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Abstract The chitosanase gene from a Bacillus sp. strain isolated from soil in East China was
cloned and expressed in Escherichia coli. The gene had 1224 nucleotides and encoded a mature
protein of 407 amino acid residues. The optimum pH and temperature of the purified recombi-
nant chitosanase were 5.0 and 60 °C, respectively, and the enzyme was stable below 40 °C. The
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Km, Vmax, and specific activity of the enzyme were 1.19 mg mL–1, 674.71 μmol min–1 at 50 °C,
and 555.3 U mg–1, respectively. Mn2+ was an activator of the recombinant chitosanase, while
Co2+ was an inhibitor. Hg2+ and Cu2+ inhibited the enzyme at 1 mM. The highest level of
enzyme activity (186 U mL–1) was achieved in culture medium using high cell-density cultiva-
tion in a 7-L fermenter. The main products of chitosan hydrolyzed by recombinant chitosanase
were (GlcN)3–6. The chitosanases was successfully secreted to the culture media through the
widely used SecB-dependent type II pathway in E. coli. The high yield of the extracellular
overexpression, relevant thermostability, and effective hydrolysis of commercial grade chitosan
showed that this recombinant enzyme had a great potential for industrial applications.

Keywords Chitosanase . Chitosan oligosaccharides . Recombinant enzyme . Extracellular
expression . Escherichia coli

Introduction

Chitosan oligosaccharides have potential biological activity in several fields [1]. They can
inhibit growth of fungi [2, 3] and bacteria [4–6], produce anti-tumor biomedicine [7, 8] and
immunity-enhancing factors in the pharmaceutical industry [8, 9], induce production of
phytoalexin in higher plants [10–12], and be used as food additives [4, 13–15]. Currently,
chitosan oligosaccharides are produced chemically from chitosan on an industrial scale. There
are marked shortcomings associated with chemical methods, including the production of large
amounts of glucosamine (chitosan monomer), low yields of oligosaccharides, high cost, and
environmental pollution; biological methods have attracted significant interest owing to the
benefits of low cost and environmental compatibility [16–18].

Chitosanase (EC 3.2.1.132), which was discovered in bacteria, fungi, viruses, and plants
[19–23], is capable of catalyzing hydrolysis of the glycosidic bonds in chitosan and can be
used to produce chitosan oligosaccharides. The level of chitosanase activity varies significantly
among different species. To date, however, the amounts of chitosanase produced scarcely meet
the requirements of the chitin biotechnological industry. In this study, we screened a wild-type
Bacillus sp. TS strain producing extracellular chitosanase, but the yield was very low.

Extracellular expression of proteins has an absolute advantage in a large-scale industrial
production. There are five protein secretion pathways in Escherichia coli. The SecB-dependent
type II pathway is widely used to export recombinant proteins into the culture. The signal
peptide is removed in this process, and the secreted proteins remain their native form.

In the present study, a chitosanase gene from the Bacillus sp. TS strain was cloned and
expressed in E. coli. In order to meet the requirement of chitosanase for large-scale production
of chitosan oligosaccharides, an efficient extracellular expression system was developed to
express the enzyme. The high extracellular yield obtained in a 7-L fermenter showed a great
potential of recombinant chitosanase in industrial applications. In addition, the recombinant
chitosanase was purified, and its biochemical features were also characterized.

Methods

Materials

The Bacillus sp. TS strain, a chitosanase producer, was isolated from soil in East China
(Weihai). E. coli JM109 and BL21 (DE3) were used as a transformation and expression host.
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The plasmid pET-22b (+) (Invitrogen) was employed for the expression of the recombinant
protein.

The Chitosanase Secreted by Bacillus sp. TS Displays Chitosan-Hydrolyzing Activity

To determine the activity of chitosanase secreted by Bacillus sp. TS, the enzyme was assayed
for its ability to degrade chitosan. The reaction mixture consisted of 5 U of chitosanase and
100 mL of 1 % (w/v) chitosan (Weihai Disha Marine Biological Products Co., Ltd, degree of
deacetylation>90 %) in 100 mM sodium acetate buffer (pH 5.0). The mixture was incubated at
50 °C, and the viscosity of the reaction mixture was measured by Ubbelohde viscometer every
30 min.

