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Bacillus subtilis BCC41051 producing a thermostable f-mannanase was isolated from soybean meal-enriched
soil and was unexpectedly found to be thermophilic in nature. The extracellular f-mannanase (ManA) produced
was hydrophilic, as it was not precipitated even with ammonium sulfate at 80% saturation. The estimated
molecular weight of ManA was 38.0 kDa by SDS-PAGE with a pI value of 5.3. Optimal pH and temperature
for mannan-hydrolyzing activity was 7.0 and 60°C, respectively. The enzyme was stable over a pH range
of 5.0-11.5, and at temperatures of up to 60°C for 30 min, with more than 80% of its activity retained.
ManA was strongly inhibited by Hg2+ (1 mM), but was sensitive to other divalent ions to a lesser degree.
The gene of ManA encoded a protein of 362 amino acid residues, with the first 26 residues identified as
a signal peptide. High expression of recombinant ManA was achieved in both Escherichia coli BL21 (DE3)

(415.18 U/ml) and B. megaterium UNcat (359 U/ml).
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Mannans, important components of hemicellulose in plant
cell walls, are classified into four subfamilies: linear mannan,
glucomannan, galactoglucomannan, and galactomannan (de
O. Petkowicz et al., 2001). Structurally, both linear mannan
and galactomannan consist of B-1,4-linked mannose residues
attached to a different extent to a single a-1,6-linked D-gal-
actosyl residue (5% or less and 20-100%, respectively) (Politz
et al., 2000; de O. Petkowicz et al., 2001; de Vries, 2003); while
glucomannan is composed of a combination of f-1,4-linked
mannose and f-1,4-linked glucose residues, alternating in a
random order. The last type of mannan, galactoglucomannan,
is glucomannan with a-1,6-linked D-galactopyranose attached
to both D-glucosyl and D-mannosyl units (Moreira and Filho,
2008).

In nature, linear mannans (B-mannans) are mostly found
in non-leguminous plants such as Aloe vera, ivory nuts, and
coffee beans (Moreira and Filho, 2008). Glucomannans and
galactoglucomannans are major components of hemicellulose
in softwood and hardwood (de Vries, 2003) while galactoman-
nans are usually found as storage polymers in seeds of legumi-
nous plants (Lee et al., 2005).

Cereal grains, such as wheat and corn, and soybean meal
are the major ingredients of poultry and swine feeds. These
raw materials contain varying amounts of mannans, some of
which cannot be digested by monogastric animals (Choct and
Annison, 1992). Moreover, these undigested constituents have
an adverse effect on the digestibility of other nutrients by
increasing viscosity and inhibiting gut enzymes necessary for
digestion (Langhout et al., 2000). Addition of enzymes, in-
cluding B-mannanase, into the feed has increased feed uti-
lization and improved the digestion of monogastric animals
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(Jackson et al., 1999).

B-mannanase (1,4-B-D-mannan mannanosidase, EC 3.2.1.78)
is an endohydrolase, which randomly hydrolyzes B-1,4-linkages
of mannan-based polysaccharides. Several genes encoding
p-mannanases from plants, fungi and bacteria, including
Bacillus subtilis, have been cloned and their encoded enzymes
have been purified and characterized (Moreira and Filho,
2008). These enzymes have potential applications in food and
feed industries, as well as in other industrial processes such
as viscosity reduction in coffee manufacturing, extraction of
oils from leguminous seeds, and bleaching of pulp wood
(Heck et al., 2005). Of these mannanases, none has been re-
ported from a thermophilic B. subtilis. Therefore in this re-
port we describe the cloning and heterologous expression in
Escherichia coli and Bacillus megaterium of a B-mannanase
from thermophilic B. subtilis MUSc-1 isolated from soybean
meal-enriched soil in Thailand.

Materials and Methods

Chemicals, media, enzymes, and bacterial strains

Locust bean gum (LBG) was purchased from Sigma (USA). Luria-
Bertani (LB) medium was obtained from Oxoid (UK). Chemicals
and reagents used were of analytical or biotechnological grade from
Sigma and Merck (Germany). Pfu DNA polymerase was purchased
from Promega (USA), and restriction endonucleases (BamHI, Ndel,
Nrul, and Xhol) and T4 DNA ligase were acquired from New
England Biolabs (USA). E. coli DH5a and BL21 (DE3) were pur-
chased from Novagen (USA). E. coli BL21 (DE3) and B. megaterium
UNcat (Panbangred et al., 2000) were used as Gram-negative and
Gram-positive expression hosts, respectively.



