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Abstract

Chitinase and -1,3 glucanase are enzymes that play important roles in the biocontrol of fungal plant pathogens.
The effects of environmental conditions and culture medium composition on simultaneous chitinase and -1,3
glucanase production from Streptomyces philanthi RM-1-138 were investigated using a conventional (one-factor-
at-a-time) method and a response surface methodology (RSM), respectively. The optimum cultivation conditions
were at pH 7.5 and a temperature of 30°C. The optimized medium (4.88 g-1”" chitin, 6.27 g-1"" glucose, and
17.05 g-1"" malt extract) exhibited 53- and 80-fold increase in the activity of chitinase (0.53 U-ml™") and B-1,3
glucanase (8.79 U-ml™"), respectively, compared to the original medium. The culture filtrate from the original
and the optimized medium were partially purified and tested (by agar-well diffusion assay) for their antifungal
activities against Rhizoctonia solani PTRRC-9 compared to the chemical fungicides carbendazim® and propico-
nazole® (100 ug-ml™"). The partially purified enzymes from the optimized medium exhibited 4.0-fold stronger
antifungal activities against K. solani PTRRC-9 compared to that from the original medium and equal to that of
the chemical fungicide propiconazole® but slightly lower than that of carbendazim®.
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Introduction

Fungal diseases pose serious threats worldwide du-
ring the cultivation of economically important plants
(Brimner and Boland, 2003). Plants are endowed with
several defense mechanisms that protect them from
fungal infections. A major mechanism involved in the
biological control of plant pathogens is parasitism that
may involve the production of specific bacteria with
extracellular cell wall degrading enzymes, for example,
chitinase and -1,3 glucanase that can lyse pathogen cell
walls (Whipps, 1997). The major components of the fun-
gal cell walls are chitin and B-1,3-glucan, hence, they
could be hydrolyzed by chitinase and B-1,3 glucanase,
respectively (Webster, 1986).

Rice sheath blight disease caused by Rhizoctonia
solani Kuhn is economically costly and causes diseases
in most of the agricultural crops (Kanjanamaneesathian
et al., 1998; Pengnoo et al., 2000). Controlling this pa-

thogen is difficult because it has a wide host range,
attacks plants from the soil, and survives in the soil for
extended periods of time. Disease control methods used
currently are primarily based on chemicals; however,
chemical control is not an effective means to suppress
the aforementioned pathogens (Raaijmakers et al.,
2002). Microbial antagonists are widely used for the bio-
control of fungal plant diseases. Many Streptomyces sp.
including S. Aygroscopicus and S. viridodiasticus are re-
ported to produce chitinase and B-1,3 glucanase (El-
Tarabily et al., 2000; Prapagdee et al., 2008). The pro-
duction of these enzymes could be increased by opti-
mization of the medium composition and environmental
growth conditions (Nawani and Kapadnis, 2005; Rahulan
et al., 2009; Singh et al., 2009; Rahulan et al., 2011;
Mishra et al., 2012). The conventional method or the
traditional “one{factor-at-a-time” technique is used for
optimization of the culture medium by varying one factor
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(parameter) at a time in order to select the important
component, although it requires a considerable amount
of time and work. The concept of response surface me-
thodology (RSM) has eased the process of determining
the optimum culture conditions in biochemical and bio-
technological processes (Bas and Boyaci, 2007). The RSM
comprises statistically designed experimental techniques
for estimating the coefficients in a mathematical model
that can predict the response followed by checking the
applicability of the model (Techapun et al., 2002). This
study aimed at optimization of the environmental growth
conditions and culture medium composition affecting si-
multaneous production of chitinase and 3-1,3 glucanase by
S. philanthi RM-1-138 using both the conventional method
and the response surface methodology (RSM), followed by
partial purification of the two enzymes and testing for
their antifungal activities against the rice sheath blight di-
sease caused by /. solani PTRRC-9.

Materials and methods

Microorganisms and basal medium

The Streptomyces philanthi RM-1-138 used in this
study was isolated from the rhizosphere soil of chili pep-
per in southern Thailand (Boukaew et al., 2011). The
strain was cultivated in a basal medium containing 0.05%
(w/v) MgSO0,,0.02% (w/v) K,HPO,, 0.03% (w/v) KH,PO,,
and 0.001% (w/v) each of FeSO,, ZnSO,, and MnCl,
(Nawani and Kapadnis, 2005). The pH was adjusted to
7.5 with 5 M NaOH before autoclaving.

Rhizoctonia solani PTRRC-9 (AG-11A), isolated from
naturally infected rice plants in the field, was obtained
from the Phatthalung Rice Research Center of Thailand.
The fungal strains were grown on potato dextrose agar
(PDA) slants at room temperature (28 +2°C) for 3 days
and kept at 4°C. They were sub-cultured freshly before
use in each experiment.

Enzyme assays

Chitinase activity assay

The chitinase activity was assessed using colloidal
chitin (Zhengzhou Sigma Chemical Co., Ltd.) as a sub-
strate. Colloidal chitin 1% (w/v) was prepared and modi-
fied according to the procedure given by Roberts and
Selitrennikoff (Hsu and Lockwood, 1975); 1 g of chitin
powder was added slowly to 20 ml of concentrated HCI
and left at 4°C overnight with vigorous stirring. The
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mixture was then added to 200 ml of ice-cold 95% etha-
nol with rapid stirring and kept overnight at 4°C. The
precipitate was collected by centrifugation at 5000 x g
for 15 min at 4°C, then it was washed with sterile dis-
tilled water until the colloidal chitin became neutral
(pH 7.0). Subsequently, the final volume was increased
to 100 ml by adding 25 mM sodium acetate buffer
(pH 5.0). The assay mixture consisted of 100 pl of en-
zyme solution and 100 pl of 1% colloidal chitin. After
incubation at 40 °C for 30 min, the reaction was stopped
by heating the content in a boiling water bath for 3 min
and then centrifuged at 10 000 x g for 5 min. The super-
natant was used for enzyme analysis using the dinitro-
salicylic acid (DNS) method (Miller, 1959). One unit (U)
of activity was defined as the amount of enzyme that libe-
rated 1 pmol of N-acetylglucosamine from the reaction
mixture per min, while N-acetyl-D-glucosamine (GIcNAc)
was used as the standard. All experiments were perfor-
med twice, with three replicates for each treatment.

