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Abstract Chitin, present in crustacean shells, insects, and
fungi, is the second most plentiful natural organic fiber after
wood. To effectively use chitin in a cost-saving and environ-
mentally friendly way in aquaculture, crustacean shells (e.g.,
shrimp-shell meal) are supplemented into aquafeed after
degradation by chemical methods. Herein, we describe a
chitinase from Aeromonas veronii B565, designated ChiB565,
which potently degrades shrimp-shell chitin and resists proteol-
ysis. We isolated recombinant ChiB565 of the expected molec-
ular mass in large yield from Pichia pastoris. ChiB565 is opti-
mally active at pH 5.0 and 50 °C and stable between pH 4.5 and
9.0 at 50 °C and below. Comparedwith the commercial chitinase
C-6137, which cannot degrade shrimp-shell chitin, ChiB565
hydrolyzes shrimp-shell chitin in addition to colloidal chitin,
powdered chitin, and β-1,3-1,4-glucan. The optimal enzyme
concentration and reaction time for in vitro degradation of
0.1 g of powdered shrimp shell are 30 U of ChiB565 and 3 h,
respectively. A synergistic protein-release effect occurred when
ChiB565 and trypsin were incubated in vitro with shrimp shells.
Tilapia were fed an experimental diet containing 5 % (w/w)
shrimp bran and 16.2 U/kg ChiB565, which significantly
improved growth and feed conversion compared with a control
diet lacking ChiB565. Dietary ChiB565 enhanced nitrogen

digestibility and downregulated intestinal IL-1β expression.
The immunologically relevant protective effects of dietary
ChiB565 were also observed for 2 to 3 days following expo-
sure to pathogenic Aeromonas hydrophila.
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Introduction

Chitin is a mucopolysaccharide that consists of N-acetyl-β-D-
glucosamine (GlcNAc) linked by β-1,4-glycosidic bonds
(Lindsay et al. 1984). It is the second most abundant carbo-
hydrate in nature, and 10 billion tons are produced in aquatic
environments annually (Cauchie 1997; Keyhani and Roseman
1999). Thus, how to effectively use this natural resource is an
important scientific issue. The hydrolysis products of chitin,
chito-oligosaccharides (COS), as feed additives improve the
growth, survival, and immune response of the ovate pompano
Trachinotus ovatus (Lin et al. 2012a) perhaps by stimulating
host head kidney leukocytes to enhance superoxide anion
production (Hoffman et al. 1997), by controlling pathogenic
bacterial infections (Fernandes et al. 2008; Tokoro et al.
1989), and/or by stimulating growth of beneficial gut bacteria
(Lee et al. 2002). Moreover, another hydrolysis product,
GlcNAc, is more readily absorbed than is glucose in the
digestive system of the dogfish (Scylliorhinus canicula)
(Alliot 1967). Therefore, chitin is a potentially important
prebiotic/carbohydrate source in aquafeed.

Despite its potential commercial benefits, chitin is the most
underutilized biomass resource on earth (Tharanathan and
Kittur 2003) owing to its complex cross-linked molecular
structure. To solve this deficiency, chitin is mostly degraded
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by chemical methods before being added to fish diets as COS,
GlcNAc, or chitosan (Lin et al. 2012a, b; Shiau and Yu 1999).
However, the available chemical methods have several disad-
vantages, such as high cost, low yield, residual acidity, and
serious environmental pollution (Harish and Tharanathan
2007). Thus, enzymatic methods that allow regioselective
depolymerization of chitin under mild conditions are preferred
(Se-Kwon and Niranjan 2005). Chitinase (EC 3.2.1.14),
which cleaves the β-1,4-glycosidic bonds of chitin, is widely
distributed in microorganisms (Felse and Panda 1999) and
catalyzes the conversion of insoluble chitin into COS and
GlcNAc. Although chitinases have been found in the stomach
of the carnivorous cobia (Rachycentron canadum) (Fines and
Holt 2010), their enzymatic activities are not high enough to
efficiently process crustacean wastes. Moreover, endogenous
chitinases have only been found in this seldom marine fish.
Direct supplementation of aquafeed with exogenous chitinase
has yet to be attempted but is an attractive proposal because it
may improve the use of inoculating protein in the form of a
dietary crustacean-shell chitin–protein complex (Cárdenas
et al. 2004), could be easily incorporated into feed, and would
lower production costs compared with extrinsic enzymatic
digestion of chitin.

For the study reported herein, we identified the gene for a
chitinase from Aeromonas veronii B565, expressed it, and
characterized its protein product. This chitinase, denoted
ChiB565, can potently digest insoluble chitin and is resistant
to proteolysis.

Materials and methods

Strains, media, and chemicals

A. veronii B565 was originally isolated from aquaculture
pond sediment. It was deposited in CGMCC (no. 4403) and
its complete genomic sequence has been published (Li et al.
2011). A. veronii B565 and Escherichia coli DH5α (TaKaRa,
Osaka, Japan) were cultured in Luria–Bertani medium (10 g
of yeast extract, 10 g of tryptone, and 5 g of NaCl in 1 l of
sterile water). Pichia pastoris GS115, the pPIC9 vector, and
T4 DNA ligase were purchased from Invitrogen (Carlsbad,
CA, USA). Aeromonas hydrophila NJ-1 (received from Dr.
Jun Zhu, Nanjing Agricultural University), which was used to
test tilapia resistance to a bacterial pathogen, was donated by
Professor Yongjie Liu (Nanjing Agricultural University, Nan-
jing, China). Restriction endonucleases and LA Taq DNA
polymerase were supplied by TaKaRa. Bovine serum albu-
min, GlcNAc, and p-nitrophenyl-N-acetyl-β-D-glucosaminide
(pNP-GlcNAc) were purchased from Sigma-Aldrich (St. Lou-
is, MO, USA). The oligosaccharide standards (GlcNAc)5,
(GlcNAc)4, (GlcNAc)3, and (GlcNAc)2 were purchased from
Toronto Research Chemicals (Toronto, Canada).

