
P
t

J
a

b

c

a

A
R
R
1
A
A

K
P
R
S
1
A

1

i
i
p
c
t
c
i
r
s
t
t
i
k
g
E
f
i
S
r

0
d

Carbohydrate Polymers 87 (2012) 1641– 1648

Contents lists available at SciVerse ScienceDirect

Carbohydrate  Polymers

jo u rn al hom epa ge: www.elsev ier .com/ locate /carbpol

urification  and  characterization  of  a  1,3-ˇ-d-glucanase  from  Streptomyces
orulosus  PCPOK-0324

ae  Kweon  Parka,1,  Jeong-Dong  Kima,1,  Yong  Il  Parkb, Se-Kwon  Kimc,∗

Department of Pharmaceutical Science, Gachon University of Medicine and Science, Yeonsu-dong, Yeonsu-gu, Incheon 406-799, South Korea
Department of Biotechnology, The Catholic University of Korea, Bucheon, Gyeonggi-do 420-743, South Korea
Department of Chemistry, Pukyong National University, 599-1 Daeyeon 3-dong, Nam-gu, Busan 608-737, South Korea

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 13 March 2011
eceived in revised form
9 September 2011
ccepted 25 September 2011
vailable online 29 September 2011

a  b  s  t  r  a  c  t

A  hydrolytic  enzyme  designated  as  a 1,3-ˇ-d-glucanase  having  an  antifungal  activity  was  purified  and
characterized  from  Streptomyces  torulosus  PCPOK-0324.  Fungal  growth  inhibitors  in the  culture  filtrates
from  an  antagonistic  S. torulosus  PCPOK-0324  exhibited  higher  antifungal  activity  against  the  hyphal
growth  of Phytophthora  capsici  and  Rhizoctonia  solani.  The  1,3-ˇ-d-glucanase  was  purified  by four  chro-
matographic  steps  from  culture  supernatant.  The  molecular  weight  of the  purified  enzyme  was  estimated
to be  31.5  kDa.  The  optimal  pH and temperature  were  7.5  and  50 ◦C.  Both  the  purified  enzyme  and  the
eywords:
hytophthora capsici
hizoctonia solani
treptomyces torulosus
,3-ˇ-d-Glucanase

antibiotic  extract  inhibited  R.  solani  and  P. capsici  with  minimal  inhibitory  concentration  values  of 12.50
and 6.25  mU  ml−1 and  3.95  and  1.94  �g  ml−1, respectively.  Our  findings  collectively  show  that  the  1,3-ˇ-
d-glucanase  in  combination  with  the  antibiotic  extract  have  strong  synergistic  antifungal  activity  against
the hyphal  growth  of both  fungi  causing  root rot  disease  in  pepper  plants.

© 2011 Elsevier Ltd. All rights reserved.

ntibiotic extract

. Introduction

Synthetic fungicides have long been used as active agents
n reducing the incidence of plant diseases; however, their use
s costly, can cause environmental pollution, and may  induce
athogen resistance. Thus, considering the limitations of chemi-
al fungicides, biological control affords a great deal of attention
o develop an attractive or alternative supplement to pesti-
ides for the management of plant diseases without the negative
mpact of chemical control. Further, biological control with natu-
al substances has become an important approach to facilitating
ustainable agriculture. The use of antagonistic species of Strep-
omyces as biocontrol agents has been widely studied due to
heir ability to produce several antimicrobial compounds, includ-
ng hydrolytic enzyme such as a 1,3-ˇ-d-glucanase that are
nown as one of the most potent enzymes for degrading fun-
al cell walls. 1,3-ˇ-d-Glucanases (glucan endo-1,3-glucosidase,
C 3.2.1.39), a part of the defense of plants against pathogenic
ungi, are highly regulated hydrolytic enzymes widely distributed

n seed plants (Hong, Cheng, Huang, & Meng, 2002; Leelasuphakul,
ivanunsakul, & Phongpaichit, 2006; Nishimura et al., 2001). Root
ots of pepper (Capsicum annuum L.) caused by Phytophthora capsici

∗ Corresponding author. Tel.: +82 51 629 7094; fax: +82 51 629 7099.
E-mail address: sknkim@pknu.ac.kr (S.-K. Kim).