Identification of Bacterial Strains and Chitosanase Encoding Gene

Genomic DNA of Bacillus sp. TS was extracted using the EasyPureTM Genomic DNA Kit
(TransGen BioTech, Beijing, China). PCR amplification was done with the DNA Thermal
Cycler (Eastwin Life Sciences, China). The 16S rDNA sequence was amplified with the
universal primers:

27F (AGAGTTTGATCCTGGCTCAG)
1492R (GGTTACCTTGTTACGACTT)

and compared to that of related bacteria obtained by NCBI BLAST search. A phylogenetic tree
was built using BLAST pairwise alignments.

To clone the chitosanase gene, several pairs of primers (Table 1) were designed on the basis
of related chitosanase sequences in the NCBI database and synthesized by the Beijing
Genomics Institute (Beijing, China). The conditions of the PCR program were as follows:
94 °C for 5 min followed by 30 cycles of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 2 min,
with a final 10 min extension at 72 °C.

Table 1 Primers used in this study
Primers Sequence

MAMKIS_5′ atggcaatgaaaatcagc

MKAKVD_5′ atgaaggcaaaagtagat

MKISLN(K)_5′ atgaaaatcagtttgaa

MKISMQ_5′ atgaaaatcagtatgcaa

MNISLK_5′ atgaatatcagtttgaag

MRSGLK_5′ atgagaagcggtttgaag

MVEKRT_5′ atggtagaaaaaagaacg

*MAAAKE_5′ atggctgctgcaaaggaa

ELKEQD_3′ ttaatcctgttccttcaa

GDFVIK_3′ ttacttgattacgaaatc

GHFVIK_3′ ttatttgattacgaaatg

GNFVIK_3′ ttatttgattacaaaatt

GNFTIQ_3′ ttattgaattgtgaaatt

YEGYDN_3′ ttaattatcgtatccttc

*YEGYNN_3′ ttagttattgtatccttc
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Cloning and Expression of the Recombinant Chitosanase

To construct the recombinant gene, the forward primer ACGCACCATGGCTGCTGCAAA
GGAAATGAAA (NcoI underlined) and the reverse primer TTACTCTCGAGATTATCGTAT
CCTTCATAAATT (XhoI underlined) were used. The amplified gene was isolated and ligated
into the pET22b (+) vector. The ligation mixture was transformed into E. coli JM109, and the
gene sequence was confirmed by DNA sequencing.

E. coli BL21 (DE3) was employed for protein expression. A single fresh colony was grown
in Luria–Bertani (LB) medium containing 100 μg mL–1 of ampicillin overnight at 37 °C.
Then, 1 % of the overnight culture was transferred into 200 mL of modified terrific broth
medium (10 g L–1 of glycerol, 24 g L–1 of yeast extract, 12 g L–1 of peptone, 72 mM K2HPO4,
and 17 mM KH2PO4) with 100 μg mL–1 of ampicillin and cultured at 37 °C with vigorous
shaking (200 rpm). Isopropyl-β-D-thiogalactopyranoside (IPTG) was added to the culture
broth to a final concentration of 0.1 mM when the OD600 of the culture reached 0.6–0.9.
The induction was done at 30 °C for 40 h with vigorous shaking (200 rpm). The fermentation
broth was centrifuged at 8000×g for 30 min at 4 °C to remove the cells. The supernatant
contained the crude enzyme.