Preparation of colloidal chitin

Colloidal chitin was prepared as described (Sandhya et al.
2004) with some modifications. Briefly, 5 g of powdered
chitin (C-7071, Sigma-Aldrich) was dissolved in 400 ml of
concentrated HCl, followed by gentle stirring of the mixture
for 3 h (90-3 magnetic stirrer; Zhenrong Science Equipment
Co. Ltd., Shanghai, China). After storage at 4 °C for 24 h, the
mixture was added into 1 l of 50 % ethanol with constant
mixing, followed by centrifugation at 10,000×g for 10 min at
4 °C. After removing the supernatant, the precipitate was
repeatedly washed with distilled water until the pH of the
final wash was 7.0. The final supernatant was discarded, and
500 ml of distilled water was added to form a 1 % (w/v)
colloidal chitin solution, which was stored at 4 °C before use.

Construction of the ChiB565 expression plasmid

Genomic DNA was extracted from A. veronii B565 using
TIANGEN DNA Isolation kit reagents (Beijing, China) and
used as the template for PCR amplification of chiB565,
which had been previously located in the A. veronii B565
genome (Li et al. 2011). A pair of primers (forward primer 5′-
gtgTACGTACAGGCCGCTTATCCCGCCTATAAATC-3′
and reverse primer 5′-ggaGCGGCCGCATAGCTACAGGC
AGACTTCCAGCTG-3′), incorporating SnabI and NotI re-
striction sites, respectively, were designed to allow amplifi-
cation of the entire coding region of chiB565. The PCR
program was 30 cycles of 94 °C for 30 s, 64 °C for 30 s,
and 72 °C for 3 min. After purified with TIANGEN DNA
purification kit reagents, the desired PCR product was
digested with SnabI and NotI and ligated into a pPIC9 vector
by T4 DNA ligase. This recombinant plasmid, pPIC9-
chiB565, was transformed into E. coli DH5α by heat shock
for 90 s at 42 °C, and the transformed cells were plated onto
plates containing Luria–Bertani medium containing 50 mg-
ml–1 ampicillin and cultivated overnight at 37 °C. Recombi-
nant plasmids were recovered from Escherichia coli cultures
by alkaline lysis with E.Z.N.A. Plasmid Mini kit reagents
(Omega Bio-Tek, Norcross, GA, USA), linearized with
BglII, and transformed into P. pastoris GS115 competent
cells by electroporation using a MicroPulser (Bio-Rad, Her-
cules, CA, USA). Recombinant P. pastoris cells were cul-
tured on minimal dextrose plates at 30 °C for 2 days
according to the Invitrogen Pichia protocols.

Selection of positive transformants

Transformants were selected for the ability to grow on
histidine-deficient medium (RDB-agar plates) at 30 °C until
colonies appeared (His+ selection). Two hundredHis+ colonies
were selected randomly. The integration of the expression
cassette into the genome of the above stains was verified by
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PCR using the 5′ and 3′ AOX1 primers (5′-GGTTGAAT
GAAACCTTTTTGCC-3′ and 5′-CAACTAATTATTCGAAG
GATCC-3′). Clones containing a gene of the expected size, as
assessed with agarose gel electrophoresis, were incubated in
3 ml of buffered minimal glycerol medium (BMGY) (per liter,
10 g of yeast extract, 20 g of peptone, 13.4 g of yeast nitrogen
base, 0.4 mg of biotin, and 10 ml of glycerol) at 30 °C in a
gyratory shaker at 250×g for 2 days. Cells were harvested by
centrifugation at 3,250×g at 4 °C for 10 min and cultured in
1 ml of buffered minimal methanol medium (BMMY) (per
liter, 10 g of yeast extract, 20 g of peptone, 13.4 g of yeast
nitrogen base, 0.4 mg of biotin, and 10 ml of methanol) for
2 days. The chitinase activity associated with the positive
clones was determined by the assay described below.

Expression, purification, and identification of ChiB565

The positive clone with the greatest enzyme activity in the
culture medium was grown in 200 ml of BMGY medium at
30 °C for 48 h. Cells were collected and transferred to a 1-l
flask containing 100 ml of BMMY medium culturing for
24 h at 30 °C. The culture medium was recovered by centri-
fugation at 12,000×g for 10 min at 4 °C. Proteins were
precipitated with 80 % (w/v) ammonium sulfate at 0 °C in
an ice bath, and resuspended in 20 mM phosphate-citrate
(pH 5.0). The crude enzyme was dialyzed against 20 mM
phosphate-citrate (pH 5.0) overnight, and the retentate
(10 ml) was loaded onto a Sephacryl S-100 HR FPLC
column (Amersham Pharmacia Biotech, Uppsala, Sweden)
that was pre-equilibrated with 20 mM phosphate–citrate
(pH 5.0), 300 mM NaCl, which also served as the eluent.
Protein purity was assessed by sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis (SDS–PAGE). Protein con-
centration was determined using Bio-Rad Protein Assay kit
reagents with bovine serum albumin as the standard. To
verify that ChiB565 had indeed been purified, its corre-
sponding band was cut from the gel and identified using
liquid chromatography-coupled electrospray ionization–tan-
dem mass spectrometry at the State Key Laboratory of Biol-
ogy of Biomembrane and Membrane Technology, Institute
of Zoology, Chinese Academy of Science (Beijing, China).