Isolation and identification of mannan-degrading microorga-
nisms

Mannanase-producing microorganisms were screened from soil, soy-
bean meal-enriched soil, and compost and manure samples obtained
from various places in Bangkok, Thailand. For primary screening,
0.5 g of each fresh soil sample was suspended in 4.5 ml of sterile
normal saline solution and serially tenfold diluted to a final 10
dilution. Aliquots (100 pl) of the diluted samples were spread on
screening plates containing GLM medium (0.6% locust bean gum,
0.34% KH,PO,, 0.355% Na,HPO-2H,O, 0.02% MgSO+7H,0, 0.01%
NH4Cl, 0.001% CaCl,-2H;0, and 1.5% agar). GLM plates were in-
cubated at 50°C for 1-2 days to allow bacterial growth and generation
of clear hydrolytic zones. Positive strains were selected and purified
by repeated streaking on GLM medium. Each of these purified
strains was inoculated into 20 ml of GLM broth and incubated at
50°C with shaking (180 rpm) for 2 days. Culture was harvested by
centrifugation at 10,000xg at 4°C for 10 min, and the supernatant
was incubated at 50°C for 20 min before assaying for mannan-degrad-
ing enzyme activity. The bacterial strain whose extract showed the
best enzyme activity was selected for enzyme production, purification
and characterization. The selected strain was identified by standard bio-
chemical tests (Gerhardt et al., 1994) and phylogenetic analysis based
on 16S rRNA gene sequence data and it was deposited in the
BIOTEC Culture Collection (BCC), Thailand.

Production and purification of f-mannanase

B. subtilis BCC41051 was inoculated in 200 ml of GLM medium and
incubated with shaking (180 rpm) at 50°C for 36 h. Culture super-
natant was collected as described above, and subsequently concent-
rated and desalted using a Minitan™ Ultrafiltration System (Minitan®
4/PK 5,000 NMWL filter plates, low binding regenerated cellulose;
Millipore, USA) and Centricon Plus-20 centrifugal filters with MW
cut off at 10,000 (Millipore). The concentrated enzyme solution was
purified by anion-exchange chromatography using DEAE- Sepharose
CL-4B (Sigma, USA) with a linear gradient of 0-0.5 M NaCl in 25
mM Tris-HCI (pH 7.5). Fractions with p-mannanase activity were
pooled and concentrated as described above. The pooled enzyme solu-
tion was adjusted to 1 M (NH4)>SOs, applied onto a Phenyl Sepharose
CL-4B column (GE Healthcare, USA), and then eluted with a linear
salt gradient from 1.0-0 M (NH4),SO; in 25 mM Tris-HCI (pH 7.5).
Fractions with f-mannanase activity were pooled, concentrated and
further purified by gel-filtration chromatography (Superdex 200 HR
10/30; Amersham Pharmacia Biotech, USA) using 25 mM Tris-HCl
(pH 7) as elution buffer. Enzyme purity and molecular mass were
determined by SDS-PAGE (Laemmli, 1970).

Assay of p-mannanase and protein

B-mannanase activity was assayed by measuring the amount of redu-
cing sugars released from LBG using the dinitrosalicylic acid (DNS)
method (Sengupta et al., 2000). A 0.1 ml aliquot of enzyme sample
was mixed with 0.9 ml of 100 mM sodium phosphate buffer (pH
6.8) containing 0.5% LBG and incubated at 42°C for 20 min. The
amount of reducing sugar liberated was estimated by adding 3 ml
of DNS reagent and boiling for 5 min. After cooling to room temper-
ature, absorbance at 540 nm was measured (BioSpec-1601; Shimadzu,
Japan). D-mannose was used as the standard. One unit of mannanase
activity was defined as the amount of the enzyme required to liberate
1 pmol of reducing sugar (mannose) per min under the assay
condition. Protein content was determined by using the Bradford
method (Bradford, 1976).
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Characterization of f-mannanase

