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Abstract Chitin is the main component of the cell wall of plant
pathogenic fungi. Chitinase 42 (Chit42) from Trichoderma
atroviride (PTCC5220) plays a significant role in the biocontrol
activity of this fungus against fungal pathogens. This enzyme
lacks a chitin binding domain (ChBD) which is involved in its
binding to crystalline chitin. In this research, a chimeric chitinase
(Chit42+ ChBD) containing a strong chitin binding capacity was
constructed by fusing a ChBD from chitinase 18-10 to Chit42
both from isolate PTCC5220. The construct was cloned and
overexpressed in Escherichia coli BL21 (DE3). The fusion of
ChBD improved the affinity to crystalline and colloidal chitin
and also the thermal and chemical stability of the chimeric
chitinase, when compared with the native Chit42. In vitro assays
indicated that the chimeric chitinase showed higher antifungal
activity toward plant pathogenic fungi.
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Introduction

Chitin, the second most plentiful polysaccharide in nature, is
an insoluble β-1,4-linked polymer of N-acetylglucosamine
and the main component of insect exoskeletons, crustacean
shells and the cell walls of fungi (Aam et al. 2010). It is

degraded by chitinases (Duo-Chuan 2006) that are found in
bacteria, fungi, viruses and higher plants (Aronson et al. 2003;
Duo-Chuan 2006). Strains from the genus Trichoderma have
been described as antagonists able to control a wide range of
plant pathogenic fungi such as Botrytis cinerea, Fusarium
spp., Pythium spp., Rhizoctonia solani, Sclerotium rolfsii,
and Sclerotinia sclerotiorum (Chet et al. 1998; Howell
2003). Trichoderma acts mainly through mycoparasitism
(Howell 2003). Mycoparasites produce cell wall hydrolytic
enzymes (De la Cruz et al. 1995) amongst which chitinases
are considered as one of the most important in the degradation
of the fungal cell walls, with a key role in biocontrol (Guthrie
et al. 2005; Limón and Codón 2004). Some chitinases contain
a chitin-binding domain (ChBD) linked to the catalytic site via
a linker region (Limon et al. 2004; Arakane et al. 2003). The
ChBD is a tunnel-like structure that simplifies binding to non-
colloidal chitin, thus improving the degradation of chitin
(Hardt and Laine 2004; Van Aalten et al. 2001). Only a few
fungal chitinases have been shown to contain a ChBD (Seidl
et al. 2005; Fan et al. 2007). The most important chitinase
secreted by Trichoderma sp. is Chit42, which is considered
as such due to its role in biocontrol (Hayes et al. 1994). This
enzyme lacks a ChBD and has no efficient effect on crystalline
chitin. The activity of this enzyme can be improved by addi-
tion of a ChBD via protein engineering (Blaak and Schrempf
1995). Previous studies have shown that the fusion of a ChBD
to chitinase improves the mycoparasitic activity (Boldo et al.
2009; Fan et al. 2007; Limon et al. 1999).

In this research, we have constructed a chimeric chitinase
by adding a ChBD from T. atroviride chitinase 18–10 to the
N-terminal end of T. atroviride Chit42, so as to improve its
enzyme activity. Native Chit42 and the chimeric chitinase
were cloned and overexpressed in Escherichia coli, and the
expression of the chimeric chitinase was then optimized by the
Taguchi method. In order to study the effect of ChBD on the
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novel chimeric chitinase, some features such as enzyme activ-
ity, pH and optimal temperature, thermal and chemical stabil-
ity were investigated. The activity of both native and chimeric
chitinases was studied in vitro against different plant patho-
genic fungi.

Materials and methods

Plasmids, fungal and bacterial isolates

Escherichia coli strain DH5α and cloning vector pJET 1.2
(Novagen) were used for cloning and E. coli BL21 (DE3)
strain and expression vector pET26b (+) (Novagen) were
used for the prokaryotic expression experiments. The five
fungal plant pathogens: R. solani, F. oxysporum, S.
sclerotiurum, Alternaria solani, and Verticilium dahliae
were provided by H. Afshari-Azad, Iranian Research
Institute of Plant Protection, Tehran, Iran. T. atroviride
(PTCC5220) from the Persian Type Culture Collection
and was identified at NIGEB, Tehran, I.R, as an
overproducer of chitinase among 31 different isolates of
Trichoderma sp. (Harighi et al. 2006a, b). The fungi were
grown on potato dextrose agar (PDA) medium and sub-
cultured as needed. All E. coli strains were grown in
Luria-Bertani (LB) broth at 37 °C and the media were sup-
plemented with ampicillin and kanamycin (SIGMA, 100
and 50 mg/ml), respectively.