Purification of the Recombinant Chitosanase and Zymogram Analysis

The chitosanase gene was expressed as a recombinant fusion protein containing a C-terminal
His tag, which allows the purification by one-step Ni-NTA affinity chromatography under
native condition. The crude enzyme was loaded onto a 5-mL His-Trap FF column (GE
Healthcare, Uppsala, Sweden) equilibrated with loading buffer [50 mM HEPES–KOH
(pH 7.6), 1 M NH4Cl, 10 mM MgCl2, and 7 mM β-mercaptoethanol], and the protein was
eluted with a linear gradient of imidazole (25-500 mM) in elution buffer [50 mMHEPES–KOH
(pH 7.6), 50 mMKCl, 10 mMMgCl2, 7 mMβ-mercaptoethanol, and 500 mM imidazole]. The
active fractions were pooled and then dialyzed against stock buffer [50 mM HEPES–KOH
(pH 7.6), 50 mM KCl, 10 mMMgCl2, and 7 mM β-mercaptoethanol). The protein concentra-
tion was measured by the Quick Start Bradford protein assay (Bio-Rad, Hercules, CA, USA)
using bovine serum albumin (0.125–1.0 mg mL–1) as the standard. Samples were subjected to
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) [12 % (w/v] poly-
acrylamide gel], followed by staining with 0.05 % Coomassie brilliant blue G-250.

The molecular mass of the recombinant chitosanase was analyzed by MALDI-TOF 5800
mass spectrometer (AB SCIEX, USA) with the linear positive ion mode. The protein (1 μL)
was mixed with 1 μL of 10 mg/mL of α-cyano-4-hydroxycinnamic acid (Sigma) saturated
with 50 % acetonitrile in 0.1 % trifluoroacetic acid. External calibration was performed with
BSA (sigma) for mass calibration.

For the zymogram analysis of chitosanase, the gel was incubated in 100 mM sodium acetate
buffer (pH 5.0) containing 1 % Triton X-100 for 6 h after SDS-PAGE. The protein gel was laid
on top of 1.5 % agarose gel containing 0.1 % chitosan (practical grade) and incubated for 3 h at
50 °C. The chitosanase activity on the gel was visualized by staining the agarose gel with
0.1 % Congo red.

Enzyme Assay

Chitosanase activity was determined using chitosan as the substrate. The reaction mixture
consisted of 1 mL of 1 % (w/v) chitosan (Weihai Disha Marine Biological Products Co., Ltd,
degree of deacetylation >90 %) in 100 mM sodium acetate buffer (pH 5.0) and 1 mL of diluted
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enzyme solution. After incubation at 50 °C for 15 min, the reaction was terminated by addition
of 1.5 mL of DNS solution, and the amount of reducing sugar was determined by the modified
dinitrosalicylic acid method [24]. One unit of chitosanase activity was defined as the amount of
enzyme required to produce 1 μmol min–1 of reducing sugar using D-glucosamine as the
standard.

Effect of Temperature and pH on the Enzyme Activity

The optimal temperature for chitosanase activity was investigated at temperatures ranging
from 30 to 80 °C. The reaction was performed in 100 mM sodium acetate buffer (pH 5.0) and
incubated for 15 min at different temperatures. To determine the thermal stability of
chitosanase, the enzyme was preincubated at various temperatures (30–60 °C) in 100 mM
sodium acetate buffer (pH 5.0). Subsequently, the initial and residual chitosanase activities
were measured by the standard method [24].

To study the effect of pH on chitosanase activity, the reactions were measured over a pH
range of 3.5–7.5 using 100 mM sodium acetate buffer (pH 3.5–5.8) and 100 mM sodium
phosphate buffer (pH 6.0–7.5) at 50 °C.

Effect of Additives on the Activity of Chitosanase

The purified chitosanase was preincubated for 30 min at room temperature with surfactants
and 0.5 and 1 mM metal ions (chloride), including Ba2+, Ca2+, Co2+, Cu2+, Fe2+, Hg2+, Mg2+,
Mn2+, Na+, and Zn2+, as well as EDTA, Tween-20, and Triton X-100. The activities of the
enzyme were measured at the optimum pH and temperature with the corresponding additives.