The pH activity profile of f-mannanase was determined by measuring
the enzyme activity at 42°C (Richards, 1970) in a pH range of 3.5-11.5,
using 50 mM of citrate-NaOH buffer (pH 3.5-6.0), sodium phosphate
buffer (pH 6.0-8.0), glycine-NaOH buffer (pH 8.0-10.0) and 3-[cyclo-
hexylamino]-1-propanesulfonic acid buffer (CAPS, pH 10.0-11.5).
The effect of pH on B-mannanase stability was determined by incu-
bating the enzyme in buffers of various pH at 37°C for 30 min before
assaying at pH 7.0. Optimal temperature of enzyme activity was de-
termined by assaying the enzyme activity in 50 mM sodium phosphate
buffer (pH 7.0) at various temperatures ranging from 25-85°C. In
addition, thermal stability of the enzyme was determined by pre-in-
cubation at various temperatures (25-85°C) in 50 mM sodium phos-
phate buffer (pH 7.0) for 30 min. The effects of chemicals (1 mM
of CaCly, CoCl,, CuSOs, FeSOs4, HgCl,, MgCl,, MnCl,, NiCl,, or
NiSO4) on enzyme stability were investigated by pre-incubating the
enzyme with each of the chemicals in 50 mM sodium phosphate buf-
fer (pH 7.0) at room temperature for 24 h.

Cloning of manA gene

Washed cells from 10 ml overnight culture of the selected bacterium
in LB broth were suspended in 5 ml of GET buffer (50 mM glucose,
10 mM EDTA, 25 mM Tris-HCI, pH 8.0) and incubated with lyso-
zyme (0.25 mg/ml final concentration) at 37°C for 1 h. Then 100
ul of proteinase K (10 mg/ml) was added and the solution further
incubated for 1 h. One mililiter of 10% SDS was added and the
mixture was again incubated at 37°C for 1 h. DNA was extracted
with phenol/ chloroform:isoamyl alcohol and precipitated with chilled
absolute ethanol/sodium acetate (Sambrook and Russell, 2001). The
DNA was used as a template for PCR amplification of gene encoding
B-mannanase using primers SM001 (5-CTGTGTCGCCTGTGAATC
C-3") and SM002 (5'-CTGCCGTTTGCTGTTTGC-3'), based on the
conserved sequences of B. subtilis f-mannanases, and Pfu DNA poly-
merase with the following thermal cycling conditions: 95°C for 5 min;
30 cycles of 95°C for 30 sec, 60°C for 30 sec, 72°C for 1 min; and
72°C for 10 min. The amplicon was directly sequenced using BigDye ™
Terminator cycling and an automatic sequencer 3730xl (Macrogen,
Korea). To amplify the full length of gene encoding B-mannanase, two
additional primers, SM003 (5-GGAGAATTTACAATAGAAGG-3’)
and SM004 (5-GGGTTAGGCGATATGAATGC-3'), were designed
from the known sequence of the B. subtilis -mannanase gene (GenBank
accession number NC-000964). PCR was carried out as follows: 95°C
for 5 min; 30 cycles of 95°C for 30 sec, 55°C for 30 sec, 72°C for
3 min; and 72°C for 10 min. Two additional primers, SM005 (5-CAC
CGATTACAAACGATCAG-3') and SM006 (5'-CCGTTCATTTCAT
GCAGC-3'), were also used as sequencing primers to confirm the
DNA sequence. The DNA sequences were assembled to obtain the
complete sequence. Nucleotide and deduced amino acid sequences
were analyzed using Gene Runner, EasyGene 1.0 server (http:/www.
cbs.dtu.dk), and Neural Network Promoter Prediction (http://www.
fruitfly.org/seq_tools/promoter.html), as well as programs provided
by the National Center for Biotechnology Information (NCBI) server
(Altschul et al., 1997).

For phylogenetic analysis, amino acid sequences of Bacillus man-
nanases were collected from GenBank and aligned by CLUSTAL
X software (version 1.81) (Thompson et al., 1997) using Gonnet series
matrices as multiple alignment parameters, and gap opening and ex-
tension parameters as default values. Insertions or deletions were
removed from the data sets before submitting to reconstruct the maxi-
mum likelihood tree using the RAXML web server (Stamatakis et
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al., 2008).

