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Abstract A gene encoding the mannanase of Bacillus
subtilis WL-3, which had been isolated from Korean soybean
paste, was cloned into Escherichia coli and the nucleotide
sequence of a 2.7-kb DNA fragment containing the mannanase
gene was subsequently determined. The mannanase gene,
designated mand, consisted of 1,080 nucleotides encoding a
polypeptide of 360 amino acid residues. The deduced amino
acid sequence was highly homologous to those of mannanases
belonging to glycosyl hydrolase family 26. The manA gene
was strongly expressed in B. subtilis 168 by cloning the gene
downstream of a strong B. subtilis promoter of plasmid
pJ27A88U. In flask cultures, the production of mannanase by
recombinant B. subtilis 168 reached maximum levels of
300 units/ml and 450 units/ml in LB medium and LB medium
containing 0.3% locust bean gum, respectively. Based on the
zymogram of the mannanase, it was found that the mannanase
produced by recombinant B. subtilis could be maintained
stably without proteolytic degradation during the culture time.

Keywords: Bacillus subtilis WL-3, mannanase, nucleotide
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Mannan-type polysaccharides are some of the major
constituents of the hemicellulose fractions of hardwoods
and softwoods, as well as in the endosperm of many
leguminous seeds and in some mature seeds of non-
leguminous plants. Mannan materials include mannan,
glucomannan, galactomannan, and galactoglucomannan,
which consist of a 3-1,4-linked linear backbone of mannose
residues that carry other carbohydrates or acid substitutions.
In general, there are three known enzymes, i.e., endo-1,4-
B-mannanase (mannanase), exo-1,4-B-mannanase, and -
mannosidase, that participate in the complete decomposition
and conversion of mannan.
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Mannanases, which catalyze the random hydrolysis of
the B-p-1,4-mannopyranosyl linkages within the backbone
of various mannan-based polysaccharides, are useful
enzymes within the food, feed, paper [33], and laundry
industries. Because lots of grains are currently used as
carbon sources for the microbial production of bioenergy,
the prices of feed grains have escalated. Hence, much
attention has been paid to feed additive enzymes [5, 12,
20, 23, 29]. Although the mannanases are widely distributed
in microorganisms, higher plants, and animals, the microbial
mannanases are regarded to be useful for their industrial
applications. So far, numerous mannanases and their
respective genes have been identified from bacteria and
fungi. Bacterial mannanases have been characterized from
various strains in 20 different genuses. These mannanases
have been shown to belong to either glycosyl hydrolase
(GH) family 5 or 26 on the basis of amino acid similarity.
Although the mannanase hydrolyzes mannan polysaccharides
that have a higher degree of polymerization than mannotetraose,
which has a mannose polymerization degree of 4, some of
the mannanases have been found to hydrolyze mannotriose
[2, 18] or mannotetraose [10, 32].

The most important activity of mannanase, which is
included as a hemicellulase together with xylanase and
glucanase, is the saccharifying of hemicellulose, a recyclable
plant resource, into a carbon source that is available to
living organisms. Galactomannans of leguminous seeds are
regarded as antinutritional factors, because monogastric
animals are unable to digest them rapidly enough to obtain
the edible sugars. Therefore, mannanase has been used as
a feed additive enzyme to increase the nutritional value
of soybean meal, a major component of animal feed [35].
For the application of mannanase in the fields of food
processing and animal feed additives, we have previously
isolated two mannanase-producing bacteria, Bacillus subtilis
WL-3 [25] and WL-7 [16], from Korean soybean paste. In
addition, two Bacillus strains producing valuable hydrolytic
enzymes were isolated from fermented soybean [6, 26].



The mannanase genes were characterized from many
strains of genus Bacillus including Bacillus sp. SH [14],
Bacillus sp. NM-39 [22], Bacillus sp. AM-001 [1], Bacillus
sp. N16-5 [21], alkaline Bacillus sp. JAMB-750 [11], B. subtilis
WL-7 [19], B. circulans [34], and B. stearothemophilus
[7]. The present work describes the characterization of a
WL-3 mannanase gene and the strong expression of the
gene in B. subtilis 168.

MATERIALS AND METHODS

Chemicals and Enzymes

Restriction endonucleases, proteinase K, and RNase were
obtained from Boehringer Mannheim (Mannheim, Germany).
T4 DNA ligase was purchased from Solgent Co. (Daejeon,
Republic of Korea). All of the enzymes were used according
to the recommendations of the manufacturers. Locust bean
gum (LBG) and dinitrosalicylic acid were purchased from
Sigma Chemical Co. (St. Louis, MO, U.S.A.). Bacterial
medium was obtained from Difco (Detroit, MI, U.S.A.).

Bacterial Strains, Plasmids, and Media

B. subtilis WL-3 was used as the source of the gene coding
for mannanase. Escherichia coli XL-1 blue (supE44
hsdR17 recAl endAl gyrd46 relA1 thi lac” F'[proAB" lacl®
lacZ M15 Tnl0(tef')]) was used as a host for recombinant
plasmids. B. subtilis 168 was used as a host cell for the
expression of the mannanase gene. The pUC19 plasmid
was used for all cloning and sequencing experiments in E.
coli, and plasmid pJ2788U was used as an expression
vector in B. subtilis. E. coli and B. subtilis were cultured at
37°C in LB broth (10 g of tryptone, 5 g of yeast extract,
10 g of NaCl, per liter, pH 7.0). Antibiotics used for the
selection of transformants were ampicillin (50 pg/ml) for
E. coli and kanamycin (10 pg/ml) for B. subtilis.