Kinetic Parameters

To determine the kinetic parameters, the purified enzyme was incubated with substrates at
various concentrations from 0.25 to 2.5 mg mL–1, and the enzyme activity was measured
under standard conditions. The kinetic parameters were calculated from double reciprocal plots
of the initial velocity determined from the increase in reducing sugars versus the substrate
concentrations.

Analysis of Hydrolytic Products by HPLC and MS

Hydrolysis of chitosan was done in a mixture containing 50 mL of culture supernatant
and 500 mL of 0.1 % (w/v) chitosan in 100 mM sodium acetate buffer (pH 5.0). The
mixture was incubated at 50 °C for 2 h, and the reaction was terminated by boiling for
15 min. Then, the mixture was centrifuged at 10,000×g for 30 min, and the hydrolytic
products in the supernatant were analyzed by high-performance liquid chromatography
(HPLC) (Agilent; dimensions, 4.6×250 mm) using Click maltose as basal material [25].
The mobile phase consisted of solvent A (0.1 mM formic acid, 0.1 mM ammonium
formate) and solvent B (50 % acetonitrile in water). The elution pattern was 0–30 min,
20 % solvent A and 80 % solvent B; 30–40 min, 40 % solvent A and 60 % solvent B.
The flow rate was 1 mL min–1 at a temperature of 30 °C.

At the same time, the hydrolysis products were also analyzed by mass spectrometry.
Positive-ion mass spectrometry was performed on micro-TOF-Q II instrument (Bruker). The
parameters were as follows: end plate offset, −500 V; capillary voltage, −4500 V; nebulizer,
0.5 bar; dry gas, 4.0 L min−1; dry temperature, 180 °C; and target mass range, m/z, 50–1500.
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The samples were dissolved in CH3OH/H2O (1:1, v/v) at the concentration of 1 mg mL−1 and
introduced directly into the mass spectrometry.

Fermentation

To promote the production of this recombinant chitosanase, fermentation was conducted in a
7-L fermenter essentially as described in [26] but with a single fresh colony instead of frozen
glycerol stock as the seed culture. When the dry cell weight of the culture reached 15 g L–1,
IPTG was added to a final concentration of 0.1 mM. The temperature was set at 30 °C, which
was found to be optimal in the flask, and 10 g L–1 of glycine was added in induction process to
enhance the secretion of proteins.

Five milliliters of cultures of different fermentation time was centrifuged at 10,000×g for
10 min at 4 °C. The supernatant was used for extracellular enzyme activity detection. The cells
were washed twice and disrupted using ultra-sonication. The lysate was used for intracellular
enzyme activity detection.

Results

Isolation and Identification of Chitosan-Degrading Strain

The bacterial strain was Gram positive, rod-shaped, and formed endospores within the cell.
Identification of the 16S rRNA sequence showed that the strain was closely related to Bacillus
with a degree of sequence homology >98 % (Fig. 1).

The organism, designated as Bacillus sp. TS strain, indicated specific chitosanase activity
on chitosan (Table 2). The yield of enzyme from this wild-type strain, however, was extremely
low (5 U/ml). An efficient extracellular expression system of this enzyme was constructed in
order to obtain a high level of production of the chitosanase.

Bacillus cereus strain OPF-0031

0.0004

Bacillus  anthracis str. A16

Bacillus  anthracis str. A16R

Bacillus cereus strain Cr-50

Bacillus  sp. G1-18

Bacillus cereus strain BC-1

Bacillus thuringiensis strain VKK-1.9

Bacillus sp. A57

Bacullus cereus Pf-1

Bacillus sp. B25(2012)

Bacillus cereus strain D21

Bacillus cereus strain L5

Bacillus sp. TSBacillus  sp. S-1
Bacillus  sp. MN

Fig. 1 Phylogenetic tree of Bacillus. The phylogenetic relationship between the strain Bacillus sp. TS and other
strains of Bacillus based on their 16S rDNA sequences
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Cloning, Extracellular Expression, and Purification of the Chitosanase Gene

On the basis of the 16S rDNA sequence, a database search for corresponding chitosanase
sequences of Bacillus species was conducted with the BLAST network service at NCBI (http://
blast.ncbi.nlm.nih.gov/Blast.cgi). Several PCR primers (Table 1) were designed in accordance
with the sequences of chitosanase in the database. A pair of primers (with asterisks in Table 1)
led to a 1224-bp DNAwith 407 amino acids fragment corresponding to the coding region of
the chitosanase gene from the Bacillus sp. TS strain.