[-1,3 glucanase activity assay

The B-1,3 glucanase activity was determined by a co-
lorimetric method (Ghose, 1987). The amount of redu-
cing sugar released from laminarin (S.M. Sigma Chemi-
cal Supplies Co., Ltd.) was measured. The standard
assay (0.5 ml) contained 10 pl of the crude enzyme solu-
tion and 90 ul of 5 mg - ml" laminarin in 100 mM sodium
acetate buffer at pH 5.5. After incubation at 40°C with
gentle shaking for 10 min, the reaction was stopped by
boiling the content for 5 min and then 200 pl of 1.0%
DNS and 200 pl of sodium acetate buffer was added into
the reaction mixture and boiled for another 5 min, then
it was placed in an ice bath. The optical absorption was
measured at 540 nm. The reducing sugar release was
calculated from a standard curve prepared with glucose.
One unit of B-1,3 glucanase activity was defined as the
amount of enzyme that released 1 pmol of glucose equi-
valent per min under the standard assay conditions. All
experiments were performed twice, with three replicates
for each treatment.

Optimization of chitinase and -1,3 glucanase produc-
tion from S. philanthi RM-1-138 using conventional me-
thodology

Effect of chitin concentration
The seed culture (5 ml, 10" spore ml™") of S. phi-

Janthi RM-1-138 was transferred into the basal medium
(100 ml) containing various chitin concentrations (0, 1,
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2,3,4,5,and 6 g-17) and incubated at 30°C on a rotary
shaker (at 150 rpm). Samples were taken at 24 and 48 h,
then centrifuged at 8,880 x g for 20 min. The chitinase
and B-1,3 glucanase activities in the culture filtrate were
assayed (Prapagdee et al., 2008). The chitin concentra-
tion that exhibited the highest enzyme activities was
chosen for further analyzes.

Effect of temperature and initial pH

The effect of temperature (25, 30, 35, and 40°C) and
initial pH (5.0, 5.5, 6.0, 6.5, 7.0, 7.5, and 8.0) on the pro-
duction of chitinase and B-1,3 glucanase from S. philan-
thi RM-1-138 were studied. The initial pH was adjusted
to various values using either 1 N NaOH or 0.1 N HCL

Effect of carbon and nitrogen source and concentra-
tions

The effect of carbon sources (glucose, sucrose,
starch, maltose, and fructose each at 1.0 g-1™") on chiti-
nase and B-1,3 glucanase production from S. phrlanthi
RM-1-138 was studied using the basal medium supple-
mented with the optimum concentration of chitin. The
optimum carbon source was selected to find the opti-
mum concentration (0, 1,2,4,6,and 8 g* 1'1). Then, the
effect of nitrogen sources (yeast extract, malt extract,
peptone, (NH,),SO,, and NH,Clat 10 g- 1'") was studied.
The selected nitrogen sources were tested at various
concentrations (at0, 1, 5,10, 15,and 20 g+ 1'1) to find its
optimum value.

Time course of chitinase and f-1,3 glucanase pro-
duction under the optimum conditions from con-
ventional method

Streptomyces philanthi RM-1-138 (107 spore ml™)
was cultivated on a basal medium with optimum nu-
trients and environmental conditions based on the con-
ventional optimization studies. The initial pH was adjus-
ted to the optimum value before autoclaving and incuba-
ted at the optimum temperature on a rotary shaker
(150 rpm) for 72 h. The samples were collected every
12 h to measure the chitinase and -1,3 glucanase acti-
vities.

Medium optimization on the simultaneous chitinase and
B-1,3 glucanase production from S. philanthi RM-1-138
using response surface methodology (RSM)

The selected nutrients from the conventional experi-
ments were optimized for chitinase and -1,3 glucanase
production from S. philanthi RM-1-138 using RSM based
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on the central composite design (CCD). A 2° factorial
CCD with six axial points (with one variable set at an
extreme +2 level and the other variable at a central
point level) and six replications around the center points
(11, = 6) with a total number of 20 experiments were car-
ried out for this study. For statistical calculation, the re-
lation between the coded values and actual values were
described by Equation (1) as follows:
Xi - Xp)

_ |
X; = AX, (1)
where X is the coded value of the variable, X the actual
value of the variable, X the actual value of X at the cen-
ter point, while AX, corresponds to the step change of
variable and represents the scale of variation in this fact.

To predict the optimal point, second-order poly-
nomial model was fitted to correlate relationship be-
tween the variables and responses (Box et al., 1976).
Quadratic equation for the variables is shown in Equa-
tion (2):

k k k k
=R+ D AN+ Y AKX Y, Y AN, (2)
i=1 i=1 i=1 j=1

where Y is the predicted response; /3, the interception
coefficient; 8, B, and B, the linear, quadratic, and inter-
active coefficients, respectively. X is the independent
variables. The statistical software package Design-Expert
7.0.0 (trial version), Stat-Ease. Inc., Minneapolis, MN,
USA, was used for the regression and graphical analysis
of the experimental data obtained.

Antifungal activities of partially purified enzymes of
S. philanthi RM-1-138 and chemical fungicides against
rice sheath blight disease

The crude enzyme from S, philanthi RM-1-138 (10’
spore ml™') was prepared by cultivating in the basal
(both original and optimized) medium under optimum
environmental conditions. For partial purification of the
two enzymes, the salting-out technique was used. The
extracellular enzymes were precipitated by slowly adding
ammonium sulfate salt (40-80% saturation) in the cell-
free supernatant and left at 4°C overnight (Park et al.,
2012). A second centrifugation (at 9000 x g at 4°C for
15 min) was conducted. The pellet was dissolved in
50 mM Tris-HCI buffer, pH 7.5. The ammonium sulfate
salt in the enzyme solution was removed by dialysis
using a dialysis bag (molecular weight cut-off 8,000 Da)
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and dialyzed at 4 °C for 24 h in the same buffer (300-500
times the volume of the sample). Dialysis buffer was
changed every 2 h for the first three times to remove the
high amount of ammonium sulfate salt and left overnight
to remove residual ammonium sulfate salt. The activities
of partially purified enzymes were determined, chitinase
and B-1,3 glucanase, using the crude enzyme as control.

The antifungal activity of the partially purified enzy-
mes of S. philanthi RM-1-38 against K. solani PTRRC-9
that caused sheath blight disease of rice was determined
by agar-well diffusion assay (Kavitha et al., 2010). Each
5 mm agar with mycelial growth of the pathogenic fungi
was transferred to the center of each PDA plate. About
50 ul of the partially purified enzyme of S. philanthi
RM-1-138 was placed in the wells at the concentration of
5 mg-ml'. The inoculated plates were incubated at
room temperature (28°C+2°C) for 3 days and checked
for the inhibition zones. The chemical fungicides carben-
dazem® and propiconazole® (100 ug- ml™") were used as
positive controls and 50 mM Tris-HCI buffer, pH 7.5,
was used as a negative control.