DNA Manipulation and Construction of a B. subtilis
WL-3 Genomic Library

The standard procedures of Sambrook et al. [28] were used
for DNA manipulation. The chromosomal DNA was
isolated from B. subtilis WL-3 cells that were grown
exponentially in LB medium. The chromosomal DNA was
completely digested with Pstl, and DNA fragments ranging
from 2 to 10 kb were prepared from agarose gel. The Pstl-
generated chromosomal DNA fragments were introduced
into the dephosphorylated Pstl site of pUC19. The ligation
mixture was transformed into E. coli XL-1 blue by the
electroporation method. The transformation of B. subtilis
168 cells was performed by the competence method.

DNA Sequencing and Computer Analysis
Restriction endonuclease-generated DNA fragments of
the B. subtilis DNA were subcloned into pUC19. The
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nucleotide sequences of the fragments were determined
with a DNA sequencer (ABI Prism 377, Perkin Elmer Co.,
Foster City, CA, U.S.A.). DNA and protein sequences were
analyzed using the DNASIS (Hitachi Software Engineering,
Japan) program.

Enzyme Assays

Mannanase activity was determined by measuring the
amount of reducing sugars liberated during the hydrolysis
of LBG by the dinitrosalicylic acid method [24]. The
standard assay reaction mixture consisted of 0.5% (w/v) of
the polysaccharide substrates supplemented with 50 mM
sodium citrate buffer (pH 6.0) and enzyme to make a final
volume of 0.3 ml. The reaction mixture was incubated at
50°C for 15 min. One unit of enzyme activity was defined
as the amount of enzyme that produced 1 pmol of reducing
sugar per min.

Zymogram Analysis

Samples were loaded on a 10% SDS-polyacrylamide gel
for electrophoresis. The protein samples including 12 mM
Tris:Cl (pH 6.8), 5.0% glycerol, 0.4% SDS, 2.8 mM
2-mercaptoethanol, and 0.2% bromophenol blue were
boiled at 95°C for 5 min and loaded on 10% gel. During
electrophoresis, an agar replica that included 1.0% agarose,
0.1% konjac, and 50 mM sodium citrate (pH 6.0) was
prepared. After electrophoresis, the gel was washed with
25% isopropanol and 50 mM sodium citrate (pH 6.0) to
remove the SDS, and was washed several times with
50 mM sodium citrate (pH 6.0). The gel was then placed
on the agar replica and incubated at 50°C for 30 min. The
agar replica was soaked in 0.2% Congo red solution for 1 h
and washed with 1 M NaCl solution for 1 h at room
temperature. The clear zones of the mannanase activity were
visualized by soaking the gel in 0.5% acetic acid solution.

RESULTS AND DISCUSSION

Cloning and Nucleotide Sequence of a B. subtilis WL-3
Mannanase

The genomic library of B. subtilis WL-3 was constructed
in E. coli XL-1 Blue using pUC19 as a cloning vector.
Approximately 3,000 transformants were transferred onto
LB agar plates containing ampicillin. After overnight
incubation, these plates were overlayed with soft agar
(0.7%) containing 0.1% konjac glucomannan and 80 ppm
trypan blue for screening the E. coli clone showing
mannanase activity. After incubation for 2h at 50°C,
two colonies capable of hydrolyzing konjac glucomannan
were obtained by scoring the clear zones around them.
These colonies exhibited B-mannanase activity on konjac
glucomannan and LBG galactomannan as substrates in the
plate assay. Two recombinant plasmids, designated pM3C1
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and pM3C2, were isolated from these E. coli clones and
analyzed with various restriction enzymes. Restriction
analysis indicated that the clones harbored an identical
7.0-kb insertion fragment, of which the orientation was
found to be opposite in the two individual recombinant
plasmids (data not shown). The cloned gene was designated
as manA and the gene product was named MANA. To
investigate the secretion of the mannanase produced by the
E. coli clone containing the B. subtilis WL-3 mannanase
gene, mannanase activity was measured using LBG as a
substrate with the culture filtrate and cell-free extract of the
E. coli clone grown in LB broth for 15 h. The mannanase
activity (approximately 8 U/ml) of culture supernatant was
comparable to that of cell-free extract, which indicated that
the B. subtilis WL-3 mannanase was secreted in E. coli
cells. It was reported that mannanase was equally localized
in the extracellular and intracellular fractions of recombinant
E. coli cells harboring the B. subtilis WL-7 mannanase gene
[19]. However, Khanongnuch et al. [14] reported that the

mannanase could not be secreted in E. coli cells transformed
with a Bacillus sp. 5H mannanase gene.