Based on the amino acid sequence similarity of catalytic domains, the sequenced
chitosanases have been classified into seven glycoside hydrolase families: GH-3, GH-5,
GH-7, GH-8, GH-46, GH-75, and GH-80 (http://www.cazy.org/Glycoside-Hydrolases.html).
Multiple sequence alignment analysis with chitosanases from different families revealed that
this enzyme had a high sequence homology with the GH-8 family sequences (Fig. 2).

The vector pET-22b (+) was chosen for expression. It contains a C-terminal His6
tag and signal peptide PelB, which exports heterologously expressed proteins directly
into the culture. A total of 2181.1 U of recombinant chitosanase was obtained after
40 h of IPTG induction in a 500-mL shake flask with 50 mL of medium, 1832.5 U
from the supernatant of the culture medium, and 348.6 U from the supernatant of the
cell lysate, respectively. The chitosanase in the supernatant was 366.5-fold higher than
that of Bacillus sp. TS cells.

The recombinant chitosanase was purified by immobilized metal-ion affinity chromatog-
raphy. The eluted profile of the purified protein fraction was pure as shown by SDS-PAGE
(Fig. 3a). Chitosanase activity of the recombinant enzyme was demonstrated by in-gel activity
staining (Fig. 3b). The molecular mass of recombinant chitosanase with His-tag at the C
terminus was ∼47 kDa (Fig. 3c). The overall activity yield of the purified chitosanase by one-
step purification procedure was 75 %.

Effects of Temperature and pH on the Enzymatic Activity

The temperature profile of the recombinant chitosanase is shown in Fig. 4a. The activity was
the highest at 60 °C. To further investigate the thermal stability of this recombinant enzyme
further, the enzyme was incubated at different temperatures, and the residual activity was
measured after different lengths of time. The enzyme lost activity within 10 min at 60 °C and
exhibited a relatively high level of activity at 50 °C with favorable thermostability. Therefore,
50 °C was used under standard conditions. As shown in Fig 4b, the half-life time of this
enzyme was 66 min at 45 °C, and the recombinant chitosanase remained stable at temperatures
up to 40 °C. Of the initial chitosanase activity, 96.5 and 77.9 % retained after incubation at 30
and 40 °C for 24 h, respectively.

The effects of pH and temperature were determined using chitosan as the substrate. The
optimal pH of the recombinant chitosanase was 5.0 (Fig. 5).

Table 2 Activity analysis of chitosanase secreted by Bacillus sp. TS

Time (h) 0 0.5 1 1.5 2 2.5 3

Viscosity (cP) – 225 55 16 6 6 6

Viscosity of ddH2O is 6 cP

(–) undetectable
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Effects of Additives on the Activity of Chitosanase

The effects of metals and surfactants on its activity were further examined further to charac-
terize the recombinant chitosanase. The results shown in Fig. 6 were in accordance with other
studies [17, 27, 28], i.e., 0.5 mM Mn2+ activated the enzyme by 1.5-fold. Both 0.5 mM and
1 mM Co2+ suppressed almost 55 % of the chitosanase activity. Furthermore, 1 mM Hg2+

inhibited the activity of the enzyme completely. Other metal ions had no significant effects on
the chitosanase activity. The activity of enzyme was also not affected by treatment of EDTA, a
chelator of divalent cations (Fig. 6).