Statistical analysis

The data were subjected to analyzes of variance
(ANOVA) using SPSS software version 15 for Windows.
Statistical significance was evaluated using DMRT
(Duncan’s Multiple Range Test) and a P <0.05 value was
considered to demonstrate a significant difference.

Results

Optimization of chitinase and B-1,3 glucanase produc-
tion from S. philanthi RM-1-138 using conventional me-
thodology

Effect of chitin concentration

The effect of chitin concentrations (0-6 g1}, w/v) on
the induction of chitinase and 3-1,3 glucanase in the pre-
sence of glucose as main carbon energy source was exa-
mined. The maximum chitinase and B-1,3 glucanase
activity (0.21 and 3.73 U-ml ™", respectively) were achie-
ved at the chitin concentration of 4.0 g+ 1" (Fig. 1). They
were 21.0- and 33.9fold higher than the controls (with-
out chitin) (0.01 and 0.11 U-ml™"), respectively.

Effect of temperature and initial pH

The effect of the cultivation temperature (25°C-
40°C) and the initial pH (5-8) on the production of chiti-
nase and -1,3 glucanase from S. philanthi RM-1-138 was

S. Boukaew et al.
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Fig. 1. Effect of chitin concentrations on the production of chi-
tinase (24 h) (black bar) and B-1,3 glucanase (48 h) (white bar)
from S. philanthi RM-1-138 in a basal medium
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Fig. 2. Effect of temperature on the production of chitinase
(24 h) (black bar) and B-1,3 glucanase (48 h) (white bar) from
S. philanthi RM-1-138 in a basal medium with 4.0 g+ 1" chitin
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Fig. 3. Effect of initial pH on the production of chitinase
(24 h) (black bar) and -1,3 glucanase (48 h) (white bar) from
S. philanthiRM-1-138 in a basal medium with 4.0 g+ 17" chitin

studied in a basal medium supplemented with 4.0 g-1"*
chitin. The highest chitinase and -1,3 glucanase activi-
ties were obtained at 30°C (0.27 and 3.67 U-ml ™", res-
pectively) (Fig. 2) and an initial pH of 7.5 (0.26 and
3.69 U-ml ™, respectively) (Fig. 3). Therefore, the en-
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medium with 4.0 g- 17" (w/v) chitin
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vironmental conditions were the same similar to the pre-
vious experiments.
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Effect of type and concentration of carbon source

Production of chitinase and B-1,3 glucanase from
S. philanthiRM-1-138 in a basal medium containing either
glucose, sucrose, starch, maltose, or fructose (1.0 g-l_l)
as a carbon source supplemented with 4.0 g-1”" chitin
were compared. Glucose was the optimum carbon source
as it gave the highest chitinase and -1,3 glucanase acti-
vities (0.35 and 4.23 U-ml™, respectively) (Fig. 4).
Among various glucose concentrations (0-8 g-17') tested,
the highest chitinase and -1,3 glucanase activities (0.47
and 4.90 U-ml ™", respectively) were produced in the me-
dium with 6.0 g-17" glucose (Fig. 5). Under the optimum
glucose concentration, the activity of chitinase and f-1,3
glucanase increased 1.34 and 0.16 folds, respectively.

Effect of type and concentration of nitrogen source

The effect of nitrogen sources (yeast extract, malt
extract, peptone, (NH,),SO,, and NH,Cl) at 10 g-1"on
chitinase and -1,3 glucanase production from S. philan-
thiRM-1-138 was studied in a basal medium supplemen-
ted with 4.0 g-1"' chitin and 6.0 g-1"" glucose. The
highest chitinase and B-1,3 glucanase activities (0.50 and
5.72 U-ml ™, respectively) were observed with malt ex-
tract as the nitrogen source (Fig. 6). Among the five dif-
ferent malt extract concentrations (0-20 g+ 1Y), the maxi-
mum chitinase and B-1,3 glucanase activity of S. philan-
thi RM-1-138 (0.58 and 6.74 U-ml "', respectively) were
achieved at 15 g-1"' malt extract (Fig. 7). The activities
of the two enzymes increased by 1.23 and 1.38 folds, res-
pectively, compared to the previous experiment on the
carbon source (0.47 and 4.90 U-ml ™).

Time course of chitinase and f-1,3 glucanase pro-

duction from S. philanthi RM-1-138

Time course on the production of chitinase and 3-1,3
glucanase from S. philanthi RM-1-138 was studied using
abasal medium with optimized medium composition and
conditions. The modified basal medium composed of
4.0 g-1"" chitin, 6.0 g-1"" glucose, and 15 g-1™" malt ex-
tract, with an initial pH of 7.5 and cultivated on a shaker
(at 150 rpm) at 30°C for 72 h. The levels of chitinase
and f-1,3 glucanase activities sharply increased during
the exponential phase of growth. The maximum chiti-
nase (0.59 U-ml™") and B-1,3 glucanase (7.57 U-ml™)
activities were obtained at 24 and 48 h, respectively
(Fig. 8). Therefore, the sampling times chosen for en
zyme analysis of chitinase and B-1,3 glucanase in the pre-
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vious experiments were already at the optimal point for
each enzyme.

Optimization of chitin, malt extract, and glucose concen-
tration on chitinase production by S. philanthi
RM-1-138 using RSM

The results from the conventional method revealed
that chitin (X)), malt extract (X,), and glucose (X,) are
the important factors in the enzyme production, so they
were selected as variables to find their optimum concen-
trations and interactions using CCD. By applying mul-
tiple regression analysis on the experimental data, the
following second-order polynomial equation was obtained
to describe the chitinase production as a function of the
significant variables (Eq. 3):

Y] = 051+0.056(.X1)+0.067(X7)+0.019(X3)

—0.078(X; )" —0.038(X;)* - 0074(X3)*  (3)
—0.041(X1.X5) +0.06( X1.X3) - 0.11( X X3)

S. Boukaew et al.

where Y is the chitinase production (U-ml™) and X b
X,, and X, are the actual values of chitin (g-17"), malt
extract (g-17"), and glucose (g-17"), respectively. ANOVA
of the fitting model (Table 1) showed that the model
term was significant (£<0.01). The lack of fit was not
significant (P> 0.05). Non-significant lack of fit indicated
that the model equation was sufficient for predicting the
chitinase production under various combinations of the
variables. The R* value of 0.97 indicated the accuracy of
the model and also explained how much the response
variables and their interactions varied (Acikel et al.,
2010). All these values indicated that Equation (3) could
illustrate the effect of response variables on the chiti-
nase production as explained in this study.