The partial 2,679-bp sequence of the 7.0-kb insert on
the recombinant plasmid pM3C1 was determined, and the
deduced amino acid sequence of mannanase yielded an
open reading frame (orf) of 1,080 nucleotides coding for a
360 amino acid protein with an estimated molecular mass
of 40,266 Da (Fig. 1). The manA gene is preceded by orfl
(nt positions 139-1,080) and is followed by orf2 (nt
positions 2,263-2,679). The orfl encodes a 314 amino
acid protein showing 64% identity to the phosphomannaose
isomerase (PMI) of B. halodurans (GenBank Accession
No. BAB07635) and orf2 encodes the amino termini of a
truncated protein showing 90% homology to a 137 amino
acid stretch of a major catalase in the spore of B. subtilis
168 (Accession No. NP_391742) (data not shown). The
transcriptional directions of these genes were identical on
the chromosomal DNA of B. subtilis WL-3. Three structural
genes coding for phosphomannose isomerase, mannanase,

GCGGCTGAATCAATATATTGATCTGOCCGACATTIGAAACCGCATCGTTCCOCCTCAATTAGGCATTCACTCCGGAGCGGCCGGTTCOCTCOTATIGACG 100
GAGCAGGCCTTAGAAGOGGCAAACCGGGAGGCGOGAARA TGACGAAACTCTTATTTTTGGAACCGGTTTTTAAAGAAAGATTATGGGGOGGGACGAAGCT 200
GOGCGATACATTOGGGTATGAGATTCCTTCTGAGOGGACGGGAGAG TGCTGGGCGATTICAGCTCATCOGCACGGCACATCCATCGTGCGGAACGGGCCT 300
TITICOGGAACATCATTACATOGTCTCTGGAATGAACACCCTGACCTGTTCGGACATCCGAAAGGAGACGCCTTTCCCCTGCTCACAAAMATTCTCGACG 400
CAAATATGGACTTATCOGTACAGGTTCATCCCGATGACGCATATGCACATCGGCATGAAAACGGAGAACTOGGAAAAACGGAATGCTGGTACATATTGGA 500
CTGCAAAAAAGACGOGGAGCTCATTTTAGGGCACOGOGCCCAAACGAGAGAAGACT TCGTTCGGCACATTGAACGARACGAGTGGGAACACCTGCTOCGE 600
CGCATCCCCATTARACCOGGCGACTTTTTCTATGTCCCGAGCGGCACACTGCACGCTTTATGTGAAGGTACGCTCGTTCTIGAAKTCCAGCAAMGCTCTG 700
ATGCCACCTACCGGCTTTACGACTATGACCGGACGGATGGGAACGGGAATAAACGCGAGCTTCATCTTCAGAAAGCAATTGACGTAACAGGCATTCOGCA 800
TACCGATGAAAATGTAARAAGCACAAAGCATCGGATOGGAARTGCTCTTATTACAACACTIGCCGARACACCTTTCT TTTCAGTTTATCAATGGGATGTG 900
AGOGGGAAAGCATCATTCCCOGCACCOGGO0GGTATTTACTCGCAAGOGTCATTAAAGGACGCGGAGAACTGGATGGATGCCOCATTCACARAGGCGATC 1000
ACTTTA ATTCOGGAGATTTTGTTATAGAAGGAGATTGTGAGGTTATCGTTTCACATCCTICATCATCTTAAMAATCAGGAGGTCTTTT 1100
ATATGCTCAAAAAGTTAGCAGTCTGOCTGTCTATOGTT TTATTACTCT TAGGAGCCGCCAGTCOGATATOGGCTCACACCGTTTATCCCGTCAACCCAAA 1200
HLKKLAVCLSIVLLLLGAASPISAHTVYPVNPN
TRCCCAGCAGACGACAARAGATATCATGAACTGGCTGGCGCACCTGOOCAACCGTTCAGAAACAGGGTCATGTCCGGTGOGTTOGACGOGTACAGCGAT 1300
AQQTTKDIMNYLAHLPNRSENRYMNSGAFGGYSD
GTCACTTTTTCAATGACAGAGGAAAACCGCTTGAMAACGCGACGEGACAGTCTCOOGCCATCTACGGCTGTRACTATOGGEAGAGGATGGCTGGAAACAG 1400
VT FSHMTEENRLENATGQSPAIYGCDYGRGUWLET
CGGATATCACCGATACTATCGATTACAGCTGCAACAGCAGCTTGATCTCATACTGGAAMAGCGGOGGCCTOOCTCAGGTCAGCCTGCATCTOGCARATCC - 1500
ADITDTIDYSCNSSLISY¥KSGGLPQVSLHLANP
GGCTTTTCCATCOGGAAACTATAARACGGCCATCTCAAACAGCCAGTACAAAACATCCTGGACCCTTCAACTGTTGAAGGAAMACGGCTIGAGGOGCTG 1600
AFPSGNYKTAISNSQYKNILDPSTVEGEKRLEA AL
CTCAGCAAAATOGCCGACGGCCTTACTCAGC TGAARAATCAAGGCGTCACCGTTCTGTTCAGGCCGC TTCACGAAATGAACGGCGAGTGGTICTGRTGAG 1700
LSKIADGLTQLKNQGVTYVLFRPLHEMNGETWFTWVY
GGCTGACAGGCTACAACCAAAAAGACACGGAAAGAATCTCGCTGTACAAAGAGCTTTACAAGAAGATATACCGC TATATGACAGAGACAAGAGGATTGGA | 1800
GLTGYNQEDTERTISLYKELVYEKKIVYRYMTETRGLD
TAACCTTTTGTGGGTGTATTCGO0GGATGOCAACAGAGACTTTAAAACAGACT TCTACCCAGGCTCATCTTATGTGGATATTACCGGTCTGGACGCTTAC 1900
NLLWYVYSPDANRDFETDFYPGSSYVDITGLDAY
TICACTGATCCGTATGOGATATCAGGCTATGATGARATGCTGTCTCTGAAAAAACCGTTTGOCTTTGCCGARACCGGTCOGTCUGGCAATATOGGAAGCT - 2000
FTDPYAISGYDEMLSLEKEKPFAFAETGPSGNTIGS
TIGATTATGCTGCTTTTATCAATGOGATCAGGCAAAAGTATCO0GAGACCACGTACTTT TIGACATGGGATGAACAATTAAGTOCGGCGGOCAATCAAGG 2100
FDYAAFINAIRQKYPETTYFLTW¥DEQLSPAANRQG
CGCGCAAAGCCTTTATCAAAACAGCTGGACACTGAACAAGGGCGAAATATGGAACGGOGGATCTTTGACGCCGATOGCGGAATARCCGCTTCTTTTGAAA - 2200
AQSLYQNSWTLNKGETIVWNGGSLTPIAE*
ATOGGTTTTAAAAAACGGCTCTGCTGGECATATIGTTACCGTTCAAAAAGGAGGGTTCAACAATGGAARATAACAAAAACAGOGAAGARACGCTTTCCAG 2300
TAAGACGACCGGTAAAGGOGAGTCAGAAGACACGCTGACAAACCGGCAGGGCCATCCOGTCACTGACAACCAGAATG TCAGGACAGTCGGCAATAGAGGA 2400
CCGACGACATTGGAGAATTATGATTTTTTGGAGAAAATCAGCCACT TTGACCGOGAACGGATTCC0GAGCGOGTORTTCACGOGCGCGGRCCGGURCAC 2500
ACGGATACTTTGAGGCCTACGGAAGTTTTGGAGACGAGGAGATTTCTAAATACACAAGAGCGAAAGTGTT TCAAAAGAAAGGAACGAAMACTOOGGOGTT - 2600
TGTGOGGTTTICTACCGTCAACCACGAAAGCATTCCO0GGARACATIGCGTGATCCCCGRGETTTTGOCGTTAAGCTE 2679