Bacillus sp. TS

Bacillus cereus
Bacillus thuringiensis
Bacillus sp. K17

Bacillus subtilis
Bacillus circulans
Streptomyces N174

Consensus

Bacillus sp. TS

Bacillus cereus
Bacillus thuringiensis
Bacillus sp. K17

Bacillus subtilis
Bacillus circulans
Streptomyces N174

Consensus

Bacillus sp. TS

Bacillus cereus
Bacillus thuringiensis
Bacillus sp. K17

Bacillus subtilis
Bacillus circulans
Streptomyces N174

Consensus

Bacillus sp. TS

Bacillus cereus
Bacillus thuringiensis
Bacillus sp. K17

Bacillus subtilis
Bacillus circulans
Streptomyces N174

Consensus

Bacillus sp. TS

Bacillus cereus
Bacillus thuringiensis
Bacillus sp. K17

Bacillus subtilis
Bacillus circulans
Streptomyces N174

Consensus

Bacillus sp. TS

Bacillus cereus
Bacillus thuringiensis
Bacillus sp. K17

Bacillus subtilis
Bacillus circulans
Streptomyces N174

Consensus

Fig. 2 Multiple sequence alignment of chitosanases. Chitosanases from Bacillus sp.TS, B. cereus,
B. thuringiensis, Bacillus sp. K17, B. subtilis, B. circulans, and Streptomyces N174. Numbering begins at the
N terminus of the proteins without signal peptides. Conserved amino acids are highlighted by cyan, pink, and
green
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Kinetic Parameters

The specific activity of the recombinant chitosanase was 555.3 U mg–1 with a commercial
grade substrate under the standard assay conditions. The Michaelis constant (Km) of chitosan
hydrolysis by the recombinant chitosanase was measured at the concentrations of the substrate

29897.0 38001.8 46106.6 54211.4 62316.2 70421.0
Mass (m/z)

5525.5

Final - Shots 400 - ZZD-384; Label A4

46971.5508 (R51,S186)

M              1               2                  3kDa

116.0

66.2

45.0

35.0

25.0

18.4

14.4

c
100

80

60

40

20

0

a b

Fig. 3 Expression and purification of the recombinant chitosanase. a SDS-PAGE analysis of the recombinant
enzyme.M standard molecular weight markers (MBI Fermentas); lane 1 the induced supernatant of culture broth
(15 μL) with E. coli BL21(DE3) harboring pET22b (+); lane 2 the induced supernatant of culture broth (15 μL)
with E. coli BL21(DE3) harboring pET-chitosanase, lane 3 the chitosanase (3 μL) purified by nickel affinity
column. b Zymogram analysis of the purified enzyme. Bright band indicates the chitosanase activity. cMALDI-
TOF mass spectrometry analysis of the recombinant chitosanase
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ranging from 0.25 to 2.5 mg/mL in 100 mM sodium acetate buffer (pH 5.0) at 50 °C. Km and
the maximum reaction rate (Vmax) were 1.19±0.12 mg mL–1 and 674.7±90.8 μmol min−1,
respectively, as determined from a Lineweaver–Burk double reciprocal plot. The turnover
number Kcat was 5.05±0.68×10

5 s–1, and the catalytic efficiency Kcat/Km of the recombinant
chitosanase was 4.24±0.14×105 s–1/(mg/mL). These results indicate that the recombinant
chitosanase had a high specific activity toward commercial grade chitosan, suggesting great
potential for industrial applications.