ANOVA of the model (Table 2) exhibited that the
linear effect of chitin concentration and malt extract and
the quadratic effect of chitin concentration, malt extract,
and glucose (P <0.01) were significant, which indicated
that these terms had an impact on the chitinase produc-
tion. In contrast, the linear effect of glucose was not
significant (£>0.05). Subsequently, the maximum pro-
duction of 0.56 U - ml™" was derived from Equation (3) at
the chitin, glucose, and malt extract concentrations of
5.76, 7.42, and 15.58 g-17", respectively. The response
surface plots and corresponding contour plots are shown
in Figure 9, where two variables were left within the ex-
perimental range and one was kept constant at its opti-
mum level. The 3D response surface showed the effect
of chitin and malt extract (Fig. 9A), chitin and glucose
(Fig. 9B), and malt extract and glucose (Fig. 9C) combi-
nations on the chitinase production. It showed that all
factors significantly and interactively influenced the chi-
tinase production.

Optimization of chitin, malt extract, and glucose con-
centration on p-1,3 glucanase production by S. philanthi
RM-1-138 using RSM

The influences of the key factors from conventional
method including chitin (X;), malt extract (X,), and glu-
cose (X;) on B-1,3 glucanase production were investiga-
ted using a CCD. Regression analysis of the experi-
mental data from Table 1 resulted in the second-order
polynomial equation (Equation 4) as follows:

Y =832+129( X))+ 0.67(X;)+0.14(X3)
—110(x;)% - 083(X,)* - 132(X3)? (4)
—0.09( X)X, )+ 136( X1 X3)— 0.82( X, X3)
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Table 1. The Central Composite experimental design with three independent variables for simultaneous production
of chitinase and B-1,3 glucanase from S. Philanthi RM-1-138 grown in a basal medium

Chitjlrl Malt exjtlract GluC(Ee Chiti . 13 of .
Run (g1 [g-1] [g-1] 1t1[r{'}1§(ren ell_clt]mty B13g I[IICJaIET_el ]act1v1ty
X, Code X, X, Code X, X, Code X,
1 2 -1 10 -1 3 -1 0.07 3.91
2 6 1 10 1 3 -1 0.16 3.50
3 2 -1 20 1 3 -1 0.52 6.56
4 6 +1 20 1 3 -1 0.38 5.98
5 2 -1 10 -1 9 1 0.23 2.69
6 6 1 10 -1 9 1 0.50 7.95
7 2 -1 20 1 9 1 0.19 2.27
8 6 1 20 1 9 1 0.36 6.94
9 0 -2 15 0 6 0 0.10 1.11
10 8 2 15 0 6 0 0.35 6.96
11 4 0 5 -2 6 0 0.24 3.36
12 4 0 25 2 6 0 0.53 6.83
13 4 0 15 0 0 -2 0.20 2.54
14 4 0 15 0 12 2 0.28 3.73
15 4 0 15 0 6 0 0.56 8.51
16 4 0 15 0 6 0 0.53 8.42
17 4 0 15 0 6 0 0.50 7.25
18 4 0 15 0 6 0 0.53 8.96
19 4 0 15 0 6 0 0.51 8.62
20 4 0 15 0 6 0 0.50 8.34

where ¥, is the -1,3 glucanase production (U - ml™") and
X, X, and X; are the actual values of chitin (g- 1", malt
extract (g-17"), and glucose (g-17") respectively. ANOVA
of the fitting model (2) showed that the model term was
significant (P <0.01). The lack of fit was not significant
(P>0.05). The model demonstrated a high determina-
tion coefficient (R* = 0.97), which proves it as a statisti-
cally significant model. The results of an ANOVA test
(Table 2) exhibited that the linear effects of chitin and
malt extract concentration and the quadratic effect of
chitin, malt extract, and glucose concentration on the
B-1,3 glucanase production were significant (£<0.01).
Hence, the P-values of the linear effect of glucose
(P=0.3489) and interactive effect between chitin and
malt extract (P=0.6531) were not significant (£ <0.05).
The maximum 3-1,3 glucanase production of 8.97 U - ml™
was obtained from Equation (4), where the concentrations
of chitin, glucose, and malt extract were 3.63, 4.61, and
19.53 g- 1", respectively.

The response surface plots and corresponding con-
tour plots are shown in Figure 10, where two variables
were left within the experimental range and one was
kept constant at its optimum level. The 3D response sur-
face showed the effect of chitin and malt extract
(Fig. 10A), chitin and glucose (Fig. 10B), and malt ex-
tract and glucose (Fig. 10C) combinations on the chiti-
nase production. Similar to previous studies, it showed
that the interactive effect between chitin and glucose
and malt extract and glucose significantly and inter-
dependently influenced the -1,3 glucanase production.

Validation of the model for chitinase
and pB-1,3 glucanase

To validate the predicted optimal conditions of the
models, verification tests were done by batch experi-
ments. The maximum chitinase production (run 1) and
B-1,3 glucanase (run 2) were obtained (Table 3) under
the predicted optimal concentrations of chitin, malt
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Table 2. Analysis of variance (ANOVA) for the model regression represents chitinase and -1,3 glucanase production

Source Sum of squares
Model of chitinase production [U-ml ] 0.50
X, 0.056
X, 0.067
X, 0.019
XX, -0.041
XX, 0.061
X, X, -0.106
X -0.078
X -0.038
X -0.074
Residual 0.014
Lack of fit 0.011
Pure error 0.003
Cor total 0.518
CvV=10.20
Coefficient of determination (R*) = 0.97
Model of B-1,3 glucanase production 120.01
X, 26.626
X, 7.076
X, 0.325
XX, 0.072
XX 14.906
XX 5.379
X? 13.928
X; 7.889
X; 43.809
Residual 3.364
Lack of fit 1.678
Pure error 1.686
Cor total 123.373
Cv=10.14

Coefficient of determination (R*) = 0.97

df Mean square F value Prob > F
9 0.056 41.08 <0.0001
1 0.050 36.29 0.0001
1 0.072 52.46 <0.0001
1 0.006 4.40 0.0622
1 0.014 9.98 0.0102
1 0.030 22.00 0.0009
1 0.090 66.21 <0.0001
1 0.013 67.46 <0.0001
1 0.092 9.40 0.0119
1 0.007 101.50 <0.0001
10 0.001 - -
0.002 4.08 0.074
0.001 - -
19 - - -
9 13.33 39.64 <0.0001
1 26.63 79.16 <0.0001
1 7.08 21.04 0.0010
1 0.32 0.97 0.3489
1 0.07 0.21 0.6531
1 14.91 44.31 <0.0001
1 5.38 15.99 0.0025
1 13.93 41.41 <0.0001
1 7.89 23.45 0.0007
1 43.81 130.24 <0.0001
10 0.34 - -
5 0.34 0.99 0.50
0.34 - -
19 - - -

extract, and glucose. Under the optimal conditions, the
model predicted the chitinase production as 0.56 U-ml ™"
and (-1,3 glucanase as 8.97 U-ml™". These predicted
values were close to the actual values obtained with the
chitinase production as 0.53 U-ml ' and p-1,3 glucanase
as 8.86 U-ml ™" (Table 3).

