass.

4. Discussion

We successfully subcloned and expressed the endoxylanase
gene and its promoter from B. subtilis AQ1 into the Bacillus-E. coli
pSKE194 shuttle vector in B. subtilis DB104. The higher endox-
ylanase activity of recombinant B. subtilis DB104 showed that the
DNA recombinant technology indeed enhanced the xylanase pro-
duction. Previously, Jeong et al. (1998) described the expression of
an endoxylanase gene from Bacillus sp., cloned in pJHKJ4 and
expressed in B. subtilis DB104, with a maximum endoxylanase ac-
tivity of 105 U/mL in the supernatant of the recombinant bacterial
culture. Our results show that the presence of xylan induced the
productivity of endoxylanase both in recombinant and nonre-
combinant B. subtilis. The recombinant plasmid pSKE 194-
xyn11AQ1 is the combination of pE194, pBluescript SKþ plasmid,
and the fragment xyn11AQ1. The pE194 plasmid can be replicated
more than 10 copies in each Bacillus cell (Weisblum et al. 1979).
Therefore, more xylanase protein would be expressed in recombi-
nant culture even though the cell density was equal to that of the
nonrecombinant culture. Furthermore, the presence of substrate in
xylan-containing medium is known to induce xylanase productiv-
ity (Motta et al. 2013). B. subtilis DB104 has an intrinsic chromo-
somal xylanase gene that is induced by xylan. The recombinant
bacteria have both the intrinsic xylanase gene as well as the one
Table 1. Summary of fermentation conditions and the maximum activity at 4.5-L workin

Condition label Cell density of starter
at absorbance l 600 nm

Flow rate
(vvm)

Corncobs
concentration (%)

T

P
(

a. 0.842 0.4 4 0
b. 0.840 0.45 4 0
c. 0.883 0.45 4 0
d. 0.843 0.6 4 0
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inserted in the plasmid. Therefore, it is most likely that the effect of
xylan was greater on the recombinant B. subtilis.

Subcloning and expression of extracellular protein genes in
B. subtilis is a very promising tool for enzyme production because
B. subtilis is known to be a safe and suitable host for extracellular
enzyme production. B. subtilis is also a Generally Recognized As
Safe microbe. Many reports have already described the advantages
of using the genus Bacillus as an industrial workhorse for extra-
cellular enzyme production and have reported improvement of
Bacillus strains for increased expression efficiency (Nahrstedt et al.
2005; Schallmey et al. 2004; Waldeck et al. 2007).

In our study, the optimal corncob concentration was 4%
(Figure 2). Lower concentrations (1%, 2%, and 3%) resulted in lower
xylanase activity, which was probably due to the lower availability
of nutrients. The higher concentration of corncob (5%), however,
also gave lower xylanase activity, which may have been due to
insufficient dissolved oxygen in the concentrated culture medium.
The 4% corncob concentration may have provided ideal conditions
in terms of nutrients and oxygen supply. The same phenomenon
was also found in xylanase production by Aspergillus niger, where
the optimal corncob concentration for growth and productivity was
3% (Ahmad et al. 2012). Activity decreased above this, probably due
to the decline of nutrients in themedium or the inhibitory effects of
the enzyme degradation product (i.e. XOS) (Ahmad et al. 2012).

The TLC analyses of fermentation broth from Erlenmeyer flask
experiments showed that XOS was accumulated during fermenta-
tion. The XOS was not degraded into xylose because most of the
xylanolitic enzymes secreted were in the form of endoxylanase,
which only degrades xylan into XOS. This is similar to the results
reported by Jeong et al. (1998). The size of the corncob particles for
optimal production was between 20 and 100 mesh, as this range
did not have any significant differences in xylanase activity or XOS
production. It is possible that submerged fermentation is more
flexible with regard to the size of substrate particles. In solid-state
fermentation, the particle size of the substrate significantly alters
the enzyme production because the substrate also becomes the
g volume of fermentation

LW Agitation
(rpm)

Maximum endoxylanase
activity (U/mL)

rotein content
w/v)