DNA manipulation and expression of f-mannanase in E. coli
BL21 (DE3)

The open reading frame of gene encoding B-mannanase was ampli-
fied by PCR using primers Man-CHF (5'-GTACGCCATATGTTTAA
GAAACATACGATCTCTTTGC-3') [Ndel site underlined] and Man-
CHR (5-GTACGCCTCGAGTTCAACGATTGGCGTTAAAGAATC-3")
[Xhol site underlined] and bacterial genomic DNA as a template,
with the following thermal cycling conditions: 95°C for 5 min; 30
cycles of 95°C for 30 sec, 50°C for 30 sec, 72°C for 2 min; and 72°C
for 10 min. The amplicon was digested with Ndel and Xhol, and
then ligated into the corresponding restriction sites of pET24b(+),
resulting in recombinant pEManAbhis encoding a C-terminal hexahis-
tidine-tagged p-mannanase. Moreover, the manA gene had been
modified to convert the TTG start codon to ATG and the GGGGAG
SD sequence to AAGGAG. pEManAhis was transfected into E. coli
BL21 (DE3), and transformants were cultured in LB medium supple-
mented with 30 pg/ml of kanamycin at 37°C with shaking (200 rpm).
When absorbance of 0.5 (measured at 600 nm) was reached, iso-
propyl-p-D-1-thiogalactopyranoside (IPTG) was added (0.4 mM final
concentration) and the culture was incubated at 25°C for 24 h. Cells
were harvested at various time points and analyzed for protein con-
tent (by SDS-PAGE) and B-mannanase activity.

Purification of recombinant f-mannanase

After 4 h of expression in E. coli BL21 (DE3), cells were harvested
and washed with 20 mM Tris-HCI buffer containing 100 mM NaCl
(pH 8.0), and resuspended in the same buffer before being lysed
by sonication (9.9 sec on and 9.9 sec off for 6 min) on ice (Vibra-
Cell™; Sonics & Materials, USA). Cell debris and insoluble aggregates
were sedimented at 17,000xg for 30 min and the supernatant was
loaded onto an immobilized Co** affinity column (BD Talon™; BD
Biosciences, USA). Proteins were eluted using a linear gradient of
0-80 mM imidazole in 20 mM Tris-HCI buffer containing 100 mM
NaCl (pH 8.0). Fractions with B-mannanase activity were collected,
and purity and molecular mass of the enzyme were determined by
SDS-PAGE.

Expression of f-mannanase in Bacillus megaterium UNcat

An E. coli-Bacillus shuttle and expression vector, pXb, modified from
pWH1520 (MoBiTec, Germany) was constructed as follows. A BamHI
site was introduced into pWH1520 by long-PCR using primers
PWH_1 (5-CGGGATCCCCCTTTGATTTAAGTG-3') and PWH_2
(5'-GTACGGATCAATTCGAGC-3'). The amplicon then was self-li-
gated by blunt-end ligation to generate pXb. The B-mannanase gene
was amplified from genomic DNA using the primers Man_F1
(5-GTACGCGGATCCGACAAATGTTTAAGAAACATACGATC-3")
[BamHI site underlined], and Man_R1 (5-CTGATTCATTCAACGA

100

10

Growth [Log CFU/ml (X 107)]
o
Mannanase productivity (U/ml)

0.10° L

-2

0.01 A4 T T T T O
0 10 20 30 40 50

Culture time (h)

Fig. 1. Growth curves of B. subtilis BCC41051 and extracellular man-
nanase production profile. B. subtilis BCC41051 was grown in GLM
medium with shaking (180 rpm) at 37°C (open triangle) and at 50°C
(open circle). ManA activity (closed circle) was measured in culture
medium of B. subtilis BCC41051 grown in GLM medium at 50°C.

TTGG-3'). The amplicon containing the modified manA gene in
which the TTG start codon had been changed to ATG was digested
with BamHI and ligated into BamHI/Nrul-linearlized pXb. The re-
sulting recombinant plasmid, pXManA, was transformed into B. meg-
aterium UNcat using the protoplast transformation method (Chang
and Cohen, 1979). Transformed B. megaterium UNcat was cultured
at 30°C with shaking (200 rpm). At ODso of 0.3, expression of
B-mannanase was induced with 0.5% (w/v) xylose for 24 h. Cells were
sedimented and extracellular B-mannanase activity was measured.

N-terminal peptide sequencing

In order to determine the cleavage site between the signal peptide
and mature sequence of ManA, the N-terminal sequences of the ma-
ture enzyme purified from its native host, and from the recombinant
E. coli BL21 (DE3) harboring pEManAhis, were sequenced by
Edman degradation (Biomolecular Research Facility, University of
Newcastle, Australia).

Nucleotide sequence accession number

The nucleotide sequences of the manA gene and the 16S rRNA gene
of B. subtilis BCC41051 were deposited in the GenBank under ac-
cession numbers GU982918 and GU982919, respectively.