Construction of recombinant plasmid

The Chit42 from T. atroviride (access number DQ022674)
fused to ChBD of chitinase 18-10 (AAZ23945.1) was ampli-
fied using Pfu polymerase (Fermentas) with specific primers
(AchBD42, 5′-GGAAGACAACATGAAATGCGGTCCTC
AGGT-3′ and CDP42, 5′-CGCTCGAGGTTGAGACCGCT
TCGGA-3′) which contain BpiI and XhoI sites at their 5′ ends
respectively. The amplified fragment was purified with the
PCR fragment Recovery Kit (iNtRON Biotechnology) and
cloned into pET-26b(+) at the NcoI/XhoI restriction sites, in
frame with His-tag and under the control of T7 promoter to
yield pETAT1 (Fig. 1a). The sequence encoding the chimeric
chitinase was confirmed by sequencing.

Expression of the chimeric chitinase in Escherichia coli

Recombinant plasmid pETAT1 was transformed into E. coli
BL21 (DE3) and selected on LBmedium containing 50 μg/ml
of kanamycin. An overnight pre-culture of a single colonywas
used to inoculate 100 ml of LB media containing the appro-
priate antibiotics and grown at 37 °C until an optical density
(OD600) of 0.6 was reached. Protein expression was induced
by adding 1 mM isopropyl-1-thio-β-D-galactopyranoside

(IPTG) to the culture and the cells were shaken at 37 °C for
2, 4, 6, and 16 h. Expression was visualized by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE,
12 %).

Western blotting analysis

For immunodetection of the expressed chimeric chitinase, to-
tal protein was extracted from induced E. coli BL21 (DE3).
Protein samples were electrophoresed, followed by
electrotransfer to a polyvinylidene fluoride (PVDF) mem-
brane. The immunoblots were developed with antibody
against His-tag, according to the manufacturer’s instructions
(Roche).

Protein expression optimization by Taguchi’s method

For optimization of the chimeric Chit42 expression in the
prokaryotic system, the experiments were designed using the
statistical Taguchi method. In this method, the effect of three
factors including IPTG concentration (mM), incubation tem-
perature (°C), and incubation time (h) were studied at four
levels on protein production. According to the considered fac-
tors, 16 independent experiments were designed. After these
tests were carried out, the total protein was extracted from the
bacteria and visualized using SDS-PAGE. The content of the
overexpressed chimeric chitinase in each fraction was quanti-
fied with a Bio-Rad GS-800 gel densitometer. The density of
chimeric protein expression was calculated relative to the ref-
erence band (total cell protein of E. coli). After analyzing and
quantifying the data, the results were analyzed using the
Qualitek-4 software (version 08.10; http://www.nutek-us.
com) and the most important effect of different levels of
each factor and the optimal expression conditions were then
determined. Analysis of variance (ANOVA) was used for sta-
tistical analysis.

Enzyme assay

The activity of the chimeric chitinase and Chit42 was assayed
with a calorimetric method using colloidal and non-colloidal
chitin as substrates. A reaction mixture (total volume of
500 μl) containing chitin as a substrate (3.8 mg), citrate buffer
(pH 5), and the appropriate amount of enzymes was incubated
at 37 °C for 1 h. Thereafter, the reaction was stopped by
immersing the mixture in boiling water for 10 min. The
amount of reducing sugar produced was evaluated using N-
acetyl-D-glucosamine as a standard. The production of
1 μmol of the product/min was considered as one unit of
enzyme activity (Ulhoa and Peberdy 1992).
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pH and temperature optima and thermal stability

Optimized pH was determined by incubating the enzymes
with colloidal chitin in the buffer at different pHs (3 to 9).
Buffers used were sodium citrate (pH 3 to 7), sodium phos-
phate (pH 8), and sodium carbonate (pH 9). The optimum
temperature was determined by carrying out standard assays
with colloidal chitin at temperatures ranging from 10 to 90 °C.
Thermal stability was also determined by incubating the en-
zymes for 1 h at temperatures ranging from 10 to 70 °C in
sodium acetate buffer (50 mM, pH 5) and then measuring the
remaining activity at 37 °C. Each experiment was carried out
with three replicates.