Fig. 1. Nucleotide sequence and the deduced amino acid sequence of the mannanase gene.

The amino acid deduced from the open reading frame is indicated with the one-letter code below the nucleotide sequence. The putative ribosome binding
site (SD) is underlined. Italicized amino acids indicate the putative signal peptide of mannanase. The nucleotide sequences in the box are cleavage sites for
Nael, which was used to make the recombinant pMANWL3 plasmid shown in Fig. 3. The numbers at the end of each line correspond to the nucleotide
positions. The nucleotide sequence has been deposited with GenBank under the accession number DQ167409.



and manganese-containing catalase were arranged adjacently
on the chromosomal DNA of B. subtilis 168 (GenBank
Accession No. Z99107) and B. subtilis WL-7 [19],
indicating that the putative major catalase gene of the B.
subtilis WL-3 spore is differently located on chromosomes
from both of the B. subtilis strains.

A putative start codon, ATG, of mand is located at
nucleotide position 1,103, which is separated by 19 nucleotides
after the termination codon of the phosphomannose isomerase
(pmi)y gene, whereas the termination codon, TAA, is
located at position 2,185. The putative initiation codon of
manA was expected according to a putative ribosome-
binding site (AGGAGG), which was followed by the
codon at a spacing of 8 bp. The start codon of mannanase
genes was predicted to be ATG from Bacillus sp. 5H [14],
B. subtilis NM-39 [22], and B. subtilis HB002 (Accession
No. AF324506), whereas two mannanase genes of both
B. subtilis 168 and B. subtilis WL-7 were found to use
TTG as the start codon. A possible transcriptional terminator
consisting of a palindromic sequence was not found in the
intervening sequences between pmi, manA, and putative
catalase genes, suggesting that they may be transcribed to
a polycistronic mRNA or their transcriptions may be
terminated by a p transcriptional termination factor.
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The pattern of codon usage in the man4 gene resembles
that of the highly expressed B. subtilis gene in amino acid
residues such as Ile, His, Asn, Lys, Glu, and Arg, and
differs from that of the WL-7 mannanase gene [9]. In
addition, the manAd has a total G/C content of 49.4%,
whereas the G/C content is 59.2% at the third base of the
codon. The preference of WL-3 mand for G or C residues
at the third base of genetic codons was 20% higher than
that of the mannanase gene from B. subtilis WL-7 [19].

Comparison of B. subtilis WL-3 Mannanase with Other
Mannanases

When the deduced amino acid sequence of a WL-3
mannanase was compared with the sequences of other
mannanases in the NCBI database using the BLAST
search program [4], the mannanase showed high homology
with mannanases from Bacillus strains belonging to
glycosyl hydrolase family 26 as follows: B. subtilis NM-39
(identity: 99%), B. subtilis 168 (identity: 74%), B. subtilis
Z-2 (identity: 74%), Bacillus sp. SH (identity: 75%), and
B. subtilis WL-7 (identity: 74%). Amino acid sequences of
the mannanases from the above Bacillus species are aligned
in Fig. 2. These mannanases had a catalytic module, whereas
many GH26 mannanases from alkaliphilic Bacillus sp. JAMB-

W3  MLKKLAVCLSIVLLLLGA--ASPISAHTVYPVNPNAQQTTKDIMNWLAHLPNRSENRVMSGAFGGYSDVIFSMTE 73

NM ok kdkd ko ko ohok Ak kK ko F ok kAR A KK A AR KRR F IR R KR KRR R FIAR A AR IR I A kAR Ak xhkkhk* T3