Analysis of the Hydrolytic Products

The hydrolytic products of chitosan yielded by the recombinant chitosanase were analyzed by
HPLC. The major products were (GlcN)n, where n=3–6. HPLC results showed that (GlcN)4
and (GlcN)5 accounted for 46 % of the end products, while little (GlcN)2 and no GlcN was
detected (Fig. 7b). Using positive-ion electrospray mass spectrometry, it is understandable
from the data in Fig. 7c that [DP2+H]+, [DP3+H]+, [DP4+H]+, [DP5+H]+, and [DP6+H]+
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Fig. 4 Effects of temperature on the activity of the purified recombinant chitosanase. a The relative activity was
expressed as the percentage of the specific activity of the chitosanase at 30–80 °C to the optimal temperature
60 °C. Values are expressed as the means of three replications±standard deviation (SD). b Thermal stability of
chitosanase at different temperatures. The relative activity is expressed as the percentage of the specific activity of
the residual chitosanase at different temperatures to that without incubation. Values are expressed as the means of
three replications
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were obtained from the chitosan, and the corresponding molecular masses were 341.2, 502.3,
663.4, 824.3, and 985.4 Da, respectively. These results indicated that the chitosanase from
Bacillus sp. TS acted on chitosan by endosplitting the glycosidic bond and showed weak
activity toward short oligomers.

Fermentation

To examine its potential to meet the requirement of industrial application, we further investi-
gated the extracellular production of this recombinant enzyme in E. coli BL21 (DE3) in a 7-L
computer-controlled fermenter. A two-stage glycerol feeding strategy was employed in order
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Fig. 6 Effect of chemical ions on the activity of chitosanase. The relative activity is expressed as the ratio of the
specific activity of the chitosanase with additives to those without any chemicals. Values are expressed as the
means of three replications±SD

R
el

at
iv

e 
A

ct
iv

it
y
 (

%
)

120

100

80

60

40

20

0
3.5   4.0   4.2   4.4    4.6   4.8   5.0   5.4    5.8   6.0   6.5   7.0  7.5

pH

Fig. 5 Effect of pH on the activity of chitosanase. The relative activity is expressed as the percentage of the
specific activity of the chitosanase at pH 3.5–7.5 to the optimal pH 5.0. Values are expressed as the means of
three replications±SD

Appl Biochem Biotechnol (2015) 175:3271–3286 3281



to achieve high cell-density cultivation. As a result, the highest dry cell weight was 42 g L–1,
and the glycerol in the fermentation broth was scarcely detectable at the end of fermentation. A
low temperature (30 °C) was used in the induction process in order to achieve a high level of
extracellular secretion. Glycine (10 g L–1) was added into the fermenter with the feeding of
glycerol medium after addition of IPTG to enhance the secretion of proteins. Consequently, the
highest yields of extracellular and total chitosanase were 186 and 245 U/mL, respectively, with
a secretory efficiency of 75.9 % (Fig. 8).

Discussion

A bacterial strain with high chitosanase activity was isolated from soil. Comparison of 16S
rRNA gene of the strain (Fig. 1) indicated that it was closely related to Bacillus cereus (99 %
identity), and it was designated as Bacillus sp. TS. This strain produced chitosanase without
induction of any chitosan. The secreted chitosanase hydrolyzed commercial chitosan with high
efficiency. However, only 5 U/mL of chitosanase was achieved by the wild strain (unpublished
data). The chitosanase gene was cloned by a pair of primers that were designed based on the
chitosanase database. Accordingly, the obtained chitosanase sequence displayed significant
identity with several members of the GH-8 family (Fig. 2), especially from B. cereus [29] and
Bacillus thuringiensis [30].

The molecular mass of the purified recombinant chitosanase was approximately 47 kDa
(Fig. 3c). It appeared to be smaller than other GH-8 chitosanases from B. cereus [29] and
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B. thuringiensis [30]. The optimum pH of this enzyme is 5.0, making it distinct from other
chitosanases from B. cereus and B. thuringiensis, which have an optimal pH of 6.0 and 7.0,
respectively. This means that the recombinant chitosanase had specific characteristics even
though it showed high sequence homogeneity with chitosanases from B. cereus and B.
thuringiensis. The optimum pH of 5.0 is particularly favorable in industry because chitosan
from most commercial sources is difficult to dissolve at pH>6.2 [31]. The enzyme had
maximal activity at 60 °C (Fig. 4a), which is similar to other chitosanase from GH-8 family
[32]. However it was not stable at this temperature. Therefore, the temperature for the
hydrolytic process of this chitosanase was recommended to be 50 °C. As shown in Fig. 4b,
the half-life of the chitosanase was 17 min. A recent study indicated chitosan oligomers could
enhance the thermal stability of chitosanase [33–35], which might be more stable in the
reaction mixture. Thermostable chitosanases offer several advantages in industrial application
because a high temperature can increase the solubility of raw materials, decrease the viscosity
of the reaction mixture, and accelerate the reactions, as well as protect the reaction from
microbial contamination. It is possible that the thermal stability of this chitosanase can be
further improved to enhance the industrial application by protein engineering strategies, which
will be investigated in future work.