Protein denaturation studies

Denaturation curves of the chimeric chitinase and Chit42
(0.2 mg/ml) in the presence of dodecyltrimethylamonnium
bromide (DTAB) were performed by measuring the change
in optical density at 280 nm. All measurements were carried
out after 5 min of DTAB incubation with enzymes in a 1-cm
cuvette, thermostable at 20±0.1 °C, when there were no fur-
ther changes in the optical density. The standard Gibbs free
energy of denaturation (ΔG°) was used as a criterion of con-
formational stability (Gheibi et al. 2006).

Antifungal activity

Radial diffusion assays Fungal growth assays were used to
evaluate the antifungal activity of the chimeric chitinase and
Chit42. Radial diffusion assays were performed using

100×15 mm plates containing 25 ml of PDA. Equal aliquots
(90 μg/ml) of chimeric chitinase and Chit42 were added to
5mmdiameter holes punched on the agar surface at 1 cm from
the edge of fungal colonies grown for 24 h at 28 °C. The plates
were incubated at 28 °C for 24 h until the fungal colonies
reached the negative control (10 min boiled enzyme, protein
free buffer, and empty pET-26b(+) total protein). The fungal
species included S. sclerotiorum, F. oxysporum, R. solani, and
V. dahliae.

Spore germination assays Spore suspensions of A. solani,
F. oxysporum, and V. dahliae (2×104 cell/ml) in half strength
potato dextrose broth (PDB) containing native (70 μg/ml) and
chimeric chitinases (70 μg/ml) were incubated at 28 °C with
shaking (150 rpm) for 48 h. Crude protein of the empty vector
(pET-26b(+) without the chimeric chitinase gene) was used as
control. After 48 h of incubation, fungal growth was deter-
mined by measuring OD values at 595 nm. The experiments
were conducted three times.

Results

Heterologous expression in E. coli

The main goal of this study was to express a new chimeric
chitinase containing a ChBD and the native chitinase (Chit42)
in E. coli to evaluate the role of ChBD in the antifungal en-
zyme activity. The ChBD from T. atroviride chitinase 18-10
was fused to Chit42 of T. atroviride. Expressed protein was
tagged with 6 ×His-tag at the C-terminal end to facilitate

Fig. 1 (a) Schematic representation of the pETSM2 vector (containing
the Chit42 gene) and pETAT1 vector (containing the chimeric chitinase).
pETAT1 was constructed by amplifying the ChBD, linker region and the
mature Chit42. The arrows indicate specific primers (AchBD42 and
CDP42) of the chimeric chitinase. (b) SDS-PAGE analysis of chimeric
chitinase expression in recombinant E. coli. 1: Chimeric chitinase 2:

Protein extraction from E. coli BL21 (DE3) harboring the empty pET-
26b(+) as a negative control. (c) Western blot analysis of the chimeric
chitinase using anti His-tag, 1: Chimeric chitinase 2: Protein extraction
from E. coli BL21 (DE3) harboring the empty pET-26b(+) as a negative
control. M: molecular weight marker. The arrow indicates the chimeric
chitinase (52 KDa)
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detection by Western blotting. The molecular weight of the
chimeric chitinase was calculated as a band close to 52 kDa.
Analysis of the SDS-PAGE revealed the expected band in the
induced conditions (Fig. 1b).

Western blotting

Western blot analysis using anti His-tag confirmed the recom-
binant protein containing 6×His with the expected molecular

Fig. 2 The expression of
chimeric chitinase according to
Taguchi’s method L16 array. In
this method the expression was
analyzed by coomassie brilliant
blue-stained SDS-PAGE using
12 % polyacrylamide and
quantified by gel densitometry

Fig. 3 Enzyme kinetics of Chit42 and Chimeric chitinase. (a) Profiles of
chitinase activity at different temperatures and (b) different pH values. (c)
Enzyme activity after incubation of each enzyme at various temperatures
for 1 h. (d) Free energy changes for the chemical denaturation of the

chimeric chitinase and Chit42 in the presence of different
concentrations of DTAB (mM). Colloidal chitin was used as a substrate
in all experiments. Enzyme activities of Chit42 and chimeric chitinase
were measured in citrate buffer (0.2 M, pH 5)
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weight for the chimeric chitinase (52 KDa) in its crude form
(Fig. 1c). Total cell protein of E. coli BL21 (DE3) harboring
empty pET-26b (+) was used as a negative control.