RS *F**THIS*L*IF**AS*VL*K**E****S***********TV**********T****L********HD****A* 75

S5H  *YXAYTISALXLFX*ASHAYL AKX AEX kA AGR Kk k kX kA kKX QUH A KR KKK XK KTHR* XX hkkkhF kX UDF ¥ ¥ * 7% 75

W7 XPAXTHIS*XLAITF**ASKYL*K*FE* X XA Gh A * Kk kA XK A ATYR kXA KKK KATR* XA Kk kk kX kA PDA X KK [*  TF

22 *F**THIS*L*LF**AS*VL*K**E****S***********TV**********T****L********HD****A* 75

W3 ENRLKNATGQSPAIYGCDYGRGWLETADITDTIDYSCNSSLISYWKSGGLPQVSLHLANPAFPSGNYKTAISNSQ 148
NM  Fhh kR ARk kok A KA K IR ARR KK I h AR RCH KA A AR F AR KRR AN AR KK AR AR R XA Kk hkkkxk ] 48
BS AD*IRS**********'k**A‘k******N*E*S**V***GD*M****N**I**I*********Q*‘kHF**P*T*D* 150
SH AD*IRS*A******'k****A*******N*E*S**v****D******N**I**I*********Q**HF****T*D* 150
W7 AD*IRS*****t****')(**A*‘k*****N*E*S**V***GD*M****N**I**I*********Q**HF**P*T*D* 150
ZZ AD*XRS******x*****iA*****‘k*N*E*S**v****D*M****N**I**Ikk*******Q**HF**P*T*D* 150
W3  YKNILDPSTVEGKRLEALLSKIADGLTQLKNQGVTVLFRPLHEMNGEWFWWGLTGYNQKDTERISLYKELYKKIY 223
NM *****X***k******‘k'k****‘k‘k***'k***********************‘k*********N*********‘k**k* 223
BS *****‘ks**A*****N*M********QE*E****P*******************S*****N*******Q*****‘k 225
SH **K'k‘k'ks********N*M********QE*E****P**********‘k********S*****N*******Q****** 225
W? **K'k**S'k*A**'k**N*M********QE*E****P*************'k*****s***'k*N******ko****** 225
22 **K***S**A*****N*M‘k*******QE*E****P*********t*********S*****N*******Q****** 225
W3 RYMTETRGLDNLLWVYSPDANRDFKTDFYPGSSYVDITGLDAYFTDPYALSGYDEMLSLKKPFAFAETGPSGNIG 298
NM KA FAL IR R I A A I A A A A Ak bk Tk ko khk bk hkh sk krkkkkhkkkkhkhhkdkhddkdk kR hkkhdedkdh bk hh 298
BS H***D*****H*I**********‘k*******A*****V******Q*A*S*N***QLTA*N*****T*v**QTAN* 300
5H H***D*****H*************'k******A*****v******Q*A*S*K***QLTA*N*****T*V**QTAN* 300
W7 H***D*****H*I******************A**'k**v******Q*A*S*N***QLTA*N*****T*V**QTAN* 300
72 H* R, D¥* ok ok k kX Thhkh kb kh Xk dkk Ak kR AR QKK XX KR Rk * XX QFAKXGHN* X kQLTAXN* ¥ ¥ ¥ ¥ PAYX**QTAN* 300
W3  SFDYAAFINAIRQKYPETTYFLTWDEQLSPAANQGAQSLYQONSWTILNKGEIWNGGSLTPIAE 360
NM ****************Q*******k******k***************************'k** 360
BS ****SL*****K****K*I***A*NDEW*A*V*K**SA**HD************D‘k****v* 362
SH ***kSL*****K****K*I***A*NDEW***V*K**SA**HD************D*****v* 362
W7 ****SL*****K****K*I***A*NDEW***V*K**SA**HD************D*****V* 362
72 ****SL*****K*R**K*I***A*NDEW***V*K**SA**HD************D*****V* 362

Fig. 2. Comparison of the B. subtilis WL-3 mannanase with others mannanases.
The amino acid sequences of six mannanases from B. subtilis WL-3 (W3), B. subtilis NM-39 (NM), B. subtilis 168 (BS), Bacillus sp. SH (SH), B. subtilis
WL-7 (W7), and B. subtilis Z-2 (Z2) are indicated by the one-letter code and have been aligned by introducing gaps (hyphens) to maximize similarities.

Residues identical to the amino acid sequence of the WIL-3 mannanase are indicated by astetisks in other sequences. Numbers at the end of each line
correspond to the amino acid position in the protein.
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750 [3], Clostridium thermocellum [15], Caldicellulosiruptor
sp. Rt8.B4 [8], Cellulomonas fimi [30], and Caldibacillus
cellulovorans [31] were composed of at least two modules
with high molecular weight.