Results

Isolation and identification of mannanase-producing
bacterium
Eighty bacterial strains were isolated. Of these the selected

Table 1. Summary of purification of p-mannanase from B. subtilis BCC41051

Purification step

Volume (ml) Total protein (mg) Total activity (U) Specific activity (U/mg) Purification (fold) Yield (%)

Crude enzyme 800 137.5
Minitan™ ultrafiltration 60 13.8
Centrifugal ultrafiltration 8 9.1
DEAE-Sepharose CL-6B 12 0.7
Phenyl agarose CL-4B 12 0.2

Superdex 200 HR 10/30 0.7 0.04

4653 34 1.00 100
3394 247 7.3 73
3292 361 10.7 71
1412 2002 59.1 30
565 3167 93.5 12
137 3169 93.6 3
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Fig. 2. SDS-PAGE of ManA from B. subtilis BCC41051. Protein sam
ples were obtained from the purification steps described in Table
1. Lanes: M, standard protein molecular weight marker; 1, crude
ManA enzyme; 2-6, ManA after Minitan™ ultrafiltration, centrifuga
1 ultrafiltration, DEAE Sepharose CL-6B chromatography, phenyl
agarose CL-4B chromatography, and Superdex 200HR 10/30 chrom
atography, respectively.

strain was from soybean meal-enriched soil at the Faculty of
Science, Mahidol University and was found to produce a ther-
mostable mannanase in a high yield. It was designated MUSc-1
and was later deposited in the BIOTEC Culture Collection
(BCC), Thailand with the code number BCC41051. The
BCC41051 formed medium-sized, smooth, circular, white and
opaque colonies on GLM agar. The organism was a motile,
Gram-positive, rod-shaped, aerobic endospore-forming bac-
terium. An ellipsoidal-shaped endospore was formed in the
central position of the cell after 48 h cultivation. Based on
biochemical properties, the strain BCC41051 was identified
as a B. subtilis and named B. subtilis BCC41051. In addition,
its 16S rDNA sequence was 99-100% identical with those of
B. subtilis type strains.

Production, purification, and characterization of BCC
41051 p-mannanase
Growth of B. subtilis BCC41051 was determined by measuring
viable counts at various times of incubation at 37°C and 50°C.
B-Mannanase activity in culture medium reached a maximum
level of 10.9 U/ml after cultivation at 50°C for 36 h (Fig. 1).
The enzyme in the culture medium was concentrated and par-
tially purified by ultrafiltration, which facilitated the removal
of salt and small impurity molecules. After the first ultrafiltra-
tion, the enzyme was purified by 7.3-fold with an activity yield
of 73% (Table 1). The enzyme was subjected to further purifi-
cation using centrifugal filtration, ion exchange chromatog-
raphy, hydrophobic-affinity chromatography and gel filtration.
B-mannanase was purified 94-fold with a final yield of 3%
and specific activity of 3,169 U/mg. The purification process
and purity of the enzyme were monitored by SDS-PAGE and
silver staining, showing a single polypeptide chain of 38.0 kDa
(Fig. 2). The purified f-mannanase was tested for exo-B-man-
nosidase and a-galactosidase activity by incubating with p-ni-
trophenyl-B-D-mannopyranoside and p-nitrophenyl-a-D-gal-
actopyranoside, respectively. Lack of hydrolysis, as evidenced
by no increase in absorbance at 420 nm (data not shown),
indicated that the purified enzyme contained no exo-B-man-
nosidase or a-galactosidase but only endo-B-mannanase activity.
Enzyme pl was estimated to be 5.3, using ampholytes over
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Fig. 3. pH and temperature profiles of ManA. (A) A pH-activity
profile (closed symbol) was obtained by measuring mannanase activity
at 42°C in the range of pH 3.5-11.5. The effect of pH on enzyme
stability (open symbol) was determined at pH 7.0 and 42°C after
incubating in various pH buffers for 30 min at 37°C. (B) A temper-
ature-activity profile (closed symbol) was obtained by measuring
mannanase activity at pH 7.0 and at temperatures from 25 to 85°C.
Thermal stability (open symbol) of the enzyme was determined at
pH 7.0 and 42°C after incubating at various temperatures at pH
7.0 for 30 min.