1 These authors contributed equally to this work.

144-8617/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2011.09.058
Leonian and Rhizoctonia solani Kuhn is a serious and economi-
cally important disease in most of the world’s pepper growing
areas (Ahmed, Ezziyyani, Pérez Sánchez, & Candela, 2003). This
pathogen causes severe yield losses of the production of various
vegetables (Cardinale, Ferraris, Valentino, & Tamietti, 2006; Hwang,
Kim, & Kim, 1996; Ristaino & Johnston, 1999). Current disease con-
trol methods are primarily based on chemicals, however, exclusive
reliance on the use of fungicide often cause problem in disease man-
agement (Jiang, Guo, Li, Qi, & Guo, 2006; Larkin & Fravel, 1999).
In addition, it is hard to control this soil-born disease because
the pathogens can survive in soil for several years (Jiang et al.,
2006; Lamour & Hausbeck, 2001). Research reports about the bio-
logical control of Phytophthora-blight of pepper have described
the isolation of many effective microorganisms, and their efficien-
cies have been tested in greenhouse or small field experiments
(Chung, Hunag, Huang, & Jen, 2003; Guo, Tamanoi, & Novick 2001;
Jiang et al., 2006). Thus, studying the role of hydrolytic enzymes
in antifungal activity of Streptomyces spp. is of great interest and
importance in biocontrol.

It is well known that Streptomyces is the largest genus of Acti-
nobacteria and the type genus of the family Streptomycetaceae,
producing over two-thirds of the clinically useful antibiotics of nat-
ural origin (e.g., neomycin, chloramphenicol). Actinomycetes of the

genus Streptomyces are well known for their ability to suppress
growth of fungal pathogens and they have been used extensively
in the biological control (Fayad et al., 2001; Liu, Anderson, & Kinkel,
1995). Many antibiotics produced by actinomycetes have been used

dx.doi.org/10.1016/j.carbpol.2011.09.058
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:sknkim@pknu.ac.kr
dx.doi.org/10.1016/j.carbpol.2011.09.058
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irectly or have been assumed responsible for the potential biocon-
rol of the producing strain (Trejo-Estrada, Paszczynski, & Crawford,
998). Streptomyces spp. are also known for their ability to produce
ungal cell wall-degrading enzymes such as cellulases, hemicellu-
ases, chitinases, and glucanases (Mitsutomi et al., 1998; Shekhar,
hattacharya, Kumar, & Gupta, 2006). The role of these hydrolytic
nzymes in antifungal activity and biocontrol ability of Strepto-
yces has been investigated (Chamberlain & Crawford, 2000; Joo,

005). However, there are no reports on Streptomyces torulosus
solate as biological control agent for the Phytophthora-light dis-
ase and none has established their mode of action especially as
eing caused by a fungal cell wall degrading enzyme. This study
resents the purification, characterization and application of 1,3-
-d-glucanase from S. torulosus PCPOK-0324.

. Materials and methods

.1. Isolation and identification of glucanase-producing
acterium

The bacterium PCPOK-0324 was isolated from the rhizosphere
f pepper plants. Rhizosphere soils closely associated with the
oots were collected to a depth of 30 cm.  Each bulk soil sample
as collected approximately 2 m away from any plants and just

elow the root zone of any grasses growing on the surface. The
oil samples were transported to the laboratory in ice-coolers and
tored at 4 ◦C until analyze. Actinomycetes were cultured on yeast
asamino acids extract and dextrose agar (YCED) which contained
east extract (Difco; 0.3 g l−1), casamino acid (Difco; 0.3 g l−1), d-
lucose (0.3 g l−1), and agar (Difco; 18.0 g l−1). The media were
uffered with K2HPO4 (0.5 g l−1) and adjusted to pH 7.2 prior to
utoclaving. Cyclohexamide (100 �g ml−1) was added to reduce
ungal contamination. Plates were incubated at 25 ◦C for 14 days
ntil sporulated actinomycetes colonies are visible. Isolates were
urified and stored at 4 ◦C.

To select bacteria able to secret 1,3-ˇ-d-glucanase, soil bacte-
ia obtained from several locations were inoculated on agar plates
ontaining pachyman (0.2%, w/v) and aniline blue (0.005%, w/v) on
hich the positive colony formed a clear halo around the colony

Mahasneh & Stewart, 1980). Out of 56 isolates, only 14 exhibited
ungal antibiosis in vitro toward pepper pathogenic fungi, P. capsici,
nd R. solani.  Because of broad-spectrum antifungal activity, the
solate tentatively named as PCPOK-0324 that formed the largest
alo was selected for further study.

To identify this unknown isolate, the morphological, phys-
ological and biochemical properties of unknown isolate were
haracterized as described previously (Choi, Kim, Kim, & Han,
005). Further, 16S rRNA gene sequence was compared with the
eference sequences available in Genbank database and Ribosomal
atabase Project-II (Klappenbach, Saxman, Cole, & Schmidt, 2001).