The maximum simultaneous chitinase and -1,3 glu-
canase production was obtained at the optimal condi-

tions of 4.88 g-1"' chitin, 6.27 g-1I"" glucose, and
17.05 g-1"" malt extract (Table 3 run 3). Under the opti-
mal conditions, the predicted chitinase and B-1,3 gluca-
nase productions were 0.54 U-ml™" and 8.82 U-ml™,
respectively. The actual results obtained were 0.53 and
8.79 U-ml ', respectively, which were close to the
predicted values (Table 3). This confirmed that CCD is
an efficient tool for predicting optimal conditions for
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Fig. 9. 3D surface plots of the chitinase activity of S. phrlanthi RM-1-138 as a function of A - chitin and malt extract; B - chitin
and glucose; and C - malt extract and glucose (in coded values)

a combination of predicted chitinase and -1,3 glucanase
production from S. phrlanthi RM-1-138.

Antifungal activity of partially purified enzymes of
S. philanthi RM-1-138 and chemical fungicides against
rice sheath blight disease

The crude and partially purified enzymes solutions
(chitinase and B-1,3 glucanase) from the cultivation of
S. philanthi RM-1-138 in the original and optimized basal
medium were tested to compare their antifungal activi-
ties. It exhibited a clear zone of inhibition against
R. solani PTRRC-9. The antifungal activity from chiti-
nase and B-1,3 glucanase reached the maximum values
in the optimized medium (15.0 and 22.8 mm, respecti-
vely) compared to the original medium (5.30 mm). The
partially purified enzymes from the optimized medium
for B-1,3 glucanase production (22.8 mm) exhibited
slightly stronger antifungal activities against K. solani

PTRRC-9 than the propiconazole® (21.8), but lower than
the carbendazim® (28.2 mm) (Table 4). In each optimi-
zed medium, partial purification increased the antifungal
activities of chitinase and -1,3 glucanase by 1.56 and
1.48 folds, respectively, or approximately 1.5 folds for
both the enzymes.

Discussion

In this study, an optimization process was employed
to determine the best combination of parameters such
as chitin, pH, temperature, carbon, and nitrogen source
for extracellular chitinase and B-1,3 glucanase produc-
tion by S. philanthi RM-1-138 prior to the testing for
antifungal activity against K. solani PTRRC-9 (a patho-
gen causing the rice sheath blight disease). The micro-
bial chitinases production can be induced by chitin, even
in the presence of a readily utilizable carbon source such
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Fig. 10. 3D surface plots of the $-1,3 glucanase activity of \S. philanthi RM-1-138 as a function of A - chitin and malt extract;
B - chitin and glucose; and C - malt extract and glucose (in coded values)

as glucose (Miyashita et al., 2000) and also stimulated by
the oligosaccharides, chitobiose, and/or N-acetyl-D-gluco-
samine (Patil et al., 2010). The culture medium supplied
with chitin at 4 g-1"' could increase the chitinase and
B-1,3 glucanase activities (0.21 and 3.73 U-ml’, res-
pectively) of S. philanthi RM-1-138 by 21.0 and 33.9
folds, respectively, compared to the control. This opti-
mum chitin concentration for .S, philanthi RM-1-138 was
higher than those obtained for S. halstedii (2 g1 of
chitin) (Joo, 2005) and of 1 g-1"* of chitin (Taechowisan
et al.,, 2003; Faramarzi et al., 2009; Narayana et al.,
2008).

Environmental factors such as temperature and
initial pH are known to have a profound influence on the
growth and enzymatic activities (chitinase and p-1,3 glu-
canase) in Streptomyces species (Taechowisan et al.,
2003; Nawani and Kapadnis, 2005). The optimal tempe-

rature of 30°C for S. philanthi RM-1-138 (with chitinase
and f-1,3 glucanase of 0.27 and 3.67 U-ml', respecti-
vely) was within the range of 30°C-35°C for S. aureo-
faciens CMUAc130 (0.0833 U-ml ™" chitinase) (Taecho-
wisan et al., 2003), but lower than that obtained for
Streptomyces sp. (40°C) (Carrillo and Gomez, 1998,
Gomes et al., 2001). Therefore, the difference in the
optimum temperature for chitinase production clearly
depends on the species of Strepfomyces.

It is also known that pH influences the proton-dona-
ting or proton-accepting groups (ionization) in the cata-
lytic sites of enzymes (Faramarzi et al., 2009). Changes
in the external pH of the growth medium affects many
cellular processes such as regulation and biosynthesis of
secondary metabolites (Chang et al., 1991; Datta and
Kothary, 1993; Sole et al., 1997). A majority of bacteria
have been reported to produce the maximum amount of
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Table 3. Experimental evaluation of the optimal conditions predicted by RSM for the production of chitinase and -1,3 glucanase

Response variable
Chitinase B-1,3 glucanase
Run Conditions [U-ml™] [U-ml™]
. . error . . error
predicted ' experimental %) predicted | experimental %)
5.76 g1 chitin,
1. Chitinase production 7.42 g-17" glucose, 0.56 0.53 5.35 - - -
15.58 g 17" malt extract
3.63 g- 1" chitin,
2. B-1,3 glucanase production [4.61 g* 1! glucose - - 8.97 8.86 1.23
19.53 g 17" malt extract
. » 4.88 g-1"" chitin,
i’r'j‘g_‘fl?fa“li‘é‘;fufshe‘“‘rlf)fiiction 6.27 g1 glucose, 0.54 0.53 1.85  8.82 8.79 0.34
8 P 17.05 g-1 'malt extract

Table 4. Comparison of the influence of crude and partially purified enzymes of S. philanthi RM-1-138
and chemical fungicides (100 pg-ml™") on growth of R. solani PTRRC-9 using agar-well diffusion assay

Source of antifungal substance

Zone inhibition [mm] = SE

Original medium (basal medium) 5.30+0.18°
Culture filtrate from the optimized medium for chitinase production 9.6+0.12°
Partially purified enzymes optimized medium for chitinase production 15.0+0.24°
Culture filtrate from the optimized medium for (-1,3 glucanase production 15.4+0.04°
Partially purified enzymes of optimization medium for -1,3 glucanase production 22.8+0.15
Carbendazim® 28.2+0.29°
Propiconazole” 21.8+0.19°
50 mM Tris-HCl buffer, pH 7.5 0+0.00"

Data are the mean of six replicates + standard errors (SE). Data followed by same letter within each column show no significant

differences using ANOVA after DMRT at P <0.05

chitinase at a neutral or slightly acidic pH, whereas fungi
mostly prefer acidic conditions (Gomaa, 2012). S. philan-
thi RM-1-138 produced the maximum chitinase and 3-1,3
glucanase ata pH of 7.5 (0.26 and 3.69 U-ml ™, respecti-
vely). This was within the optimum pH range for chiti-
nase activity of other species of Streptomyces (3.3-7.5)
(Carrillo and Gomez 1998; Gomes et al., 2001) and
Alcaligenes xylosoxydans (7.0-9.0) (Vaidya et al., 2001).