Table 2. Effect of metal ions on B-mannanase stability

Chemicals Relative activity (%)
None 100
CuSO, 71
NiCl 61
CoCl, 50
MgCl, 47
NiSO, 46
MnCl, 34
CaCl, 32
FeSO, 16
HgCl, 5

Residual enzyme activity was measured after treatment with 1 mM of each
chemical for 24 h.
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B. licheniformis ATCC 14580 mannan endo-1,4-B-mannosidase (YP_090363)
80 B. subtilis 168 mannan endo-1.4-f-mannosidase (CAB12407)
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Fig. 4. Maximum-likelihood phylogenetic tree of Bacillus mannanases. Amino acid sequence alignments were performed by CLUSTAL X,
and the maximum-likelihood tree was generated using RAXML web servers. Scale bar (0.05) indicates substitutions per amino acid position.
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Fig. 5. Production of recombinant B-mannanase by E. coli BL21
(DE3) and B. megaterium UNcat and their growth. (A) Recombinant
B-mannanase activity in cell extract of E. coli BL21 (DE3) harboring
pET24b(+) (closed circle) and recombinant pEManAhis (closed
square), and growth of E. coli BL21 (DE3) harboring pET24b(+)
(open circle) and pEManAhis (open square) in LB medium at 25°C
with IPTG induction. (B) p-mannanase activity in culture medium
of B. megaterium UNcat harboring recombinant pXb (closed circle)
and pXManA (closed square), and growth of B. megaterium UNcat
harboring pXb (open circle) and pXManA (open square) in LB me-
dium at 30°C with xylose induction.

a pH range of 5.0-8.0 (data not shown). Optimum enzyme
activity was at pH 7.0 and was stable over a pH range of
5-11, with >76% of maximum activity retained after in-
cubation at 37°C for 30 min (Fig. 3A). Enzyme activity was
completely inactivated at <pH 3.5, but >63% of the maxi-
mum activity was retained after exposure to pH 11.5 at 37°C
for 30 min. Activity of ManA increased with increasing tem-
perature up to 60°C, with >82% of activity being retained
after exposure to this temperature for 30 min; but activity
was completely and irreversibly lost after heating at 75°C for
30 min (Fig. 3B). ManA activity was strongly inhibited by
1 mM Hg"*, and partially (to varying extents) by other diva-
lent ions tested (Table 2).

Cloning and nucleotide sequence of manA gene encoding
BCC41051 mannanase
Primers SM001 and SM002 were designed to amplify a partial
region of the gene encoding B-mannanase from B. subtilis
BCC41051 genomic DNA. The expected 820-bp amplicon was
obtained and directly sequenced. Other primers, SM003 and
SMO004, were designed to amplify the full length of the gene,
and primers SM005 and SM006 were also designed to use as
sequencing primers. The assembled 1,153-bp DNA sequence
revealed an open reading frame (ORF) of 1,089 nucleotides
encoding 362 amino acids of a protein with an estimated mo-
lecular mass of 40.9 kDa. The putative start codon of manA
was identified as TTG, as seen in gene encoding B-mannanase
of B. subtilis 168 (AL009126), B. subtilis WL-7 (AY601725),
and B. subtilis Z-2 (AY827489); the termination codon was
TGA. The putative ribosome binding (SD) site (GGGGAG)
was located 6-bp upstream of the start codon. A BLAST
search of the deduced amino acid sequence against other
mannanases in the NCBI database showed that the predicted
amino acid sequence had high identity to mannanase from
B. subtilis WL-7 (99%) (AAT27435), B. subtilis Z-2 (99%)
(AAV84100), B. subtilis str. 168 (98%) (CAB12407), B. subtilis
SH (97%) (BAA31711), B. subtilis NM-39 (74%) (BAA07178),
and B. subtilis WL-3 (74%) (AAZ95239) (Fig. 4).

The N-terminal amino acid sequence of the mature protein
of ManA was HTVSPVNPNAQQTTKTVMNY, identical to
the deduced amino acid residues 27-46 translated from the
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Fig. 6. SDS-PAGE of recombinant f-mannanase expressed in E. coli
BL21 (DE3) and B. megaterium UNcat. Lanes: M, standard protein
molecular weight markers; 1 and 2, proteins of recombinant E. coli
BL21 (DE3) harboring pET24b(+) and recombinant pEManAhis,
respectively; 3, purified ManA from extract of E. coli BL21 (DE3)
harboring recombinant pEManAhis; 4, ManA from culture medium
of B. megaterium UNcat harboring pXManA.