.2. Chemicals

1,3-�-d-Glucans such as laminarin (from Laminaria digitata),
urdlan (from Alcaligenes faecalis), zymosan A (from Saccharomyces
erevisiae) were purchased from Sigma–Aldrich (St. Louis, MO,
SA), while pachyman was prepared from commercial fruiting bod-

es of the basidiomycete Poria cocos. Xylan, carboxymethylcellulose
CMC), and glucans with other types of glucosidic linkages, such
s lichenan (1,3–1,4-ˇ), cellulose (1,4-ˇ), amylose (1,4-˛), and ˇ-

yclodextrin (1,4-˛), were also purchased from Sigma–Aldrich (St.
ouis, MO,  USA). ISP mediums used for characterizing the Strepto-
yces species according to the International Streptomyces Project

ISP) were purchased from Difco Laboratories (Franklin Lakes, NJ,
SA).
mers 87 (2012) 1641– 1648

2.3. Fungal growth inhibition by culture filtrates

The culture filtrates of S. torulosus strain PCPOK-0324 were
mixed (1:1) with double strength (2×)  of melted sterile PDA and
poured onto 9 cm diameter plates. Triplicate experiments were per-
formed. A 0.5 cm agar plug of an actively growing fungal mycelium
of R. solani and P. capsici cultures was placed on the center of the
test agars. The fungal cultures were further incubated under moist
conditions at 25 ◦C for 3 days to R. solani and 5 days to P. capsici.
Radial growth of the fungal colony was measured and the percent-
age of mycelial growth inhibition was calculated according to the
method of Gamliel, Katan, and Cohen (1989).

2.4. 1,3-ˇ-d-Glucanase assay and protein determination

1,3-ˇ-d-Glucanase activity was  routinely determined by a col-
orimetric method (Ghose, 1987). The amount of reducing sugar
released from laminarin was  measured. The standard assay (0.5 ml)
contained 10 �l of the crude enzyme solution and 90 �l of
5 mg  ml−1 laminarin in 100 mM sodium acetate buffer at pH 5.5.
After incubation at 37 ◦C with gentle shaking for 10 min, the
reaction was quenched by boiling for 5 min  and 200 �l of 1% dini-
trosalicylate (DNS) and 200 �l of sodium acetate buffer was added
into reaction mixture and boiled for another 5 min, then placed
in ice bath. The optical absorption was measured at 540 nm. The
reducing sugar released was calculated from a standard curve pre-
pared with glucose. One unit of 1,3-ˇ-d-glucanase activity was
defined as the amount of enzyme that released 1 �mol  of glu-
cose equivalent per min  under the standard assay conditions. All
experiments were performed twice, with three replicates for each
treatment. Protein concentrations were determined by the method
of Bradford (1976) and bovine serum albumin was used as standard.

2.5. Enzyme purification

S. torulosus PCPOK-0324 was propagated at 30 ◦C on YCED and
then, abundant sporulation was observed after 4 days of growth.
The spores used for inoculation of glucanase production medium
were collected from 10-day-old plates. For ˇ-1,3-glucanse produc-
tion, fungal strain PCPOK-0324 was grown in 2000 ml  of medium
containing lyophilized cells derived from R. solani. The lyophilized
cell walls (10 g of dry weight) were suspended in 1800 ml  of dis-
tilled water, autoclaved, and then combined with 200 ml  of sterile
minimum salt medium (per liter): (NH4)2SO4, 10 g; K2HPO4, 5 g;
MgSO4·7H2O, 2 g; FeSO4·7H2O, 100 mg.  The culture was incubated
for 12–15 h at 30 ◦C with 200 rpm.

To prepare the crude cell walls, cell walls were obtained from
the mycelia of the fungus R. solani as described by Trejo-Estrada
et al. (1998).  The above fungal species was grown in potato dextrose
broth, incubated at 30 ◦C, and then harvested after 72 h growth. The
mycelium was filtered, homogenized in a Waring blender (31BL91,
New Hartford, CT, USA), and thoroughly washed with distilled
water. Microscopic analysis showed the presence of cell wall frag-
ments. The preparation, at 45% solid, was autoclaved and then used
in preparation of culture media.

After cultivation, proteins in the supernatant of the bacterial
culture were precipitated from the supernatant with 60% sat-
uration of an ammonium sulfate and centrifuged at 12,000 × g
for 15 min. The pellet was dissolved in 50 mM Tris–HCl buffer,
pH 7.5 (buffer A) and dialyzed in the same buffer. The crude
1,3-ˇ-d-glucanase in preparation was  loaded on ion exchange
chromatography DEAE-Sephadex column (25 mm × 250 mm;  Phar-

macia Biotech., Piscataway, NJ, USA) equilibrated with 50 mM
Tris–HCl, pH 7.5 (buffer A) and bound protein was  eluted with 1 M
NaCl in the same buffer. Following concentration to 25 ml  on an
Amicon PM-30 membrane (Millipore Co., Billerica, MA,  USA) and
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ialysis against 20 mM Tris–HCl, pH 7.2 (buffer B), the fraction was
oaded onto a Phenyl-Superose HR 5/5 column (Pharmacia Biotech.,
iscataway, NJ, USA). Bound protein was eluted by applying a
inear 0.0–1.0 M NaCl gradient in buffer B. Finally, the 1,3-ˇ-d-
lucanase preparation was concentrated to 3 ml  using an Amicon
M-30 membrane, dialyzed against 20 mM sodium acetate buffer,
H 5.0 (buffer C). Saturated (NH4)2SO4 in buffer C was added to