Chitinase activity assay

Chitinase activity was measured by a colorimetric assay
(Gomez et al. 2004). Each reaction contained 250 μl of the
enzyme solution and 250 μl of 1 % (w/v) colloidal chitin in
20 mM phosphate–citrate (pH 5.0). Each reaction was incu-
bated at 50 °C for 1 h before adding 2 ml of 3,5-dinitrosalicylic
acid. Each mixture was immediately boiled for 5 min, cooled
to room temperature, and centrifuged at 10,000×g for 1 min.
The absorbance of reducing sugar was measured at 540 nm.

One unit of chitinase activity was defined as the amount of
enzyme that produced 1 μmol of GlcNAc per hour.

Measurement of substrate specificity

The substrate specificity of purified recombinant ChiB565
and the commercially available Streptomyces griseus
chitinase C-6137 (Sigma-Aldrich) were determined by mea-
suring their activities against colloidal chitin, carboxymethyl
cellulose, β-1,3-1,4-glucan, powdered chitin, powdered chi-
tosan, shrimp-shell chitin, glycol chitosan, and pNP-GlcNAc
(all at 1 % w/v) after incubation in 20 mM phosphate-citrate
(pH 5.0) at 50 °C for 60 min (each reaction was shaken
gently by hand after 30 min of incubation). The amounts of
reducing sugars produced were then measured by the 3,5-
dinitrosalicylic acid method described above.

Effects of pH and temperature on ChiB565 activity

Colloidal chitin was used as the substrate to characterize the
pH and temperature properties of ChiB565. To determine its
optimal pH, ChiB565 was incubated in buffers that had pH
values between 3.0 and 12.0 at 37 °C for 60 min, with each
reaction being shaken gently by hand at the 30-min point of
the incubation. The buffers used were 100 mM phosphate–
citrate (pH 3.0–6.0), 100 mM Tris–HCl (pH 6.0–9.0), and
100 mM glycine–NaOH (pH 9.0–12.0). To investigate the
effect of pH on the stability of ChiB565, the enzyme was
incubated in the aforementioned reaction buffers at 37 °C for
1 h in the absence of substrate with gentle shaking by hand at
0.5 h before measuring its residual activity under standard
conditions (pH 5.0, 50 °C, 1 h).

The temperature optimum of ChiB565 was determined by
incubating the enzyme in 20 mM phosphate–citrate (pH 5.0)
for 1 h at temperatures ranging from 0 to 70 °C with gentle
shaking by hand at 0.5 h. To determine the thermostability of
ChiB565, the enzyme was pre-incubated in 20 mM phos-
phate–citrate (pH 6.0) for 1 h at temperatures between 0 and
70 °C without substrate and with gentle shaking by hand at
0.5 h, after which the residual activity was determined under
standard conditions. All measurements were carried out in
triplicate.

Effects of metal ions and proteases

The effects of metal ions and chemical reagents on ChiB565
activity were studied using Li+, Na+, K+, Ag+, Ca2+, Co2+,
Ni2+, Cu2+, Mg2+, Mn2+, Zn2+, Pb2+, Cr3+, Fe3+, SDS,
ethylenediaminetetraacetic acid, and β-mercaptoethanol
each at 5 mM. Standard assay conditions served as the
control. To determine the resistance of ChiB565 to proteol-
ysis, residual chitinase activity was determined after incu-
bating the enzyme in 100 mM phosphate–citrate containing
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pepsin (pH 2.0) or 100 mM Tris–HCl containing trypsin
(pH 7.0), collagenase (pH 7.5), or subtilisin A (pH 7.5) for
30 or 60 min at 37 °C at a ratio of 1:10 (w/w)
protease/ChiB565 without mixing.

Shrimp-shell degradation by ChiB565 in vitro

Cleaned and dried commercial-sized Penaeus vannamei
Boone shrimp shells were ground to a fine powder, and the
mean chitin content was found to be 26.8 % (w/w) (Black
and Schwartz 1950). The optimal enzyme concentration for
shrimp-shell degradation was determined by incubating 0 to
50 U of ChiB565 with 0.1 g of powdered shrimp shell for 6 h
at 50 °C with gentle shaking by hand every 0.5 h. To deter-
mine the optimal reaction time, 0.1 g of powdered shrimp
shell was incubated with ChiB565 at the predetermined opti-
mal concentration and 50 °C for 0 to 6 h with gentle shaking
by hand every 0.5 h. Reactions that lacked ChiB565 served as
controls. The amounts of reducing sugar released were mea-
sured as described above. All measurements were carried out
in triplicate.

To investigate the combined effect of trypsin and
ChiB565, 0.2 g of powdered shrimp shell was incubated
with 60 U of ChiB565 alone, 10 mg of trypsin alone, or
60 U of ChiB565 and 10 mg of trypsin for 3 h at 37 °C with
gentle shaking by hand every 0.5 h. The amounts of reducing
sugars released were determined, and the amount of tyrosine
released was measured by Folin’s phenol method (Lowry
et al. 1951). Commercial C-6137 chitinase served as the
positive control.