OREF; this indicated that the first 26 amino acids constituted
the signal peptide.

Expression of B. subtilis BCC41051 p-mannanase in E.
coli BL21 (DE3) and B. megaterium UNcat

For heterologous expression in E. coli, the coding region of
manA was amplified using primers Man-CHF and Man-CHR
and then ligated into pET24b(+), yielding recombinant
pEManAhis encoding Bf-mannanase fused to a hexahistidine
tag at the C-terminus. pEManAhis was used to transform E.
coli BL21 (DE3), and gene encoding B-mannanase expression
was induced by IPTG. The highest f-mannanase activity in
cell extract of 415.18 U/ml was obtained after 9 h of induction
at 25°C (Fig. 5), whereas no activity was detected in cells
transformed with pET24b(+) (negative control). The recom-
binant enzyme was purified to homogeneity by cobalt affinity
chromatography (Fig. 6) with a specific activity of 3,965
U/mg, similar to that of the purified enzyme from B. subtilis
BCC41051 (3,169 U/mg).

For expression in B. megaterium UNcat, the manA ORF
was amplified using primers Man_F1 and Man_R1 and then
ligated into the modified E. coli-Bacillus shuttle and expression
vector, pXb. The resulting recombinant pXManA was used
to transform B. megaterium UNcat. After induction expression
of B-mannanase with xylose (Fig. 6), enzyme activity in culture
medium was 359 U/ml after 24 h of induction while no en-
zyme activity was detected when B. megaterium UNcat was
transformed with pXb (negative control).

Discussion

In this study, screening of microbes for thermostable mannan-
degrading enzymes was performed by raising the growing
temperature to 50°C on a screening medium supplemented
with LBG as the sole carbon source. Based on growth at this
elevated temperature and production of a large mannan hy-
drolysis zone on the screening plate, B. subtilis BCC41051
was isolated. The ability of B. subtilis BCC41051 to grow better
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at 50°C than at 37°C (Fig. 1) indicated that it is thermophilic
rather than thermotolerant, as are B. subtilis KU-1 (Zakaria
et al., 1998), Bacillus sp. JAMB-750 (Hatada et al., 2005),
Bacillus sp. MSJ-5 (Zhang et al., 2009) and Bacillus circulans
CGMCC1554 (Yang et al., 2009), whose growing temper-
atures are in the range of 30-37°C.

The highest B-mannanase accumulation in culture medium
of BCC41051 was obtained when the bacteria was grown at
50°C for 36 h. In contrast to other mannanases from B. subtilis
strains NM-39 (Mendoza et al., 1994), KU-1 (Zakaria et al.,
1998), and WL-3 (Yoon et al., 2008), and Bacillus sp. MSJ-5
(Zhang et al., 2009), our enzyme could not be precipitated
even with ammonium sulfate at 80% saturation, suggesting
that the enzyme is hydrophilic. Thus, ultrafiltration was em-
ployed to concentrate and desalt the enzyme in the culture
medium before purification to homogeneity using a series of
anion-exchange, hydrophobic-affinity and gel-filtration chro-
matographies. The purified p-mannanase (ManA) had a mo-
lecular mass of 38.0 kDa as determined by SDS-PAGE. Cloning
and sequencing of the whole gene revealed an ORF of 362
amino acids with an estimated molecular mass of 40.9 kDa.
These data indicated that ManA is a monomeric protein sim-
ilar to mannanases from other organisms (Mendoza et al.,
1994; Zakaria et al., 1998; Jiang et al., 2006; Yoon et al., 2008;
Zhang et al., 2009), except that from Bacillus stearothermophilus
which is produced as a dimer (Talbot and Sygusch, 1990).

Heterologous expression in E. coli of recombinant ManA
fused to a hexahistidine tag at the C-terminus allowed single-
step cobalt affinity purification. This resulted in an enzyme
with essentially the same specific activity as purified ManA,
indicating that the presence of C-terminal hexahistidine resi-
dues did not compromise enzyme activity. Moreover, the N-
terminal sequence of the mature recombinant ManA was
identical to that of the wild-type enzyme, suggesting that E.
coli BL21 (DE3) could correctly process the signal peptide
of recombinant ManA.