 final concentration of 1.7 M before applying the enzyme prepa-
ation onto a Mono Q HR 5/5 (Pharmacia Biotech., Piscataway, NJ,
SA) equilibrated with 1.7 M (NH4)2SO4 in buffer C. Bound protein
as eluted with buffer C. The fractions with the 1,3-ˇ-d-glucanase

ctivity were pooled, and applied onto a prepacked Superose 12
rep grad column (Amersham Bioscience, Buckinghamshire, UK).
t was eluted at 3 ml  h−1 dialyzed against buffer C, then against
einonized water, and freeze-dried. All steps were carried out at
◦C.

.6. Enzyme analysis and characterization

SDS-PAGE on 12% (w/v) polyacrylamide slab gels was  carried
ut according to Laemmli (1970).  Gels were visualized with silver
taining using a silver staining kit following the instructor’s man-
al (ElpisBio, Korea). Subsequently, the purified protein band was
lectroblotted onto a Millipore polyvinylidene fluoride membrane
ccording to Cheng and Walker (1998) for N-terminal sequenc-
ng. Protein bands identified by silver stain solution were excised
nd subjected to Edman degradation using a Procise 491 Protein
equencer (Applied Biosystems, CA, USA). To obtain an inter-
al sequence of the protein, the 1,3-ˇ-d-glucanase was  digested
ith trypsin and the resulting peptide fragments were purified

y HPLC. The N-terminal portion of a purified peptide fragment
as sequenced. Analysis of the 1,3-ˇ-d-glucanase amino acid

equence with other proteins was then done using the BlastX
http://www.ncbi.nlm.nih.gov/BLAST/).

The effect of temperature and pH on enzyme activity was
etermined. The standard conditions were used in the assay (tem-
eratures between 20 and 90 ◦C for 30 min). The pH of the reaction
ixture varied between 3 and 11 using 50 mM buffer (sodium

cetate, pH 3.0–6.0; sodium phosphate pH 6.0–7.0; Tris–HCl, pH
.0–9.0; and glycine buffer, pH 9.0–11.0).

.7. Preparation and antifungal activity of antibiotic substance

The cell-free supernatants of 5-day-old cultures of S. torulo-
us PCPOK-0324 in minimum salt medium containing 0.5% of
yophilized cells derived from R. solani,  at pH 6.0 were adjusted
o a pH of 2.5 with 12 M HCl. The precipitate was collected by
entrifugation at 15,000 × g for 20 min  (McKeen, Reilly, & Pusey,
986). Partial purification was performed by extracting the sedi-
ent three times with 80% ethanol and dried by rotary evaporation.

he pale brownish substances were dissolved in 80% ethanol and
ept at 4 ◦C. The inhibitory activity of the antibiotic substances on
he hyphal growth of P. capsici and R. solani as (1.0–0.007 mg  ml−1)
as tested, and minimum inhibitory concentrations (MICs) and

C50 values were determined. MIC  for individual antifungal activity
s well as for binary mixtures was defined as the minimal tested
oncentration that inhibited R. solani and P. capsici growth.

Assays were performed under sterile conditions. The test was
arried out by the method described by Lorito, Peterbauer, Hayes,
nd Harman (1994) with slight modification and Schirmböck et al.
1994).  Test suspensions with 1000–3000 spores per well were
ransferred to sterile flat-bottom ELISA plates and incubated at

5 ◦C. After 22–30 h, the plates were observed under an inverted
icroscope. The percentage of conidia germinating was deter-
ined as the percentage of the first 100 spores randomly found

n the well. In addition, the lengths of 20 germ tubes were
mers 87 (2012) 1641– 1648 1643

measured and averaged. All experiments were performed twice,
with three replicates for each treatment.

2.8. Assays for antifungal activity of the enzyme and antibiotic
substances

The synergistic antifungal activity against P. capsici and R. solani
of the mixtures of the 1,3-ˇ-d-glucanase enzyme and antibiotics
prepared from the culture filtrate of S. torulosus PCPOK-0324
was determined using the modified checkerboard method (Lorian,
1996). The choice of the concentrations of the initial enzyme and
antibiotic solutions used for this assay was  20 times higher than
that of their MIC  values with each fungus. This was 250.0 and
125.0 mU ml−1 for the enzyme and 62.6 and 31.2 �g ml−1 for the
antibiotic. Enzyme was serially diluted (1:2, 1:4, 1:8) with 50 �l
of 50 mM Tris–HCl buffer (pH 7.5), and antibiotics diluted with
80% 50 �l of ethanol were mixed thoroughly with 900 �l of 50 mM
Tris–HCl buffer, then 100 �l was  dropped into the 6 mm-diameter
paper disc. A mixture of equal volumes of Tris–HCl buffer and 80%
ethanol was  used as control. All experiments were performed twice,
with three replicates for each treatment. The inhibition values
obtained for the two  experiments were determined, and standard
deviations were calculated from these data. Further, MIC  and IC50
values were calculated (Picman, Schneidera, & Gershenzon, 1990).
To determine the 50% effective dose, the dose–response curves
were subjected to regression analysis by using a binomial regres-
sion of the third order, with R2 ranging between 0.95 and 0.99.