A number of carbon and nitrogen sources were in-
vestigated for their effect on the growth of S. phAilanthi
RM-1-138 and on its chitinase and B-1,3 glucanase pro-
duction. Glucose proved to be an excellent carbon
source, although sucrose was also a good source for
production of antibiotics (Juan and Arnold, 1980; Lebrihi
et al., 1992; Juan, 2004; Ripa et al., 2009). In this study,

S. philanthi RM-1-138 produced high levels of chitinase
and (-1,3 glucanase in the medium supplemented with
glucose at 6 g-17". This was higher than that obtained for
S. halstedii (4 g-1"' glucose) for chitinase production
(Joo, 2005). The type of carbon source and/or strain
variations have a great influence on the cell growth and
secondary metabolite production of Streptomyces spe-
cies (Jonsbu et al., 2002). Higher glucose concentration
(more than 8 g-17") inhibited chitinase and p-1,3 gluca-
nase production by S. philanthi RM-1-1-38. It also inhi-
bits the biosynthesis of antibiotics (Juan and Arnold,
1980; Chu and Li, 2002; Cao, 2003) or acts as a repres-
sor of secondary metabolisms (Demain, 1999).

The nitrogen source often has a profound influence
on enzyme production as it is an essential precursor for
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protein biosynthesis. The nitrogen source can also affect
the pH of the medium, which in turn, may influence the
activity and stability of the enzymes (Nizamudeen and
Bajaj, 2009). Malt extract (15 g-17") was favorable for
higher chitinase and [B-1,3 glucanase production in
S. philanthi RM-1-138 than the inorganic nitrogen sour-
ces. This was expected as organic nitrogen sources con-
tain higher amounts of amino acids and short peptides
which could better support enzyme production. This
result is in agreement with the endoglucanase produc-
tion (7.86 and 6.93 U-ml ™}, respectively) by Strepto-
myces sp. BRC1 and BRC2 in a medium containing malt
extract (10 g-17" w/v) (Chellapandi and Jani, 2008).

Till date, there has been no report on the simultane-
ous chitinase and -1,3 glucanase production by Strepto-
myces sp. using RSM. Only one study was carried out
using RSM to optimize the production of chitinase by
three strains of Streptomyces sp. (NK1057, NK 528,
and NK 951) (Nawani and Kapadnis, 2005). In this stu-
dy, it has been determined that S. philanthi RM-1-138
produced simultaneous chitinase (0.53 U-ml™") and
B-1,3 glucanase (8.79 U- ml™) under the optimum me-
dium containing 4.88 g 1" chitin, 6.27 g -1"* glucose, and
17.05 g-1"" malt extract (Table 3). Besides these two
enzymes, S. philanthi RM-1-138 also produces other
highly valuable products such as antifungal metabolites
that inhibited a range of plant pathogens by both volatile
and non-volatile compounds (Boukaew et al., 2013a;
Boukaew et al., 2013b; Boukaew et al., 2014c; Boukaew
et al., 2014d).

A large number of microorganisms, including fungi,
bacteria, actinomycetes, and plant species, possess the
ability to excrete cell-wall hydrolases, such as proteases,
chitinase, cellulase, and -1,3-glucanase. These hydro-
lases play an important role in the reactions between
biocontrol agents and pathogens by strongly inhibiting
the spore germination, tube elongation, and mycelial
growth (Chernin and Chet, 2002). Extracellular enzymes
produced by S. philanthi RM-1-138 showed a potential
antifungal activity against R. solani PTRRC-9. However,
the exact mechanism of this process has not yet been
clarified, although the activity of chitinase and (-1,3
glucanase against the fungal cell wall is evident (Shapira
et al., 1989; Lim et al., 1991). In addition, other carbo-
hydrases or other hydrolytic enzymes such as proteases
could also be involved in this process. Chitinases and
B-1,3 glucanases have been known to lyse fungal cell
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walls (Webster, 1986), where chitin and -1,3 glucan are
two of the major components. The same mechanism may
also apply to the antifungal activity of chitinase from
S. venezuelae P10 against Aspergillus niger (Mukherjee
and Sen, 2006), and from S. halstedii against Fusarium
oxysporum (Joo, 2005), and from Streptomyces sp. 385
against F. oxysporum (Singh et al., 1999). Mycelial
growth of Aspergillus niger, Helminthosporium sativum,
and Alternaria alternata was inhibited by the application
of 10 pg of purified chitinase from S. venezuelae P10
(Mukherjee and Sen, 2006). Furthermore, the potent
antifungal activity of Streptomyces sp. by other or un-
known mechanisms has been reported elsewhere (El-
Abyad et al., 1993; Errakhi et al., 2007; Patil et al., 2010;
Li et al., 2011). Prominent applications of chitinase as
a biocontrol agent was reported earlier but this is the
first report on -1,3 glucanase and its antifungal activity.

Conclusions

The optimum medium composition for maximizing
the simultaneous production of chitinase and B-1,3
glucanase contained 4.88 g+ 1" chitin, 6.27 g 1" glucose,
and 17.05 g-1"" malt extract. The maximum chitinase
production of 0.53 U-ml™ and B-1,3 glucanase of
8.79 U-ml™' were achieved. The three major compo-
nents (chitin, glucose, and malt extract) of this optimum
medium for simultaneous production of the two enzymes
were lower than those in the optimum medium for each
enzyme separately. Hence, the production cost could be
reduced while synthesizing both enzymes at the same
time. The partially purified enzymes from the optimized
medium exhibited 4.0-fold stronger antifungal activities
against K. solani PTRRC-9 compared to the original
medium. Their antifungal activity was equal to that of
the chemical fungicide propiconazole® but slightly lower
than carbendazim®.