The 24-amino-acids stretch in the N-terminus of the
predicted amino acid sequence has properties similar to
typical signal peptides in Bacillus sp., consisting of positively
charged amino acids followed by a hydrophobic amino
acid stretch. Helix-breaking residues such as Pro and Gly
occurred at the fourth and eighth residues before the
cleavage site, respectively, which are identical to those of
B. subtilis NM-39 [22], whereas mannanases of Bacillus
strains, including B. subtilis WL-7 [19], Bacillus sp. SH
[14], B. subtilis 168 (Accession No. CAB12407), and B.
subtilis 7-2 (Accession No. AAV84100), contain a signal
peptide of 26 amino acid residues. All mature forms of their
five mannanases consist of 336 amino acid residues, although
the lengths of their signal peptides are not identical. When the
N-terminal regions of their mannanases can be compared
with the cleavage sites of other signal peptides, the amino
acid sequences (I-S-A or I-E-A) for the cleavage sites are not
identical to a typical signal peptidase processing site (A-X-A)
[27]. Kweun et al. [17] reported that the WL-7 mannanase
was not secreted by recombinant E. coli carrying the mannanase
gene without an N-terminal signal peptide region.

Ev
E PSS Hc Ev

pMANWL3

(7,769 bp)

Fig. 3. Structure of expression plasmid pMANWL3 containing
the mannanase gene.

The open bar indicates the Nael fragment that includes a B. subtilis WL-3
mand gene, and the thin line indicates a region of expression vector
pJ27A88U. P and T indicate the Bacillus promoter, BJ27A88, and the
transcriptional terminator, rrnBT,T,, respectively. The structural genes for
kanamycin resistance (Km), ampicillin resistance (Ap), bleomycin
resistance (Ble), and mannanase (mand) are depicted. The arrows indicate
the direction of transcription. Restriction site abbreviations are as follows:
B, BglII; E, EcoRI; Ev, EcoRV; H, HindlIl; He, HinclIl; N, Ncol; Ns, Nsil;
Ps, Pstl; S, Sphl.

Strong Expression of the Mannanase Gene in B. subtilis
The previous report of the recombinant mannanase from B.
subtilis WL-7 showed that the deletion of signal peptide
sequences in the mannanase gene was favorable for strong
expression of the enzyme in E. coli BL21I(DE3) [17].
However, the mature mannanase was not secreted by
recombinant E. coli. For strong expression of the B.
subtilis WL-3 manA gene in B. subtilis, a recombinant
plasmid containing the mannanase gene was constructed
using pJ27A88U as an expression vector. It was previously
reported that a B. subtilis CMCase gene was strongly
expressed using this vector in B. subtilis [13]. The Nael-
generated 1.5-kb DNA fragment (nt 1,011-2491 of Fig. 1),
which included the WL-3 manA gene, was introduced into
the filled-in HindIII site of pJ27A88U containing a strong
Bacillus promoter, BJ27A88, to create a recombinant plasmid,
PMANWL3 (Fig. 3). It was found that the mannanase gene
was located downstream from promoter BJ27A88 of
pPMANWL3. The plasmid was transformed into B. subfilis
168.

To estimate the mannanase productivity of B. subtilis
(PMANWL3), the transformant was grown in LB medium
for 18 h at 37°C. The mannanase activities of the culture
filtrate were measured and compared with those of B.
subtilis carrying a vector, pJ27A88U (Fig. 4). Because B.
subtilis 168 has its own mannanase gene, B. subtilis 168
carrying pJ27A88U produced mannanase at 0.8 U/ml. The
mannanase productivity of B. subtilis 168 (PMANWL3)
reached 300 U/ml, which is approximately 375 times more
than that of B. subtilis (pJ27A88U). In a previous work, the
mannanase productivity of B. subtilis WL-3 in LB medium
supplemented with LBG was found to be 131-fold more
than that in LB medium [25]. To investigate whether the
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Fig. 4. Production of mannanase by the recombinant strains of
B. subtilis 168 and their growths.

Growths (open symbols) and mannanase activities (closed symbols) in the
culture filtrates of the B. subtilis carrying pJ27A88U (circle) and
PMANWL3 (triangle) were observed periodically during growth in LB
medium supplemented with LBG (0.3%) at 37°C, respectively.



increase of mannanase caused by the LBG occurs in
recombinant B. subtilis, the recombinant B. subtilis was
grown in LB medium supplemented with 0.3% LBG. The
mannanase activity in the culture filtrate of B. subtilis
(PMANWL3) reached a maximum level of 450 U/ml
after cultivation for 15 h, whereas that of the B. subtilis
(pJ27A88U) reached only 25 U/ml. The mannanase gene
subcloned into pPMANWL3 did not contain its own promoter,
suggesting that the mannanase biosynthesis of B. subtilis
(PMANWL3) was not induced by LBG. Therefore, the
increase of mannanase production could be owing to
utilization of LBG hydrolysates as carbon source by B.
subtilis (pMANWL3). The cell growth patterns of the two
strains were similar, which indicated that the strong
expression of mannanase did not impede the growth of the
host cells.

SDS-PAGE analysis of the culture filtrates of both B.
subtilis (pJ27A88U) and B. subtilis (pPMANWL3) showed
that the secreted mannanase that had a molecular mass of
approximately 38 kDa was dramatically increased by B.
subtilis (pMANWL3) in relation to culture time (Fig. 5).
However, mannanase showing weak activity was observed
in the culture filtrate of B. subtilis (pJ27A88U). As a result
of analyzing the plasmid DNA isolated from B. subtilis
(PMANWL3), it was found that the recombinant pMANWL3
plasmid was stably maintained without structural instability,
such as deletion or rearrangement on the plasmid, although
the structural mannanase gene of WL-3 included a 684-
nucleotides sequence that showed 73% identity to that of
the B. subtilis 168 mannanase gene (ydhT in GenBank
Accession No. 799107).