Glucose content
(mg/dL)

.0053% 22 130 209.3 ± 0.5 (354.3 U/mg)

.0059% 133 150 448.3 ± 0.6 (1026.4 U/mg)

.0059% 143 150 481.8 ± 3.5 (1088.2 U/mg)

.0059% 143 150 601.7 ± 0.6 (1296 U/mg)
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Table 2. Comparison of several studies related to xylanase production using different wastes and different enzyme microbial producers

Study The medium used The microbial producer Activity of xylanase

This study Medium containing 4% corncobs,
tofu liquid waste, and NaCl 1%

Recombinant Bacillus subtilis DB104
containing pSKE-xyn11AQ1

601 U/mL

Lai et al. 2015 Medium containing pulp and paper sludges and corn stover Bacillus pumilus 37.8 U/mL
Seo et al. 2014 Minimal nutrient medium containing copra meals Bacillus licheniformis 0.34 U/mL
Kapoor et al. 2008 DL-b-phenylalanine, wheat bran, yeast extract, and pepton Bacillus pumilus strain MK001 2886 U/mL
Dobrev et al. 2007 Nutrient medium containing (g/L): (NH4)2HPO4 2.6, urea 0.9,

corncobs 24.0, wheat bran 14.6, and malt sprout 6.0.
Aspergillus niger B03 996.30 U/mL

Ninawe and Kuhad 2005 Medium with wheat bran as carbon source Streptomyces cyaneus SN32 710 U/mL

I. Helianti, et al6
place for proliferation of microbes (Renge et al. 2012). Thus, it may
be possible to simultaneously produce high levels of endoxylanase
and high-value XOS in the same process with these “zero value”
wastes and directly reduce the production costs.

The same agricultural waste has also been used for xylanase
production via fermentation using some xylan-degrading wild-
type fungi (Dobrev et al. 2007; Ninawe and Kuhad 2005). There
have been no reports regarding the use of these wastes in
fermentation using recombinant Bacillus. High xylanase production
by Bacillus pumilus in an alternative medium has been reported
previously (Kapoor et al. 2008); however, expensive peptone and
yeast were used as the nitrogen sources and different agricultural
wastes (such as wheat bran or wheat straw) were used as carbon
sources. Other groups have reported the production of xylanase by
wild-type Bacillus licheniformis using minimal nutrient medium
containing copra meals (Seo et al. 2014) and B. pumilus using a
medium containing pulp and paper sludges and corn stover (Lai
et al. 2015). However, xylanase activity was low in these studies
(Table 2). We believe that our study is the first to report the pro-
duction of high-level xylanase from recombinant bacteria culti-
vated in agricultural wasteecontaining medium.

The cost-effective production of this high-titre xylanase at a
larger scale is promising for use as a feed enzyme. Our xylanase had
activity at 37�C but was relatively heat stable and active at a low pH
(Helianti et al. 2010), so it is applicable for feed enzyme. Hydro-
lysing both soluble and insoluble antinutrient nonstarch
polysaccharides by xylanase improves growth performance (Kiarie
et al. 2014). XOS is also a possible prebiotic feed additive (Hajati and
Rezaei 2010). Therefore, the use of the products from this
fermentation (xylanase and XOS) in poultry feed additives is
promising.

In conclusion, the B. subtilis AQ1 endoxylanase gene with its
endogenous promoter was cloned and expressed in B. subtilis
DB104 via a shuttle plasmid. After exploring the conditions for
endoxylanase production by this recombinant organism in a
fermentor with 4.5-L working volume with the medium containing
TLW and 4% corncob, the production was optimised and reached
higher values compared to production in Erlenmeyer flasks. This
sophisticated genetic engineering technology, combined with the
use of low-cost medium such as TLW and corncobs, can lead to a
considerable reduction in the cost of xylanase production for
various industry applications, such as enzyme feed additives. At the
same time, the use of these wastes will help alleviate problems
with agroindustrial waste disposal in Indonesia and prevent further
environmental pollution.
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