The combination data of 1,3-ˇ-d-glucanase and antibiotic
extract against R. solani and P. capsici was obtained by a broth
checkerboard method (Li & Rinaldi, 1999). A series of twofold dilu-
tions of one compound were tested in combination with the other
compound. The result of the checkerboard test was expressed as the
fractional inhibitory concentration (FIC) index. MICs were trans-
formed into fractional inhibitory concentration (FIC) as suggested
by Davidson and Parish (1989).

FICA = MIC  of A in presence of B
MIC  of A

(1)

FICB = MIC  of B in presence of A
MIC  of B

(2)

Fractional inhibitory concentration index (FICindex) was then
calculated from FIC values for each antimicrobial as follows:

FICindex = FICA + FICB (3)

The interaction was  defined as synergistic if the MIC
of enzyme/antibiotic was at least fourfold lower when the
enzyme/antibiotic was  used in combination than when it was  used
alone. In this method, synergism is defined as an FICindex of ≤0.5;
additive as an FICindex of 0.5–1.0; and antagonism as an FICindex of
>1.0. The lowest FICindex from each checkerboard was recorded.

3. Results and discussion

3.1. Isolation of bacterial new strain

Numerous microorganisms with antifungal activities and their
active factors such as chitinolytic enzymes and beta-glucanases
have been characterized. Consequently, the antifungal mechanisms
by which these microorganisms inhibit the growth of potentially
pathogenic fungi have been demonstrated (Hong et al., 2002;
Leelasuphakul et al., 2006; Nishimura et al., 2001), although many

questions remain to be addressed. Recently, biochemical research
on plant disease biocontrol focused on three primary objectives:
(1) selection of microorganisms with antifungal activities; (2) iso-
lation and characterization of the specific fungicidal factors such

http://www.ncbi.nlm.nih.gov/BLAST/
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Fig. 1. The relationship between percentages of hyphal inhibition and age of cul-
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s antibiotics, ˇ-glucanases and chitinolytic enzymes; (3) deter-
ination of the operative mechanisms of these antifungal agents.

herefore, screening of a new antagonistic species of Streptomyces
s biocontrol agents producing several antimicrobial compounds
ncluding hydrolytic enzyme like 1,3-ˇ-d-glucanases known as one
f the most potent enzymes for degrading fungal cell walls (Hong
t al., 2002; Leelasuphakul et al., 2006; Nishimura et al., 2001) is
mportant step to evaluate and understand their biological activ-
ty.

We recently isolated a new strain named as S. torulosus PCPOK-
324 based on 16S rRNA sequence analysis. The optimal growing
onditions for this bacterium were pH 7.0 and temperature 40 ◦C.
he bacterium showed typical characteristics of Streptomyces, such
s aggregation of mycelium in broth medium and formation of hard
olony surfaces on agar plates. The isolate grew on ISP media 1–7,
orming an olive brown pigment on ISP 6 and 7, respectively. The
solate was Gram-positive, and whole-cell hydrolysate had pos-
tive LL-diaminopimelic acid (LL-DAP) activity and consequently

as classified to have cell wall type I (data not shown). All bio-
hemical characteristics were consistent with that of the genus
treptomyces. Specifically, the aerial mycelium observed growing
n ISP 1 began as yellow but progressed to black, white, and then
ray according to incubation time, which is a characteristic feature
f S. torulosus. The comparison of 16S rRNA gene sequence of a new
train S. torulosus with the reference sequences is available in Gen-
ank database and Ribosomal Database Project-II. Although the 16S
RNA sequence of the isolate strain was most similar to that of S.
orulosus LGM 20305T (100%), we identified our isolate as S. toru-
osus PCPOK-0324 due to differences of biochemical properties of
he new strain.