In vitro hydrolysis of colloid chitin and powdered shrimp
shell by ChiB565 assessed by HPLC

Flasks containing 3 ml of purified ChiB565 (50 U/ml) and
3 ml of 1 % (w/v) colloidal chitin or 0.3 g of powdered
shrimp shell were incubated at 50 °C for 1–6 h (for colloidal
chitin) or 3–12 h (for shrimp shells) with gentle shaking by
hand every 0.5 h. One milliliter of a reaction mixture
was subjected to HPLC (Waters 2695 system, Bristol,
WI, USA) using a C18 column (4.6 mm×250 mm). Elution
was performedwith 70% (v/v) acetonitrile at a flow rate of
0.7 ml min–1, and the absorbance was monitored at A215

with a Waters Lambda-Max model LC spectrophotome-
ter. (GlcNAc)5, (GlcNAc)4, (GlcNAc)3, (GlcNAc)2, and
GlcNAc served as standards.

Effects of dietary ChiB565 on tilapia growth

A 35-day feeding trial was conducted with the hybrid tilapia
Oreochromis niloticus ♀×Oreochromis aureus ♂ [purchased
from the tilapia hatchery (Hainan, China)] in a circulating

aquaculture system under the following conditions: water
temperature 30 °C, pH 7.5, dissolved oxygen (DO) >5.0 mg
O l–1, NH4

+–N <0.5 mg N l–1, and NO2–N <0.05 mg N l–1.
Juvenile tilapias were transported from a tilapia hatchery
(Hainan, China) to the Feed Research Institute, Chinese Acad-
emy of Agricultural Sciences. All fish were fed a basal diet of
44.6 % (w/w) defatted fish meal, 24 % (w/w) soybean meal,
24 % (w/w) wheat flour, 2 % (w/w) soybean oil, 2.2 % (w/w)
Ca(H2PO4)2, 0.1 % (w/w) vitamin C–organic phosphate,
0.3 % (w/w) silicon-type choline chloride, 0.4 % (w/w)
vitamin/mineral premix (NRC 2011), and 2.4 % (w/w) ben-
tonite for at least 2 weeks to acclimate the fish to the exper-
imental conditions. Three experimental diets were prepared:
diet Control, 94.9 % (w/w) of the basal diet and 5 % (w/w)
shrimp bran; diet T1, the control diet supplemented with
162 U kg–1 of ChiB565, which was determined to be a
suitable dose according to the results of the in vitro assay
described above and a preliminary in vivo dose-gradient feed-
ing trial (data not shown); and diet T2, the control diet
supplemented with 16.2 U kg–1 of ChiB565. Shrimp bran
was supplied by Jiangsu Nanshan FeedMills (Nantong, Jiang-
su, China), and its mean chitin content was measured as
∼10.0 % of the dry matter. Each diet included 0.1 % (w/w)
Y2O3 to determine the apparent digestibility of dry matter,
nitrogen, and the energy content (Ward et al. 2005). Twelve
fish in four replicate tanks (each of dimensions 0.6×0.3×0.3 m3)
were fed one of the diets. The fish were fed to apparent satiation
twice a day at 09:00 and 15:30. At the beginning and end of
feeding period, the fish were batch weighed, and weight gain,
feed conversion ratio, and survival rate were determined.
Intact feces pellets were carefully collected from each
tank by siphoning them off between 17:30 and 18:30
during the feeding period, stored at −20 °C, and lyoph-
ilized prior to determining the Y2O3, protein, and ener-
gy contents (AOAC 1995; Ward et al. 2005). The Y2O3,
protein, and energy contents in the dry matter of each
experimental diet were also determined (AOAC 1995;
Ward et al. 2005). Apparent digestibility of the dry
matter, protein, and energy content were calculated as:

Apparentdigestibilityof drymatter %ð Þ

¼ 100−100� C1

.
C2

Apparentdigestibilityof proteinor theenergyconten %ð Þ

¼ 100−100� C1 � N2

.
C2 � N1ð Þ;

where C1 is the Y2O3 content (g kg–1 dry matter) in the diet,
C2 is the Y2O3 content in a fecal sample, N1 is the protein
content (g kg–1 dry matter) or energy content (MJ kg–1 dry
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matter) in the diet, and N2 is the protein content or energy
content in a fecal sample (Cho et al. 1982).

Intestinal cytokine gene expression as analyzed by real-time
PCR

Expression of genes encoding Hsp70 and IL-1β in intestine
samples was evaluated to examine the effects of dietary
ChiB565 on stress tolerance and inflammation. At the end of
the feeding period, three fish per tank were narcotized by MS-
222 (purchased from Zibo Zichuanlonghu Chemical Co. Ltd.,
Shandong, China) and total RNA from the intestines of the
three fish was isolated, with the RNA pooled according to the
diet. RNA was extracted using TRIzon Reagent RNA kit re-
agents according to the manufacturer’s instructions (Promega,
Madison, WI, USA) and then dissolved in RNase-free water to
avoid amplification of genomic DNA. RT-PCRwas performed
using ReverTra Ace-α-RT-PCR kit reagents (TOYOBO,
Shanghai, China) and primers specific for the genes encoding
Hsp70 (F = TGCCTTTGTCCAGACCGTAG; R = GTGT
CCAACGCTGTCATCAC) and IL-1β (F = TGCACTG
TCACTGACAGCCAA; R = ATGTTCAGGTGCACTTTGC
GG) (Liu et al., Fish Shellfish Immunol, under review)
according to the manufacturer’s instructions. QPCR was
performed with SYBR Green Premix Ex Taq TMII reagents
(TaKaRa) in an iQ5 multicolor real-time PCR Detection sys-
tem (Bio-Rad). The total volume of each PCR mixture was
20 μl and consisted of 10 μl of SYBR Green Premix Ex TaqII
(2×), 1 μl of each primer, 2 μl of cDNA, and 6 μl of doubly
distilled H2O. The reaction program was 95 °C for 3 min and
then 40 cycles at 95 °C for 20 s, 55 °C for 20 s, and 72 °C for
20 s. All real-time PCRs were performed at least in triplicate.
The relative quantification of the gene transcripts was calcu-
lated with β-actin as the reference gene using the 2−ΔΔCT

method (Livak and Schmittgen 2001).