A protein BLAST search of the deduced amino acid se-
quence of manA revealed ManA having high identity to man-
nanases from B. subtilis strains WL-7, Z-2, 168, 5SH, NM-39,
and WL-3, which belong to the glycosyl hydrolase family 26
(GH26). Its signal peptide of 26 amino acids is the same
length as that of B. subtilis strains WL-7 (AAT27435), Z-2
(AAV84100), 168 (CAB12407), and 5SH (Khanongnuch et al.,
1999), although a signal peptide of 24 amino acids has been
identified, viz. mannanases of B. subtilis strains NM-39
(Mendoza et al., 1995) and WL-3 (AAZ95239). The start codon
(TTG) is also identical to that of B. subtilis strains WL-7
(AY601725), Z-2 (AY827489), and 168 (AL009126), but the
canonical ATG start codon is also used (Mendoza et al., 1995;
Khanongnuch et al., 1999).

The pl value of ManA was 5.3, higher than that of B. subtilis
NM-39 (4.8) (Mendoza et al., 1994), B. subtilis KU-1 (4.5)
(Zakaria et al., 1998) and Bacillus sp. N16-5 (4.3) (Ma et al.,
2004). The optimum pH (7.0) of ManA activity is similar to
that of mannanases from B. subtilis SH (Khanongnuch et al.,
1998), B. subtilis KU-1 (Zakaria et al., 1998) and B. lichen-
iformis (Zhang et al., 2000). However, other Bacillus man-
nanases have maximal activity in pH ranges of 5.0-6.0 (Mendoza
et al., 1994; Jiang et al., 2006; Yoon et al., 2008; Zhang et
al., 2009) and 9.0-10.0 (Ma et al., 2004; Hatada et al., 2005).
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ManA was stable over a wide pH range compared with the
other mannanases mentioned above and this is a good prop-
erty for use in animal feed. ManA was strongly inhibited by
Hg’*, but was more sensitive to other divalent ions (Fe’*,
Ca’*, Mg**, and Co’") as compared to those reported for
other mannanases from Bacillus sp. (Mendoza et al., 1994;
Ma et al., 2004; Yang et al., 2009; Zhang et al., 2009). Thus,
the differences in divalent ion inhibition pattern, high hydro-
philicity and broad pH stability are the distinguishing charac-
teristics of this enzyme in comparison with other Bacillus
mannanases.

It is worth noting that heterologous expression of ManA
in B. megaterium UNcat produced a 33-fold increase in enzyme
activity in culture medium compared with that from B. subtilis
BCC41051. This high expression of recombinant f-mannanase
was also obtained in E. coli BL21 (DE3) (38-fold). This could
be attributed to strong induction of the transfected gene from
xylA (xylose isomerase) promoter in B. megaterium (Rygus
and Hillen, 1991; Rygus et al., 1991) and 77-lac promoter in
E. coli (Studier et al., 1990). Also, higher expression could
be due to the change of the start codon from TTG to ATG,
as seen with expression of B. subtilis Z-2 (Zhang et al., 2006)
and of Bacillus sp. OxB-1 phenylacetaldoxime dehydratase
(Kato and Asano, 2003) in E. coli. The high expression should
facilitate future scale-up preparation of ManA for practical
applications. It is possible that mannanase in the culture
could be used directly as an enzyme source without further
purification.

Purified ManA showed the highest activity at 60°C, and
with greater than 80% of the activity remaining after 30 min
incubation at 60°C. This property is similar to most Bacillus
mannanases reported, except that of B. subtilis 168 which has
an optimum temperature of 37°C (el-Helow and Khattab,
1996).

In summary, a thermostable B-mannanase (ManA) was pro-
duced by the thermophilic B. subtilis BCC41051 when cultured
at 50°C for 36 h. ManA was highly hydrophilic in nature.
It showed differences in the inhibition profiles of divalent ions
for Fez+, Ca2+, C02+, and Mg2+ from most Bacillus mannanases.
Its stability over a broad pH range from 5-11.5 was signifi-
cantly different from other mannanases reported. Heterologous
expression in E. coli and B. megaterium of the recombinant
ManA fused to a hexahistidine tag at the C-terminus resulted
in a high yield of the enzyme, with essentially the same specific
activity as purified ManA and with ease of purification. The
yield with E. coli was 415 U/ml and that with B. megaterium
was 359 U/ml, with a 38- and a 33-fold increase, respectively,
over that produced by B. subtilis BCC41051 (10.9 U/ml). The
ManA secreted by B. megaterium was of relatively high purity
and could be used directly as an enzyme source without fur-
ther purification.
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