.2. Antifungal activity and heat stability of S. torulosus and
ulture filtrates of growing S. torulosus

S. torulosus strain PCPOK-0324 inhibited the mycelial growth of
. capsici and R. solani on a PDA plates as showed by the falcate
ormed fungal growth in the region of S. torulosus growth. The anti-
ungal compounds in cell free culture fluids increased with the age
f cultures from 1 to 7 days (Fig. 1 and Table 1). The fungal growth
as inhibited by 60% at the 3-day-incubation. The antifungal com-
ounds released from S. torulosus PCPOK-0324 in culture filtrates
ere found to be heat stable as the autoclaving of culture filtrates

or 15 min  mostly inhibited mycelial growth of the both fungi. The
ulture filtrates of R. solani sterilized by filtration were always more
ffective than those of the autoclaved culture filtrates. In the 5-day-
ld culture, the hyphal growth was dramatically reduced from 100
o 85% comparing with those of the control. While the cells of P.
apsici were very sensitive to the antifungal compound in the cell
roth of the strain PCPOK-0324, no differences were observed after

 days of incubation between the autoclaved and non-autoclaved
ulture filtrate samples. The culture filtrates sterilized by filtration
ere better inhibitors of fungal growth than those of the culture
ltrates sterilized by autoclave.

.3. Enzyme production

1,3-ˇ-d-glucanase was routinely produced on a complex
edium containing 0.5% suspension of lyophilized R. solani cells

s main nutrient source (Kaur, Munshi, Singh, & Koch, 2005). The
nzyme was produced in low levels when S. torulosus PCPOK-
324 was cultivated on minimal medium with glucosidic linkages
uch as lichenan, cellulose, amylose and ˇ-cyclodextrin. In addi-

ion, the enzyme was weakly formed on media including cell wall
erived from A. faecalis and S. cerevisiae.  By contrast, glucanase
as greatly induced by the addition of R. solani cell walls as car-

on source into the culture. Consequently, the enzymatic activity
tures of S. torulosus strain PCPOK-0324 against (A) R. solani and (B) P. capsici.  Symbols
are (�) filter sterilized culture filtrates and (©) autoclaved culture filtrates.

of glucanase significantly increased in the culture filtrates supple-
mented with various concentrations of fungal crude cell walls. The
optimal amount of added fungal cell walls was 0.5% dry weight
of newly cultured R. solani cells which were autoclaved (data not
shown). This is higher than the 0.1–0.3% of chitin (Leelasuphakul
et al., 2006; Tweddell, Jabaji-Hare, & Charest, 1994). The 1,3-ˇ-d-
glucanase activity increased rapidly from day 1 to 6 and remained
constant until day 7. The increase of 1,3-ˇ-d-glucanase produc-
tion preceded the increase in ˇ-1,6-glucanase which reached the
maximum activity at day 3 (data not shown). Rapid increase in the
production of extracellular glucanase during bacterial cell growth
showed the fungal inhibitory activity in the culture filtrates during
growth.

The culture broth of S. torulosus PCPOK-0324 contains extra-
cellular enzymes with antifungal activity and antibiotic materials
that inhibits the mycelial growth of both pepper pathogens R.
solani and P. capsici.  The antibiotic showed no direct change in
antifungal activity after autoclaving and hence it was  heat stable.
These results indicate that some heat sable antifungal compounds
were partly involved in the observed fungal growth inhibition
in combination with 1,3-ˇ-d-glucanase. Various studies reported
that extracellular lytic enzymes and antibiotics from antagonistic
bacteria such as Bacillus subtillis (Leelasuphakul et al., 2006), Pseu-
domonas aeruginosa (Wang, Yieh, & Shih, 1999) and S. violascens

(ElTarabily et al., 1996) are potential biocontrol agents which are
acting alone or synergistically during the degradation of fungal cell
walls.
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Table  1
Inhibitory effect of cell free culture filtrates of S. torulosus PCPOK-0324 on hyphal growth.

Incubation time (day) Radius of R. solani culture ± S.D. (mm)  (% inhibition) Radius of P. capsici culture ± S.D. (mm) (% inhibition)

Autoclaved culture
filtrate

Filter sterilized
culture filtrate

Autoclaved culture
filtrate

Filter sterilized
culture filtrate

Control 48.6 ± 2.3 48.6 ± 2.3 38.4 ± 1.8 38.4 ± 1.8
1 38.3  ± 1.2 (22.8) 31.4 ± 1.9 (37.3) 28.8 ± 1.4 (26.7) 23.2 ± 1.7 (39.5)
2 22.9  ± 1.9 (55.7) 17.2 ± 2.9 (67.7) 17.9 ± 0.7 (57.1) 7.6 ± 0.4 (85.8)
3 15.8  ± 1.8 (71.1) 7.1 ± 0.9 (90.0) 6.7 ± 0.3 (88.3) 2.5 ± 0 (100)
4  7.7 ± 0.9 (87.7) 3.7 ± 0.2 (97.4) 2.5 ± 0 (100) 2.5 ± 0 (100)
5  7.7 ± 0.9 (87.7) 2.5 ± 0 (100) 2.5 ± 0 (100) 2.5 ± 0 (100)
6  7.7 ± 0.9 (87.7) 2.5 ± 0 (100) 2.5 ± 0 (100) 2.5 ± 0 (100)
7 7.7  ± 0.9 (87.7) 2.5 ± 0 (100) 2.5 ± 0 (100) 2.5 ± 0 (100)

Radius of fungal inoculum size is 2.5 mm and three replicates were performed.