Protein expression optimization

In order to optimize the recombinant protein expression,
an LM16 orthogonal experimental design was used to
study the effect of incubation temperature, time and
IPTG concentration on the amount of protein expression.
The 52 kDa protein band was observed by SDS-PAGE
and the amount of expressed protein was estimated using
densitometry (Fig. 2). The effect of different levels of
each factor on protein expression was determined by the
Qualitek-4 software. According to ANOVA, incubation
temperature was the most effective in protein production
and IPTG concentration and incubation time were placed
in second and third. Optimal conditions as determined by
Qualitek-4 were 4 h of induction at 33 °C by 0.5 mM
IPTG.

Enzyme assay

The activities of the chimeric and native Chit42 were
compared in the presence of insoluble and colloidal chi-
tin. Chitinase activities for the same concentration of chi-
meric and Chit42 in the presence of colloidal chitin were
11.7 ± 0.2 and 13.02 ± 0.1 U/ml and in the presence of
insoluble chitin were 6.1 ± 0.3 and 12.35 ± 0.2 U/ml,
respectively.

pH, temperature profiles, and stability

The highest binding activity of the chimeric chitinase, which
is higher than that of Chit42, was detected at 40 °C and pH 4
(Fig. 3a and b). The binding activity of both enzymes signif-
icantly decreased with increasing pHs and temperatures above
or below 40 oC.

Chemical and thermal stability assays demonstrated that
the chimeric chitinase had a stronger structure and higher sta-
bility (Fig. 3c and d). As a result of these assays, the chimeric
chitinase maintained ~25 % of its activity at 70 °C, but Chit42
retained only ~1 %. Also, denaturation studies based on
DTAB demonstrated that the chimeric enzyme could tolerate
a higher concentration of DTABwhen compared with Chit42.

In vitro antifungal activity assays

Total cell proteins were used in the radial diffusion assay. It
was revealed that both enzymes showed antifungal activity
against S. sclerotiorum, R. solani, F. oxysporum, and
V. dahliae (Fig. 4a). The antifungal activity of the chimeric
chitinase was shown to be higher than that of native Chit42.
Significant differences were observed between the chitinase
enzymes and the negative controls [total cell protein from
E. coli BL21 (DE3) containing empty pET26b (+)] on spore
inhibition. These results showed that spore inhibition in
A. solani, F. oxysporum, and V. dahliae using extracted en-
zymes containing the chimeric chitinase was 58, 37, and 57%
and that of Chit42 was 44, 27, and 38 %, respectively
(Fig. 4b).

Fig. 4 (a) In vitro antifungal activities of the chimeric chitinase and
Chit42 against (a) S. sclerotiorum, (b) F. oxysporum, (c) R. solani, (d)
V. dahliae. Approximately 90 μg/ml of Chit42 and chimeric chitinase
were applied to the wells numbered 1 and 2, respectively. Inactivated
chimeric chitinase, extraction buffer and total cell protein from E. coli
BL21 (DE3) harboring the empty pET-26b (+) were tested as controls in
the wells numbered 3, 4 and 5, respectively. (b) Growth inhibition (%) of
Chit42 and chimeric chitinase on spore germination. Growth of A. solani,

F. oxysporum and V. dahliae in crude protein extracts from E. coli BL21
(DE3) harboring chimeric chitinase and Chit42. Absorbance of the
reaction mixture (crude protein extract + spore suspension + PDB) after
48 h of incubation was measured at 595 nm. Bars represent means and
standard errors and those with different lower case letters are significantly
different (p> 0.05) according to the least significant difference (LSD) test.
Results represent the average of three experiments
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Discussion

In the present work, in order to improve activity of
Trichoderma atroviride PTCC5220 Chit42, a ChBD from
chitinase 18-10 belonging to the same Trichoderma strain,
was fused to the native Chit42. Chitinase 18-10 naturally con-
tains a ChBD at its N-terminal (Seidl et al. 2005). To study the
properties of Chit42 and the chimeric chitinase, such as en-
zyme activity, pH and optimal temperature, thermal and chem-
ical stability, and antifungal activity, both enzymes were suc-
cessfully cloned and produced in E. coli. This prokaryotic
system has been used to produce several recombinant pro-
teins, because of easy handling, inexpensive media, and
large-scale production (Makrides 1996). Expression of the
chimeric chitinase protein was optimized and improved using
the Taguchi method and optimal expression conditions were
found to be 4 h, 0.5 mM IPTG, and 33 °C. The expected band
(52 KDa) was observed by SDS-PAGE and confirmed by
Western blotting.