Assessment of dietary ChiB565 as a protectant against A.
hydrophila NJ-1 infection

After removing fish for real-time PCR assessment, the tila-
pias in each tank were immersed in 108 CFU ml–1 of A.
hydrophila NJ-1 without injuring their skin. During A.
hydrophila exposure, the fish were not fed and held in one
half the usual volume of water, which was aerated but not
circulated. The accumulated fish mortality of each tank was
recorded daily for 6 days.

Statistical analysis

Results are expressed as the mean±SD. Statistical analysis
was performed using one-way ANOVA with SPSS 17.0

(SPSS, Chicago, IL, USA). Significant differences were
accepted at P <0.05.

Results

Expression, purification, and characterization
of recombinant ChiB565

The gene fragment containing chiB565 and its flanking SnabI
and NotI restriction sites was ligated into a pPIC9 vector to
construct the plasmid, pPIC9-chiB565, which was then
transformed into P. pastoris GS115 competent cells. The
transformant with the greatest chitinase activity was cultured
in a shaker flask at 30 °C for 48 h at which time ChiB565
expression was induced by the addition of methanol. The
culture medium contained 112.9 U ml–1 chitinase activity
48 h later. ChiB565 (yield 93 %) was purified by ammonium
sulfate precipitation and gel filtration chromatography.

To confirm the identity of the purified protein, the se-
quences of the following five ChiB565 peptides, deduced
from the gene sequence, were identified by liquid chroma-
tography–coupled electrospray ionization-tandem mass
spectrometry: KVGEDTTAPWQVNWTPDAK, GLPAYL
VSDIPWNKITHINYAFAAVDEQSHTIK, GDCSVNTAGI
NTLADSAVSWLWNEEK, and QTIPGGARIEFLVPTSTS
DTITDQSGMGLKVVESGGNDNSEGIANEKDFHK.

Substrate specificity

The substrate specificities of ChiB565 against various sub-
strates are shown in Table 1. Colloidal chitin and shrimp-

Table 1 Substrate specificity of the purified recombinant ChiB565 and
the commercial chitinase C-6137a

Substrates Specific activity (U/mg)

ChiB565 C-6137

Colloidal chitin 553.8±4.2 620.3±3.5

Shrimp-shell chitin 400.8±0.1 ND

Powdered chitin 108.6±0.3 ND

β-1,3-1,4-Glucan 94.2±2.9 115.6±3.7

Powdered chitosan NDb ND

Carboxymethylcellulose ND –c

Glycol chitosan ND –

pNp-GlcNAc ND –

a C-6137, the commercial chitinase from Sigma-Aldrich
bND not detected
c – not determined

Appl Microbiol Biotechnol (2014) 98:1651–1662 1655



shell chitin are the best substrates, and the enzyme is also
active against powdered chitin and β-1,3-1,4-glucan.

Environmental characterization of ChiB565 activity

ChiB565 retained at least 50 % of its activity between pH 4.5
and 9.0, and had an optimal pH of 5.0 (Fig. 1a). The enzyme
was stable at pH 3.5–9.0, retaining more than 50 % of its
activity between these values (Fig. 1b). ChiB565 also
retained at least 50 % of its activity between 30 and 55 °C
and had an optimal value of 50 °C (Fig. 1c). ChiB565 was
very stable at/below 50 °C and maintained 95 % of its initial
activity after a 2-h incubation at 50 °C (Fig. 1d).

The effects of metal ions, chemicals, and proteases on
ChiB565 activity were also determined. In the presence of
5 mM Cu2+ or Mn2+, ChiB565 activity increased slightly,
whereas the other metal ions tested inhibited or had no effect
on the activity (Table 2). SDS strongly inhibited the activity
(∼90 % decrease). ChiB565 was resistant to all neutral and
acidic proteases tested, retaining more than 50 % of its
activity after a 60-min incubation (Table 3).

In vitro degradation of shrimp-shell chitin by ChiB565

The optimal ChiB565 concentration for shrimp-shell (crude
chitin content 26.8 % of the dry matter) degradation was
30 U when 0.1 g of powdered shrimp shell was used as the
substrate; 10 U ChiB565 digested 0.055 g of powdered shrimp
shell (55.0 % of the maximum) under the same conditions
(Fig. 2a). After 3 h, release of reducing sugars was constant
when 30 U ChiB565 and 0.1 g shrimp shell was used (Fig. 2b).