The activity of the recombinant chitosanase was enhanced in the presence of Mn2+ and
inhibited by Co2+ and Hg2+ (Fig. 6). The metal ion Mn2+ was an activator of certain
chitosanases [17, 36]. However, in the same GH-8 family, Mn2+ was an inhibitor of a
chitosanase [32]. This demonstrates that the recombinant chitosanase obtained in this study
showed different characteristics to other chitosanases from GH-8 family. The chitosanase from
Pseudomonas sp. OUC1 was an example of another enzyme inhibited by Hg2+ and Co2+ [36].
The recombinant chitosanase obtained in this study was not affected by other metal ions or
EDTA. This suggests that metal ions are not essential for the catalytic action of the enzyme.

The products of the action of chitosanase on chitosan were analyzed. The main products
were (GlcN)3, (GlcN)4, (GlcN)5, and (GlcN)6 (Fig. 7b). Similarly, the hydrolytic products of
other GH-8 family chitosanases also contained (GlcN)2, (GlcN)3, (GlcN)4, (GlcN)5, and
(GlcN)6 and other larger components, but without monomers [30]. It has been suggested that
chitosanase hydrolyzed chitosan in two stages [37]. In the first stage, chitosan is cleaved at
random to form (GlcN)n oligomers, where n≥5. In the second stage, these oligomers are split
into (GlcN)2–(GlcN)4. In this study, the recombinant chitosanase appeared to have weak
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hydrolysis activity in the second stage. The results suggest that the recombinant chitosanase
has a great potential in large-scale biotechnological applications, as (GlcN)6 has a greater
antimicrobial effect than chitobiose and chitotriose [1, 38, 39] and is inhibitory on tumor
progression [7, 40].

Unlike the family of GH-46 chitosanases, the family of GH-8 chitosanases was poorly
characterized. Although this enzyme has high homogeneity with other GH-8 chitosanases, it
showed different physiological properties. The optimum pH 5.0 of this enzyme was different
from the GH-8 chitosanase from B. thuringiensis [30]. Only Mn2+ stimulated the activity of
this enzyme. However, other chitosanases could be stimulated by several ions such as Mn2+,
Ca2+, and Ba2+ [17, 18]. These differences indicate that, even though chitosanases shared high
homogeneity, they might exhibit different functional mechanisms of the substrate degradation.
Further investigations should, hence, be performed to elucidate the functional diversification of
the family.

In order to achieve high expression of chitosanases, several forms of these recombinant
proteins have been expressed heterologously using E. coli. For example, Liu et al. [41]
expressed a chitosanase in E. coli; unfortunately, they expressed the enzyme only in the
cytosol of cells, which is not suitable for large-scale industrial applications. Recently, a
chitosanase gene from B. subtilis 168 was expressed directly into the culture medium with a
signal peptide of OmpA in E. coli [34]. In this study, we successfully achieved the extracellular
expression of a chitosanase from Bacillus sp. TS using an alternative method [42]. The
recombinant chitosanase exhibited a high level of extracellular expression using the pelB
signal peptide on the expression vector, which achieved a secretory rate of 75 % when the
recombinant E. coli was induced by 0.1 mM IPTG at 30 °C. Our results indicate that this
recombinant chitosanase has a significant potential as a commercial enzyme in the large-scale
biotechnological production of chitosan oligosaccharides.
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