In this research, the chimeric chitinase showed higher ac-
tivity than the native enzyme, especially in the presence of
crystalline chitin. In a similar study, the effect of a ChBD on
chitin binding was also described by Hashimoto et al. (2000).
They showed that deletion of the ChBD from chitinase A1
decreased the efficacy of chitin degradation. The effect of
ChBD on chitin binding was also reported by Matroodi et al.
(2013a, b)) where they showed that fusion of a ChBD from
Serratia marcescens to Chit42 greatly increased the activity of
the chimeric enzyme on hydrolyzed insoluble chitin. The
same finding was also reported by Limon et al. (2001) who
demonstrated that the addition of a ChBD from Nicotinia
tabacum to Chit42 of T. harzianum improved the activity of
the native enzyme.

Earlier reports demonstrated that fungal chitinase activity at
an acidic pH is higher than at a basic pH, for example, pH 4 for
chitinases of T. harzianum ATCC74058 (Harman et al. 1993),
pH 4 to 6 for Gliocladium virens ATCC20906 (Di Pietro et al.
1993), pH 4 for Verticillium lecanii A3 (Fenice et al. 1998),
pH 6.2 for Pyrus communis (Sakurada et al. 1996), pH 5.0 for
Penicillium oxalicum (Rodriguez et al. 1995) and pH 5.2 for
A. carneus (Abdel-Naby et al. 1992), which are similar to the
results found in this study. With regard to temperature, similar
results have been reported, such as the optimum temperature
of 40 °C for chitinases from Bacillus cereus CH2 and
Monascus purpureus CCRC31499 (Li et al. 2008; Wang
et al. 2002). Similar pH and temperature optima for both
Chit42 and chimeric chitinase might be considered as an ad-
ditional evidence for the hypothesis that the addition of ChBD
does not affect the Chit42 active site (Matroodi et al. 2013a,
b). Also the reports on thermal and chemical stability of
Chit42 containing ChBD indicated certain structural changes.
Consequently, its catalytic efficiency, thermal and chemical
stability were found to improve (Matroodi et al. 2013a, b).

Chimeric and native Chit42 reported in this study showed
antifungal activity against A. solani, F. oxysporum, V. dahliae,
S. sclerotirum, and R. solani. However, the chimeric chitinase
that is more active towards crystalline chitin displayed higher
antifungal activity than Chit42, which seems to result from the
subsided structure at the binding cleft of the enzyme (Sasaki
et al. 2002). In another research, deletion of ChBD from
Streptomyces griseus HUT6037 chitinase C led to moderate
reduction in the hydrolyzing activity toward crystalline chitin
substrate, however, most of the antifungal activity against
Trichoderma reeseiwas suppressed by this deletion. It appears
that the ChBD plays a more important role in antifungal prop-
erties than in catalytic activities (Itoh et al. 2002). It was also
shown that the antifungal activity of these chitinases was dif-
ferent among phytopathogenic fungi. This variation may be
due to the natural variability of chitin in fungal cell walls
(Aranaz et al. 2009; Van de Velde and Kiekens 2004).

Our previous work showed that the antifungal activity of a
T. harzianum transformed with a Chit42- ChBD against sev-
eral phytopathogenic fungi was significantly improved rela-
tive to the wild type and transformants harboring Chit42
(Kowsari et al. 2014).

The results of the current study showed that the novel chimeric
chitinase containing a fungal ChBD is thermochemically stable
and active at acidic pH, and thus could be used in industrial
processes. This engineered chitinase gene might be able to pro-
vide the efficient and cost-effective chitinolytic machinery, which
can be expressed in different hosts for field applications and uti-
lized to generate recombinant fungi resistant plants to reduce
dependence on chemical fungicides.
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