Given the aforementioned data, if 5 % (w/w) shrimp bran
(with a chitin content of ∼10.0 % of the dry matter) is included in
the diet, ∼5,040 and 1,680 U kg–1 of ChiB565 would be required
to digest 100 % and 55.0 % of the chitin during a 3-h in vitro
incubation period, respectively. Given these numbers, preliminary
feeding trials that included 0, 160, 320, 640, 1,280, or 2,560Ukg–
1 were conducted. However, only the 160 U kg–1 dose increased
the weight gain of the tilapia and improved the feed conversion,
and 160U kg–1 (calculated as 162U kg–1 in diet T1) was selected
as a suitable dose in the formal feeding trial. At larger doses, these
parameters decreased in relation to the amount of ChiB565
included in the diet (P>0.05; data not shown). Given that we also
expected ChiB565 to continue degrading the shrimp-shell chitin
within the tilapia intestine, we used a dose of 16.0 U kg–1

(calculated as 16.2 U kg–1 in diet T2) as a reference.
ChiB565 released 134.2 g ml–1 GlcNAc from shrimp

shell at 37 °C (Table 4). A significantly greater amount of
tyrosine was released (P<0.05) when shrimp shell was hy-
drolyzed in the presence of ChiB565 and trypsin rather than
in the presence of only one of the enzymes, which indicated a
synergistic effect for ChiB565 and trypsin. However, com-
mercially available C-6137 did not degrade shrimp shell or
act synergistically with trypsin (Table 4).

In vitro ChiB565 hydrolysis products

The major colloidal chitin products found after action by
ChiB565 were (GlcNAc)4, (GlcNAc)3, and (GlcNAc)2. A small
amount of (GlcNAc)5 was also found (Fig. 3a–c). When the
reaction timewas increased from 1 to 3 h, the amount of GlcNAc
increased, with the amounts of (GlcNAc)5 and (GlcNAc)2 de-
creasing to barely detectable levels. The products found after
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Fig. 1 Characterization of the
purified recombinant ChiB565.
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chitinase activity. b pH stability
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each experiment, the highest
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a 6-h incubation were mainly GlcNAc, (GlcNAc)3, and
(GlcNAc)4, which suggests that ChiB565 has endo- and
exo-type activities. The ChiB565 hydrolysis products of
shrimp-shell chitin were the same as those found for colloidal
chitin hydrolysis, but the product compositions were dissimilar
(Fig. 3d–f). For a 6-h incubation, theoretically, at least 11.2 % of
the shrimp-shell chitin should be released as COS [mainly as
(GlcNAc)4; Fig. 3e]; therefore, at least 0.50 g COS kg–1 feed
should be available to the tilapia in their intestine (predicted
emptying time ∼6 h; Shiau et al. 1988). After a 12-h incubation,
a smaller amount of COS was found, but no (GlcNAc)2 was
detected (Fig. 3f).

Effects of dietary ChiB565 on tilapia growth and feed
utilization

Dietary ChiB565 at a dose of 16.2U kg–1, but not at 162U kg–
1, had positive effects (P<0.05) on fish weight gain and feed

utilization compared with the control diet (Table 5).
ChiB565 at 16.2 U kg–1 obviously improved (P<0.05) protein
digestibility, but ChiB565 at 162 U kg–1 significantly de-
creased it (P<0.05). Other parameters, i.e., apparent digest-
ibility of dry matter and energy content, were not significantly
different for the fish fed the different diets (P<0.05).

Intestinal cytokine gene expression as assessed by real-time
PCR

Compared with the control mRNA-expression study, a small
decrease in cytokine gene expression was found when tilapia

Table 2 Effect of 5 mM of metal ions and chemical reagents on the
enzymatic activity of recombinant ChiB565

Chemicals Relative activity (%)a Chemicals Relative
activity (%)

None 100.0 Zn2+ 54.8±7.3

Mn2+ 115.1±8.4 Ni+ 50.9±2.6

Cu2+ 102.8±6.9 Fe3+ 48.2±4.6

Na+ 76.4±1.5 Ag+ 47.7±1.8

K+ 71.3±2.8 Cr3+ 43.4±3.6

Mg2+ 61.4±2.9 Mn2+ 115.1±8.4

Li+ 61.3±5.4 β-Mercaptoethanol 89.1±4.0

Pb2+ 58.8±4.2 EDTA 59.5±0.2

Ca2+ 58.0±2.2 SDS 10.1±3.4

Co2+ 56.3±6.9

a Relative activity (%); each value represents the mean±SD of three
replicates

Table 3 Effect of proteases on the activity of the purified recombinant
ChiB565

Proteases Residual activity (%)a

30 min 60 min

None 100.0 100.0

Pepsin 55.8±9.9 45.2±4.5

Trypsin 81.6±2.9 54.7±2.2

Proteinase K 59.9±1.5 44.5±3.0

Collagenase 96.1±8.9 61.1±2.2

Subtilin A 79.7±7.4 47.3±5.1

a Residual activity (%), determined after incubation with the proteases
at a ratio of 10:1(w/w) at 37 °C for 30 and 60 min; each value represents
the mean±SD of three replicates

Fig. 2 Optimization of the degradation of shrimp shell chitin by
ChiB565. a The optimal amount of ChiB565 for chitin degradation
for 6 h. b The optimal time required for chitin degradation by 30 U of
ChiB565

Table 4 The effects of recombinant ChiB565 and trypsin on shrimp-
shell degradationa

GlcNAc (μg ml–1) Tyrosine (μg ml–1)

ChiB565 134.2±7.4 NDb

Trypsin ND 16.3±0.4*

ChiB565 + trypsin 128.1±2.5 18.3±0.9†

C-6137 ND ND

C-6137+trypsin ND 16.3±0.8*

P value 0.253 0.015

a Data within a column sharing the same superscript symbol means no
significant difference (P≥0.05)
bND not detected
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were fed a ChiB565 dose of 16.2 U kg–1 (P>0.05), whereas
tilapias fed with a dose of ChiB565 162 U kg–1 had significantly

greater expression levels of intestinal Hsp70 (P<0.05; Fig. 4a).
The intestinal IL-1βmRNAexpression levels were significantly