Table 2
Purification of 1,3-ˇ-d-glucanase from culture filtrates of S. torulosus PCPOK-0324.

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

Crude extract 751.3 1282.1 1.71 100.0 1
60%  (NH4)2SO4 412.9 784.5 1.90 61.2 1.11
DEAE-Sepharose 62.8 580.8 9.25 45.3 5.41
Pheny1-Sepharose HR 5/5 16.3 393.6 24.15 30.7 14.12
Mono  Q HR 5/5 5.8 289.7 49.95 22.6 29.21
Superose 12 1.7 125.6 73.88 9.8 43.21

Table 3
Aligmentation of the internal amino acid sequences of the 1,3-ˇ-d-glucanase from S. torulosus PCPOK-0324 by Clustal W with other bacterial 1,3-ˇ-d-glucanases sequences.
The  amino acids (R, KLP, G, and LWP) of conservation are highlighted and shadowed.

Organism N-terminal sequence Reference

Streptomyces torulosus PCPOK-0324 1 R I KLPK G ER LWP  12 This study
Pyrococcus furiosus DSM 3638 140 R I KLPK G KG LWP  151 Robb et al. (2001)
Bacillus  circulans 117 RI KLPS G QG LWP  128 Asano et al. (2002)
Laccaria bicolor S238N-H82 273 RA KLPR G DW LWP  284 Martin et al. (2008)
Paenibacillus sp. CCRC 17245 633 SI KLPE GEG LWP  643 Hong and Meng (2003)

Table 4
MICs and IC50 of antibiotic extract and 1,3-ˇ-d-glucanase from culture filtrates of S. torulosus PCPOK-0324 against of R. solani and P. capsici.

Antifungal substance Fungus MICa IC50
a Regression equation R2

Antibiotic extract R. solani 3.95 75.38 y = 0.5661x + 7.3282 0.9727
P.  capsici 1.94 57.70 y = 0.7476x + 6.8663 0.9636

ˇ-1,3-Glucanase R. solani 12.50 172.85 y = 0.2263x + 10.884 0.9587
P.  capsici 6.25 121.89 y = 0.3163x + 11.447 0.9626

a −1 U ml−1
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Units of MIC  and IC50 of antibiotic extract = �g ml , and 1,3-ˇ-d-glutamate = m

.4. Purification of ˇ-1,3-glucanase

A summary of the enzyme purification is given in Table 2. The
,3-ˇ-d-glucanase from S. torulosus PCPOK-0324 was purified by
ractionation with ammonium sulfate and four chromatographic
teps. The 6-day culture filtrates of the S. torulosus PCPOK-0324
aving a high level of the 1,3-ˇ-d-glucanase activity was  precipi-
ated by ammonium sulfate. The pellet was collected and dialyzed.
he dialysate was passed through a DEAE-Sepharose column to
liminate other proteins (data not shown). The fractions with glu-
anase activity were pooled, concentrated, and showed 5.41-fold
oncentration. Further, the purification of the enzyme was per-
ormed on a Pheny1-Sepharose HR 5/5 column. Two  peaks were
oticed (Fig. 2A), and the fractions in second peak were selected for
he next purification steps. Chromatographic separation on Mono Q
R 5/5 and gel-filtration columns (Fig. 2B and C) allowed complete
emoval of other contaminating proteins. At the end of the steps,
,3-ˇ-d-glucanase was purified approximately 43.21-fold with a
ield 9.8% having to a specific activity of 73.88 U mg−1 of protein
Table 2).
.

The molecular weight of the 1,3-ˇ-d-glucanase of S. torulosus
PCPOK-0324 was  estimated to be 31.5 kDa by SDS-PAGE (Fig. 3)
and 32.1 kDa by gel filtration on Superose 12 (data not shown),
suggesting that the enzyme may  be a monomeric protein. Inter-
nal sequence of the protein showed that the sequence of the first
12 residues of the 1,3-ˇ-d-glucanase from S. torulosus PCPOK-0324
was RIKLPKGERLWP. A BlastX search did not detected significant
homology of these sequences with known proteins. Although this
region does not appear to be among known 1,3-ˇ-d-glucanases,
the internal amino acid sequence of S. torulosus PCPOK-0324 1,3-
ˇ-d-glucanases had some amino acid conservation with that of
Pyrococcus furiosus (Table 3).