Acknowledgments

This work was financially supported by a scholarship from the
Office of the Higher Education Commission to Mr. Sawai
Boukaew under the CHE- PhD Scholarship Program and Thai-
land Research Fund (RTA5780002).

References

Acikel U., Ersan M., Acikel Y.S. (2010) Optimization of critical
mediumcomponent using response surface methodology
for lipase production by Rhizopus delemar. Food Bioprod.
Process. 88: 31-39.



Simultaneous fermentative chitinase and f5-1,3 glucanase production from Streptomyces philanthi RM-1-1-38

Bas D., Boyaci I.H. (2007) Modeling and optimization I: usa-
bility of response surface methodology. Food Engineer.
78: 836-845.

Boukaew S., Chuenchit S., Petcharat V. (2011) Evaluation of
Streptomyces spp. for biological control of Sclerotium
root and stem rot and Ralstonia wilt of chili pepper.
BioControl 56: 365-374.

Boukaew S., Plubrukam A., Prasertsan P. (2013a) Effect of
volatile substances from Streptomyces philanthi RM-1-138
on growth of Rhizoctonia solani on rice leaf. BioControl
58: 471-482.

Boukaew S., Klinmanee C., Prasertsan P. (2013b) Potential
for the integration of biological and chemical control of
sheath blight disease caused by Rhizoctonia solani on
rice. World ]J. Microbiol. Biotechol. 29: 1885-1893.

Boukaew S., Prasertsan P. (2014c) Suppression of rice sheath
blight disease using heat stable culture filtrate of Strepto-
myces philanthi RM-1-138. Crop Protect. 61: 1-10.

Boukaew S., Prasertsan P. (2014d) Factors affecting anti-
fungal activity of Streptomyces philanthi RM-1-138 against
Rhizoctonia solani. World J. Microbiol. Biotechnol. 30:
323-329.

Box G.E.P., Hunter W.G., Hunter ].S. (1976) Statistic for ex-
perimenters. New York: Wiley.

Brimner T.A., Boland G.]. (2003) A review of the non-target
effects of fungi used to biologically control plant diseases.
Agricul. Ecosys. Environ. 100: 3-16.

Cao F.X. (2003) The technology of the secondary production
and secondary metabolism. National Univ. Defense Tech-
nol. Press, Beijing, China.

Carrillo L., Gomez M.S.E. (1998) Chitinase production by
a strain of Streptomyces griseoruber isolated from the rhr-
zosphere of sugarcane. Rev. Argent Microbiol. 30: 73-78.

Chang S.C., Wei Y.H., Wei D.L., Chen Y.Y., Jong S.C. (1991)
Factors affecting the production of eremofortin C and PR
toxin in Penicillium roqueforti. Appl. Environ. Microbiol.
57: 2581-2585.

Chellapandi P., Jani H.M. (2008) Production of endoglucanase
by the native strains of Streptomyces isolates in submer-
ged fermentation. Brazilian J. Microbiol. 39: 122-1227.

Chernin L., Chet I. (2002) Microbial enzymes in biocontrol of
plant pathogens and pests. [in:] Enzymes in the Environ-
ment: Activity, Ecology and Applications. Ed. R. Burns, R.
Dick, New York, Marcel Dekker Inc.: 171-225.

Chu J., Li Y.R. (2002) Modern industrial fermentation regu-
lation. Chem. Ind. Press, Beijing, China.

Datta A.R., Kothary M.H. (1993) Effects of glucose, growth tem-
perature and pH on listeriolysin O production in Listeria
monocytogenes. Appl. Environ. Microbiol. 59: 3495-3497.

Demain A.L. (1999) Pharmaceutically active secondary meta-
bolites of microorganisms. Appl. Microbiol. Biotechnol.
52: 455-463.

El-Abyad M.S., EI-Abyad M.A., EI-Shanshoury A.R., EI-Sab-
bagh S.M. (1993) Towards the biological control of fungal
and bacterial diseases of tomato using antagonistic Strep-
tomyces spp. Plant Soil 149: 185-195.

283

El-Tarabily K.A., Soliman M.H., Nassar A.H., Al-Hassani H.A.,
Sivasithamparam K., McKenna F., Hardy G.E. (2000)
Biological control of Sclerotinia minor using a chitinolytic
bacterium and actinomycetes. Plant Pathol. 49: 573-583.

Errakhi R., Bouteau F., Lebrihi A., Barakate M. (2007) Evi-
dences of biological control capacities of Streptomyces
spp against Sclerotium rolfsii responsible for damping-off
disease in sugar beet (Beta vulgaris L.). World J. Micro-
biol. Biotechnol. 23: 1503-1509.

Faramarzi M.A., Fazeli M., Yazdi M.T., Adrangi S., Al Ahmadi
K.J., Taharrofi N., Aziz Mohseni F. (2009) Optimization
of culture condition for prodcution of chitinase by a soil
1solate of Massilia timonae. Biotechnol. 8: 93-99.

Ghose T.K. (1987) Measurement of cellulase activities. Pure
Appl. Chem. 59: 257-268.

Gomaa E.Z. (2012) Chitinase production by Bacillus thurin-
giensis and Bacillus licheniformis: their potential in anti-
fungal biocontrol. J. Microbiol. 50: 103-311.

Gomes R.C., Semedo L.T.A.S., Soares R.M.A., Linhares L.F.,
Ulhoa C.]., Alviano C.S. (2001) Purification of thermo-
stable endochitinase from Streptomyces RC1071 isolated
from a cerrado soil and its antagonism against phytopatho-
genic fungi. J. Appl. Microbiol. 90: 653-661.

Hsu S.C., Lockwood J.L. (1975) Powdered chitin agar as a se-
lective medium for enumeration of actinomyceres in
water and soil. Appl. Microbiol. 29: 422-426.

Jonsbu E., McIntyre M., Nielsen ]J. (2002) The influence of
carbon sources and morphology on nystatin production by
Streptomyces noursel. ]J. Biotechnol. 95: 133-144.

Joo J.G. (2005) Purification and characterization of an extra-
cellular chitinase from the antifungal biocontrol agent
Streptomyces halstedii. Biotechnol. Let. 27: 1483-1486.

Juan F.M. (2004) Phosphate control of the biosynthesis of
antibiotics and other secondary metabolites is mediated
by the PhoR-PhoP system: an unfinished story. ]J. Bac-
teriol. 186: 5197-5201.

Juan F.M., Arnold L.D. (1980) Control of antibiotic biosyn-
thesis. Microbiol. Rev. 44: 230-251.

Kanjanamaneesathian M., Kusonwiriyawong C., Pengnoo A.,
Nilratana L. (1998) Screening of potential bacterial anta-
gonists for control of sheath blight in rice and develop-
ment of suitable bacterial formulation for effective appli-
cation. Australasian Plant Pathol. 27: 198-206.