Fig. 3 In vitro hydrolysis products of colloidal chitin at 1 h (a), 3 h (b),
and 6 h (c) and shrimp-shell chitin at 3 h (d), 6 h (e), and 12 h (f) after
incubation with ChiB565 at 50 °C. The mixture was analyzed with
HPLC (Waters 2695 system, Bristol, WI, USA) equipped with a C18

column (4.6 mm×250 mm). Elution was performed with 70 % (v/v)
acetonitrile at a flow rate of 0.7 ml min–1, and the absorbance was
monitored at A215. Standards 1–5 are GlcNAc, (GlcNAc)2, (GlcNAc)3,
(GlcNAc)4, and (GlcNAc)5, respectively
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downregulated when the fish were dosed with 16.2 or 162 U
kg–1 ChiB565 (P<0.05; Fig. 4b).

Immunoprotective effect of dietary ChiB565 against the
bacterial pathogen A. hydrophila

No significant difference was seen for the survival rate of the
group fed the diet containing 162 U kg–1 ChiB565 and
challenged for 6 days with A. hydrophila and the control
group (P>0.05; Fig. 5). However, the survival rate when the
fish were fed the diet containing 16.2 U kg–1 ChiB565 was
greater than that of the control fish, with a significant differ-
ence detected during days 2–4 (P<0.05).

Discussion

Chitinolytic microorganisms produce two types of enzymes
that can degrade chitin: (exo and endo) chitinases and β-N-

Table 5 The weight gain, feed utilization, survival rate, and apparent digestibility of tilapia fed two different levels of dietary ChiB565 for 35 daysa

Group control Initial body
weight (g)

Final body
weight (g)

Weight gain
(%)

Feed conversion
rate

Survival rate
(%)

Apparent digestibility (%)

Dry matter Nitrogen Energy

0.98±0.01 9.95±0.41* 918.5±43.3* 1.24±0.06* 100.00 78.75±0.51 88.73±0.20* 86.83±0.30

162 U/kg
ChiB565

0.97±0.00 10.69±0.23*† 996.6±20.6*† 1.15±0.03*† 94.44±3.93 76.50±1.50 87.32±0.61† 85.53±1.33

16.2 U/kg
ChiB565

0.98±0.01 11.55±0.94† 1048.4±47.2† 1.08±0.05† 100.00 79.99±0.30 90.01±0.11‡ 87.19±0.04

P value 1.000 0.048 0.042 0.042 0.079 0.091 0.012 0.301

a Data within a column sharing the same superscript symbol means no significant difference (P≥0.05)

Fig. 4 RT-PCR analysis of stress tolerance index HSP70 (a) and
cytokine gene IL-1β (b) expression in the intestines of tilapia. The
densitometric quantification of these gene expression levels was nor-
malized by β-actin and expressed as the percentage of the respective
control. Each value represents mean±SD of independent RT-PCR re-
action of three replicates. Columns sharing the same symbol have no
significant difference (P≥0.05). Diet Cont., 94.9 % (w/w) of the basal
diet and 5 % (w/w) shrimp bran; diet T1, the control diet supplemented
with 162 U kg–1 of ChiB565; diet T2, the control diet supplemented
with 16.2 U kg–1 of ChiB565

Fig. 5 Survival rates (%) of tilapia challenged by Aeromonas
hydrophila NJ-1 for 6 days after fed diets supplemented with two
different levels of dietary ChiB565 for 35 days. Each data represents
the mean of four replicates, and the data sharing the same symbol have
no significant difference (P≥0.05). Diet Cont., 94.9 % (w/w) of the
basal diet and 5 % (w/w) shrimp bran; diet T1, the control diet
supplemented with 162 U kg–1 of ChiB565; diet T2, the control diet
supplemented with 16.2 U kg–1 of ChiB565
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acetylglucosaminidases (Orikoshi et al. 2005). Exochitinase
activity processively starts at the non-reducing ends of chitin
chains with successive diacetylchitobiose units released
(Felse and Panda 2000). Conversely, chitinases with
endochitinase activity randomly and internally cleave chitin
chains (Robbins et al. 1988). Most microbial chitinases are
endochitinases (Bhattacharya et al. 2007). For the present
study, using HPLC as the analytic tool, we found that
ChiB565 has endo- and exochitinase activities (defined as
GlcNAc released). To our knowledge, this is the first report
of a microbial chitinase with both types of activities. We also
found that the P. pastoris expression system, which has been
used to produce large amounts of other recombinant proteins
(Baumgartner et al. 2002; McGrew et al. 1997), provided
substantial amounts of ChiB565. This expression system has
several other advantages including its easy manipulation and
the direct secretion of a recombinant protein into the culture
medium (Sue et al. 2005). The yield and specific activity of
ChiB565 expressed in P. pastoris were 203 mg l–1 and
554 U mg–1 with colloidal chitin as the substrate, respective-
ly, which are values greater than those found for most other
microbial chitinases (Fan et al. 2007; Goodrick et al. 2001;
Perez-Martinez et al. 2007). For commercial purposes, the
chiB565 expression level might be further improved by
optimizing its codon usage, adjusting its G+C content,
and/or adding a high-performance signal peptide sequence.