2 3 45 6 71 8

(kDa)~ 1

z

Fig. 5. Zymogram of the mannanase produced by recombinant
B. subtilis.

B. subtilis 168 carrying pJ27A88U and B. subtilis 168 carrying
PMANWL3 were grown for 12 h at 37°C in LB medium supplemented
with LBG (0.3%). Culture filtrates were applied to 10% (w/v) SDS-
polyacrylamide gel. Protein exhibiting mannanase activity was analyzed
by activity straining. Lanes 1, 3, 5, and 7 indicate the 3h, 6 h, 9 h, and 12 h
cultures of B. subtilis (pJ27A88U) as a control, respectively. Lanes 2, 4, 6,
and 8 indicate the 3h, 6h, 9h, and 12h cultures of B. subtilis
(PMANWL3), respectively. Molecular size is shown in kilodaltons to the
left side of the gel.

STRONG EXPRESSION OF MANNANASE GENE IN BACILLUS SUBTILIS 1693

REFERENCES

1. Akino, T., C. Kato, and K. Horikoshi. 1989. The cloned -
mannanase gene from alkalophilic Bacillus sp. AM-001
produces two P-mannanases in FEscherichia coli. Arch.
Microbiol. 152: 10-15.

2. Akino, T., N. Nakamura, and K. Horikoshi. 1988.
Characterization of three f-mannanases of an alkalophilic
Bacillus sp. Agric. Biol. Chem. 52: 773-779.

3. Akita, M., N. Takeda, K. Hirasawa, H. Sakai, M. Kawamoto,
M. Yamamoto, W. D. Grant, Y. Hatada, S. Ito, and K.
Horikoshi. 2004. Crystallization and preliminary X-ray study
of alkaline mannanase from an alkaliphilic Bacillus isolate.
Acta Crystallogr. D Biol. Crystallogr. 60(Pt 8): 1490-1492.

4. Altschul, S. F,, T. L. Madden, A. A. Schaffer, J. Zhang, Z.
Zhang, W. Miller, and D. J. Lipman. 1997. Gapped BLAST
and PSI-BLAST: A new generation of protein database
search programs. Nucleic Acids Res. 25: 3389-3402.

5. Chen, H.-G, X. Yan, X.-Y. Liu, M.-D. Wang, H.-M.
Huang, X.-C. Jia, and J.-A. Wang. 2006. Purification and
characterization of novel bifunctional xylanase, XynlIl, isolated
from Aspergillus niger A-25. J Microbiol. Biotechnol. 16:
1132-1138.

6. Choi, N. S., K. H. Yoo, J. H. Hahm, K. S. Yoon, K. T.
Chang, B. H. Hyun, P. J. Maeng, and S. H. Kim. 2005.
Purification and characterization of a new peptidase,
bacillopeptidase DJ-2, having fibrinolytic activity, produced
by Bacillus sp. DJ-2 from Doen-Jang. J Microbiol.
Biotechnol. 15: 72-79.

7. Ethier, N., G. Talbot, and J. Sygusch. 1998. Gene cloning,
DNA sequencing, and expression of thermostable f-
mannanase from Bacillus stearothermophilus. Appl. Environ.
Microbiol. 64: 4428—-4432.

8. Gibbs, M. D., A. U. Elinder, R. A. Reeves, and P. L.
Bergquist. 1996. Sequencing, cloning and expression of
a f-14-mannanase gene, manA, from the extremely
thermophilic anaerobic bacterium, Caldicellulosiruptor Rt8B 4.
FEMS Microbiol. Lett. 141; 37-43.

9. Grosjean, H. and W. Fiers. 1982. Preferential codon usage in
genes: The optimal codon-anticodon interaction energy and
the selective codon usage in efficiently expressed genes.
Gene 18: 199-209.

10. Halstead, J. R., P. E. Vercoe, H. J. Gilbert, K. Davidson, and
G. P. Hazlewood. 1999. A family 26 mannanase produced
by Clostridium thermocellum as a component of the
cellulosome contains a domain which is conserved in
mannanases from anaerobic fungi. Microbiology 145: 3101-
3108.

11. Hatada, Y., N. Takeda, K. Hirasawa, Y. Ohta, R. Usami, Y.
Yoshida, W. D. Grant, S. Ito, and K. Horikoshi. 2005.
Sequence of the gene for a high-alkaline mannanase from an
alkaliphilic Bacillus sp. strain JAMB-750, its expression in
Bacillus subtilis and characterization of the recombinant
enzyme. Extremophiles 9: 497-500.

12. Heo, S., J. Kwak, H.-W. Oh, D.-S. Park, K. S. Bae,
D. H. Shin, and H.-Y. Park. 2006. Characterization of an
extracellular xylanase in Paenibacillus sp. HY-8 isolated



1694

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24

YOON AND LIM

from an herbivorous longicorn beetle. J Microbiol.
Biotechnol. 16: 1753-1759.

Jung, K. H., Y. C. Chun, J.-C. Lee, J. H. Kim, and K.-H.
Yoon. 1996. Cloning and expression of a Bacillus sp. 79-23
cellulase gene. Biotechnol. Lett. 18: 1077-1082.
Khanongnuch, C., T. Ooi, and S. Kinoshita. 1999. Cloning
and nucleotide sequence of B-mannanase and cellulase genes
from Bacillus sp. 5H. World J. Microbiol. Biotechnol. 15:
249-258.