Kavitha A., Prabhakar P., Vijayalakshmi M., Venkateswarlu Y.
(2010) Purification and biological evaluation of the meta-
bolites produced by Streptomyces sp. TK-VL_333. Res.
Microbiol. 161: 335-345.

Lebrihi A., Lamsaif D., Lefebvre G., Germain P. (1992) Effect
of ammonium ions on spiramycin biosynthesis in Strepto-
myces ambofaciens. Appl. Microbiol. Biotechnol. 37: 382-
387.

Li Q., Jiang Y., Ning P., Zheng L., Huang J., Li G., Jiang D.,
Hsiang T. (2011) Suppression of Magnaporthe oryzae by
culture filtrates of Streptomyces globisporus JK-1. Biol.
Control 58: 139-148.

Lim H.S., Kim Y.S., Kim S.D. (1991) Pseudomonas stutzeri
YPL-1 genetic transformation and antifungal mechanism



284

against Fusarium solani, an agent of plant root rot. Appl.
Environ. Microbiol. 57: 510-516.

Miller G.L. (1959) Use of dinitrosalicylic acid reagent for
determination of reducing sugars. Anal. Chem. 31: 426-
428.

Mishra P., Kshirsagar P.R., Nilegaonkar S.S., Singh S.K.
(2012) Statistical optimization of medium components for
production of extracellular chitinase by Basidiobolus ra-
narum: a novel biocontrol agent against plant pathogenic
fungi. Basic Microbiol. 52: 539-548.

Miyashita K., Fujii T., Saito A. (2000) /nduction and repres-
sion of a Streptomyces lividans chitinase gene promoter
In response to various carbon sources. Biosci. Biotechnol.
Biochem. 64: 39-43.

Mukherjee G., Sen S.K. (2006) Purification, characterization,
and antifungal activity of chitinase from Streptomyces
venezuelae P10. Curr. Microbiol. 53: 265-259.

Narayana K.J.P., Kumar K.G., Vijayalakshmi M. (2008)
L-asparaginase production by Streptomyces albidoflavus.
Indian J. Microbiol. 48: 331-336.

Nawani N.N., Kapadnis B.P. (2005) Optimization of chitinase
production using statistics based experimental designs.
Pro. Biochem. 40: 651-660.

Nizamudeen S., Bajaj B.K. (2009) A novel thermo-alkalitole-
rant endoglucanase production using cost-effective agri-
cultural residues as substrates by a newly isolated Bacillus
sp. NZ. Food Technol. Biotechnol. 47: 435-440.

Park J.K., Kim ]J.D., Park Y., Kim S.K. (2012) Purification and
characterization ofa 1,3-3-D-glucanase from Streptomyces
torulosus PCPOK-0324. Carbohydrate Poly. 87: 1641-
1648.

Patil H.]., Srivastava A.K., Kumar S., Chaudhari B.L., Arora
D.K. (2010) Selective isolation, evaluation and characteri-
zation of antagonistic actinomycetes against Rhizoctonia
solani. World J. Microbiol. Biotechnol. 26: 2163-2170.

Pengnoo A., Kusonwiriyawong C., Nilratana L., Kanjanamane-
esathian M. (2000) Greenhouse and field trails of the bac-
terial antagonists in pellet formulations to suppress
sheath blight of rice caused by Rhizoctonia solani. Bio-
Control 45: 245-256.

Prapagdee B., Kuekulvong C., Mongkolsuk S. (2008) Anti-
fungal potential of extracellular metabolites produced by
Streptomyces hygroscopicus against phytopathogenic
fungi. Inter. J. Biol. Sci. 4: 330-337.

Raaijmakers J.M., Vlami M., Souza ]J.T. (2002) Antibiotic pro-
duction by bacterial biocontrol agents. Antonie Van Leeu-
wenhoek 81: 537-547.

S. Boukaew et al.

Rahulan R., Nampoothiri K.M., Szakacs G., Nagy V., Pandey
A. (2009) Statistical optimization of l-leucine amino pepti-
dase production from Streptomyces gedanensis IFO
13427 under submerged fermentation using response sur-
face methodology. Biochem. Engineer. 43: 64-71.

Rahulan R., Pandey A., Nampoothiri K.M. (2011) An improved
bioprocess for extracellular L-leucine amino peptidase
production using Streptomyces gedanensis. Curr. Micro-
biol. 62: 1009-1016.

Ripa F.A., Nikkon F., Zaman S., Khondkar P. (2009) Optimal
conditions for antimicrobial metabolites production from
anew Streptomyces sp. RUPA-O8PR isolated from bangla-
deshi soil. Mycobiol. 37: 211-214.

Shapira R., Ordentlich A., Chet I., Oppennheim A.B. (1989)
Control of plant diseases by chitinase expressed from
cloned DNA in Escherichia coli. Phytopathol. 79: 1246-
1249.

Singh A.K., Mehta G., Chhatpar H.S. (2009) Optimization of
medium constituents for improved chitinase production
by Paenibacillus sp. DI using statistical approach. Let.
Appl. Microbiol. 49: 708-714.

Singh P.P., Shin Y.C., Park C.S., Chung Y.R. (1999) Biological
Control of Fusarium wilt of cucumber by chitinolytic bac-
teria. Phytopathol. 89: 92-99.

Sole M., Francia A., Rius N., Loren J.G. (1997) The role of pH
In the glucose effect on prodigiosin production by non-
proliferating cells of Serratia marcescens. Let. Appl.
Microbiol. 25: 81-84.

Taechowisan T., Peberdy J.F., Lumyong S. (2003) Chitinase
production by endophytic Streptomyces aureofaciens
CMUACc130 and its antagonism against phytopathogenic
fungi. Annal. Microbiol. 53: 447-461.

Techapun C., Charoenrat T., Poosaran N., Watanabe M., Sa-
saki K. (2002) Thermostable and alkaline-tolerant cellu-
lase-free xylanase produced by thermotolerant Strepto-
myces sp. Ab 106. Biosci. Bioengineer. 4: 431-433.

Vaidya R.]., Shah .M., Vyas P.R., Chhatpar H.S. (2001) Pro-
duction of chitinase and its optimization from a novel iso-
late Alcaligenes xylosoxydans: potential in antifungal bio-
control. World J. Microbiol. Biotechnol. 17: 691-696.

Webster J. (1986) Introduction to Fungi. Cambridge Univer-
sity Press: 57-64.

Whipps J.M. (2001) Microbial interactions and biocontrol in
the rhizosphere. Exp. Bot. 52: 487-511.