In addition to its high expression levels in P. pastoris,
ChiB565 had several favorable properties as a potential feed
enzyme for warm-water aquaculture. First, compared with
the commercially available chitinases that cannot degrade
shrimp-shell chitin, ChiB565 substrate specificity is broad
and includes colloidal chitin, shrimp-shell chitin, powdered
chitin, and β-1,3-1,4-glucan. The chitin-binding domains in
ChiB565 allow the enzyme to degrade insoluble chitin
(Vaaje-Kolstad et al. 2010; Wu et al. 2001). Second, the pH
and temperature ranges for ChiB565 activity (≥50 % of the
maximum activity between pH 4.5 and 9.0, and 30 and
55 °C) are similar to the physicochemical conditions found
for the environments of warm-water fish. Third, ChiB565
produced in P. pastoris is stable at temperatures ≤50 °C,
temperatures that are substantially higher than those found
for the thermostability of ChiB565 expressed in E. coli (data
not shown). This difference may reflect positive contribu-
tions to the activity brought about by a post-translational
modification(s) of ChiB565 produced in the yeast system
(Kern et al. 1992; Shental-Bechor and Levy 2008). Fourth,
ChiB565 is resistant to proteolysis, and its activity is not
affected by many metal ions, at least at the 5 mM concentra-
tion we tested. The metal ions found in shrimp shells are
mainly Ca2+, Mn2+, Fe2+, Cu2+, Zn2+, As2+, and Ba2+

(Synowiecki and Al-Khateeb 2010), and we showed that
ChiB565 activity was not affected by these metal ions. Fifth,
ChiB565 partially/completely degraded shrimp-shell chitin

(mainly) into (GlcNAc)4 within 6 h. In general, ingestion of
COS at an appropriate dose improves the growth of farmed
fish as well as their immunological state and disease resis-
tance (Li et al. 2007; Lin et al. 2012a, b). The final and
perhaps most important observation is the synergistic in-
crease found for protein digestion (as tyrosine release) when
shrimp shell was subjected to ChiB565 and trypsin digestion
in vitro. Thus, ChiB565 may have potential as a feed additive
because of its ability to hydrolyze a natural chitin (shrimp
chitin) both within the fish intestine.

The results of the feeding and bacterial pathogen chal-
lenge tests support our expectation that ChiB565 would be
an effective dietary supplement. A possible in vivo syner-
gism for ChiB565 and tilapia endogenous protease(s) may be
related to the significantly improved protein digestibility
found when 16.2 U kg–1 ChiB565 was included in the diet.
More protein from the chitin–protein complexes in the die-
tary shrimp bran (consisting of chitin, mineral salts, and
protein; Synowiecki and Al-Khateeb 2010) used in our ex-
periments may have been released in the tilapia intestine by
ChiB565, and this protein might then be digested by endog-
enous tilapia proteases. In addition, the expected in vivo
hydrolysis products of shrimp-shell chitin released by
16.2 U/kg ChiB565 should be mainly (GlcNAc)4, according
to our in vitro study and the time required to empty the tilapia
intestine (∼6 h; Shiau et al. 1988). The ingestion of COS by
the fish should have probiotic effects, reflected as a signifi-
cant downregulation of intestinal IL-1β expression. Dietary
COS at a dose of 0.125 g kg–1 improved the growth of koi
(Cyprinus carpio) as well as its immunoresponses, e.g.,
phagocyte respiratory burst activity, total phagocytic activi-
ty, serum lysozyme and superoxide dismutase activities, and
protection against intraperitoneal injection of A. veronii (Lin
et al. 2012b). Dietary supplementation with COS at 0.2 g kg–1

improved the growth performance and non-specific immunity
function of rainbow trout (Oncorhynchus mykiss) (Liu et al.
2012; Luo et al. 2009). Dietary COS between 4 and 6 g kg–1

fed to T. ovatus stimulated its growth, feed conversion, phago-
cyte respiratory burst activity, phagocytic capacity, serum
lysozyme and superoxide dismutase activities, and protective
efficiency against Vibrio harveyi (Lin et al. 2012a). We antic-
ipated that the ChiB565 dose of 162 U kg–1 would produce
probiotic effects in tilapia, and this expectation was partially
confirmed by the downregulation of intestinal IL-1β expres-
sion. However, the upregulation of gut Hsp70 expression and
reduction in protein digestibility indicated that certain ChiB565
hydrolysis products had negative effects that counterbalanced
the observed probiotic effects produced by COS in the tilapia
intestine. Shiau and Yu (1999) reported that dietary chitosan
supplementation depresses tilapia growth regardless of supple-
mentation level. In addition, more fluid accumulated after an
Aeromonas eucrenophila culture supernatant was passed through
rabbit intestinal ideal loops and was closely related to the amount
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of microbial chitinase present (Singh and Sanyal 1999). Coated
ChiB565, present in feed, might alleviate this detrimental effect if
it eliminates or shortens the time that free ChiB565 interacts with
the gastrointestinal mucosa. Although we expect that at least
0.50 g COS kg–1 feed should be produced within the tilapia
intestine, the fact that both the 16.2 and 162 U kg–1 doses are
much smaller than the predicted optimal dose of 5,040 U kg–1

in vitro suggests that further study will be required to determine
the amount of COS produced by dietary ChiB565 within the
tilapia gastrointestinal tract.

To the best of our knowledge, very few reports have
considered microbial chitinase to be a potential feed supple-
ment that would improve fish growth and induce host im-
munity against pathogens. For the study reported herein, we
show that ChiB565 can be used in aquaculture for the pur-
pose of degrading natural chitin. The addition of shrimp-
shell processing wastes (e.g., shrimp bran), with exogenous
ChiB565 for its degradation, into fish diets should decrease
feed costs and reduce the negative environmental impact of
chitin wastes.
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