Kurokawa, J., E. Hemjinda, T. Arai, S. Karita, T. Kimura, K.
Sakka, and K. Ohmiya. 2001. Sequence of the Clostridium
thermocellum mannanase gene man26B and characterization
of the translated product. Biosci. Biotechnol. Biochem. 65:
548-554.

Kweun, M. A., H. S. Kim, M.-S. Lee, J. H. Choi, and K.-H.
Yoon. 2003. Mannanase production by a soybean isolate,
Bacillus subtilis WL-7. Kor. J. Microbiol. Biotechnol. 31:
277-283.

Kweun, M. A,, J. Y. Shon, and K.-H. Yoon. 2004. High-level
expression of a Bacillus subtilis mannanase gene in
Escherichia coli. Kor. J. Microbiol. Biotechnol. 32: 212-
217.

Kweun, M. A. and K.-H. Yoon. 2004. Hydrolysis of
galactomannan and manno-oligosaccharides by a Bacillus
subtilis mannanase. Kor. J. Microbiol. Biotechnol. 32: 347-
351.

Kweun, M. A., M.-S. Lee, J. H. Choi, K. H. Cho, and K.-H.
Yoon. 2004. Cloning of a Bacillus subtilis WL-7 mannanase
gene and characterization of the gene product. J. Microbiol.
Biotechnol. 14: 1295-1302.

Lee, J.-H. and S. H. Choi. 2006. Xylanase production by
Bacillus sp. A-6 isolated from rice bran. J Microbiol.
Biotechnol. 16: 1856-1861.

Ma, Y, Y. Xue, Y. Dou, Z. Xu, W. Tao, and P. Zhou. 2004,
Characterization and gene cloning of a novel B-mannanase
from alkaliphilic Bacillus sp. N16-5. Extremophiles 8: 447—
454.

Mendoza, N. S., M. Arai, K. Sugimoto, M. Ueda, T.
Kawaguchi, and L. M. Joson. 1995. Cloning and sequencing
of P-mannanase gene from Bacillus subtilis NM-39.
Biochim. Biophys. Acta 1243: 552554,

Meng, X., B. A. Slominski, L. D. Campbell, W. Guenter, and
O. Jones. 2006. The use of enzyme technology for improved
energy utilization from full-fat oilseeds. Part I: Canola seed.
Poult. Sci. 85: 1025-1030.

Miller, M. L., R. Blum, W. E. Glennon, and A. L. Burton.
1960. Measurement of carboxymethylcellulase activity. Anal.
Biochem. 2: 127-132.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Oh, Y. P, J.-M. Lee, K. H. Cho, and K.-H. Yoon. 2002.
Isolation and enzyme production of a mannanase-producing
strain, Bacillus sp. WL-3. Kor. J. Microbiol. Biotechnol. 30:
247-252.

Paik, H. D., S. K. Lee, S. Heo, S. Y. Kim, H. H. Lee, and
T. J. Kwon. 2004. Purification and characterization of the
fibrinolytic enzyme produced by Bacillus subtilis KCK-7
from Chungkookjang. J. Microbiol. Biotechnol. 14: §29—
83s.

Sakakibara, Y., K. Tsutsumi, K. Nakamura, and K. Yamane.
1993. Structural requirements of Bacillus subtilis o-amylase
signal peptide for efficient processing: In vivo pulse-chase
experiments with mutant signal peptides. J. Bacteriol. 175:
4203-4212.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989.
Molecular Cloning: A Laboratory Mannual, 2nd Ed. Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, NY,
US.A.

Slominski, B. A., X. Meng, L. D. Campbell, W. Guenter, and
0. Jones. 2006. The use of enzyme technology for improved
energy utilization from full-fat oilseeds. Part II: Flaxseed.
Poult. Sci. 85: 1031-1037.

Stoll, D., A. Boraston, H. Stalbrand, B. W. McLean, D. G.
Kilburn, and R. A. J. Warren. 2000. Mannanase Man26A
from Cellulomonas fimi has a mannan-binding module.
FEMS Microbiol. Lett. 183: 265-269.

Sunna, A., M. D. Gibbs, C. W. J. Chin, P. J. Nelson, and P. L.
Bergquist. 1999. A gene encoding a novel mutidomain B-
1,4-mannanase from Caldibacillus cellulovorans and action
of the recombinant enzyme on kraft pulp. Appl. Environ.
Microbiol. 66: 664—670.

Tamaru, Y. and R. H. Doi. 2000. The engL gene cluster of
Clostridium cellulovorans contains a gene for cellulosomal
ManA. J. Bacteriol. 182: 244-247.

Virupakshi, S., K. Gireesh Baru, and G. R. Naik. 2005.
Partial purification and characterization of thermostable
alkaline 3-mannanase from Bacillus sp. JB-99 suitable for
pulp bleaching. J. Microbiol. Biotechnol. 15: 689—-693.
Yoshida, S., Y. Sako, and A. Uchida. 1998. Cloning, sequence
analysis, and expression in Escherichia coli of a gene coding
for an enzyme from Bacillus circulans K-1 that degrades
guar gum. Biosci. Biotechnol. Biochem. 62: 514-520.

Zou, X. T, X. I. Qiao, and Z. R. Xu. 2006. Effect of (3-
mannanase (Hemicell) on growth performance and immunity
of broilers. Poult. Sci. 85: 2176-2179.