The 1,3-ˇ-d-glucanase cleaves the 1,3-ˇ-bonds found in a vari-
ety of ˇ-glucans of the two  fungi, R. solani and P. capsici causing root
rot disease in pepper plants (Stone & Clarke, 1992). These fungal cell
walls are generally composed of a linear cellulose-like 1,4-ˇ-glucan

and a highly branched 1,3-ˇ-glucan with branches starting with
1,6-ˇ-links (Bartnicki-Garcia & Wang, 1983; Fayad et al., 2001).
Although the 1,3-ˇ-d-glucanase played an important role in the
suppression of fungal growth, it cannot be absolutely related to the
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Fig. 2. Enzymatic activity at the different NaCl and (NH4)2SO4 (- - -) during each of
the three chromatographic steps of the purification procedure of 1,3-ˇ-d-glucanase
from S. torulosus PCPOK-0324. (A) Phenyl-Superose HR 5/5 chromatography; (B)
Mono Q HR 5/5 chromatography; (C) Superose 12 chromatography. Protein con-
centration (�) were monitored by absorbance at 280 nm and the 1,3-ˇ-d-glucanase
a
u

d
ˇ
s
i
m
s
c
r

ctivity (mU  ml−1; �) was measured by the reducing sugar released from laminarin
sing DNS method at a wavelength of 540 nm.

egradation of fungal cells as several authors have reported that
-glucanase activity produced by other Streptomyces species con-
ist of various isoenzymes with different molecular weights. For
nstances, S. sioyaensis of 29.4 and 44.6 kDa (Hong et al., 2002), S.
atensis of 26 and 40 kDa (Nishimura et al., 2001), Streptomyces
p. EF-14 of 65 kDa (Fayad et al., 2001), and Cellulosimicrobium
ellulans of 40.8, 28.6 and 54.5 kDa (Ferrer, 2006) were reported,
espectively.
Fig. 3. SDS-PAGE of 1,3-ˇ-d-glucanase purified from S. torulosus PCPOK-0324 fil-
trate: lane 1, molecular mass size markers; lane 2, 30 �g crude protein; lane 3, 5 �g
of  purified glucanase, showing a major band at Mr 31.5 kDa.

3.5. Effect of pH and temperature on the activity and stability of
ˇ-1,3-d-glucanase

The effects of pH and temperature on the activity of the 1,3-
ˇ-d-glucanase from S. torulosus PCPOK-0324 were determined,
respectively. The purified 1,3-ˇ-d-glucanase enzyme was active
in the buffer pH ranges 6.5–9.5 with the maximum activity at pH
7.5, while many other 1,3-ˇ-d-glucanases are active at an acidic
pH. Similar pH values were reported for 1,3-ˇ-d-glucanases from
other bacteria (Hakamada et al., 2002; Leelasuphakul et al., 2006;
Miyanishi, Hamada, Kobayashi, Imada, & Watanabe, 2003; Ohara
et al., 2000). The activity of the enzyme remaining after incubation
at different temperature (20–90 ◦C) for 30 min  was evaluated and
the activity was  stable up to 50 ◦C above which a rapid decrease in
the activity was observed (data not shown). The ˇ-1,3-d-glucanases
enzyme retained almost 100% activity at temperature between 20
and 45 ◦C. Moreover, the 1,3-ˇ-d-glucanase was thermostable at
50 ◦C, and retained 50% activity after 30 min  incubation at 60 ◦C.
The half-lives at 40 ◦C, 50 ◦C, 60 ◦C, and 70 ◦C were 59 min, 43.5 min,
30 min, and 5 min, respectively (Fig. 4). Therefore, the 1,3-ˇ-d-
glucanase from S. torulosus PCPOK-0324 exhibited thermostability
at temperature up to 60 ◦C and reduced the thermostability at tem-

perature higher than 60 ◦C. The other bacterial 1,3-ˇ-d-glucanase
showed the highest activity at the optimal temperature between 45
and 55 ◦C (Hakamada et al., 2002; Miyanishi et al., 2003), although
they became more stable at 60 ◦C. In this study, the purified enzyme
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Fig. 4. Kinetics of the purified 1,3-ˇ-d-glucanase from S. torulosus PCPOK-0324.
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ctivity was  estimated as a percentage of the maximum. The maximum activity was
efined as 100%. The specific activity of the enzyme at 100% was  44.2 ± 2.6 U mg−1.
ymbols are (�) 40 ◦C, (�) 50 ◦C, (�), 60 ◦C and (�) 70 ◦C.

as stable up to 50 ◦C, which is similar to other 1,3-ˇ-d-glucanase,
ut this enzyme has shown higher activity than those of the others
elow 40 ◦C (Leelasuphakul et al., 2006; Ohara et al., 2000).

.6. Antifungal activities of 1,3-ˇ-d-glucanase and antibiotic
xtract from S. torulosus PCPOK-0324

Cell culture filtrate containing potent antibiotics from S. toru-
osus PCPOK-0324 grown in 2 l of minimum salt medium, which
upplemented with 0.5% of lyophilized cells derived from R. solani
as prepared. The 285 mg  of pale brown extract was collected, sus-
ended in 80% ethanol, and kept at 4 ◦C. The antibiotic compounds
xtracted from the cell culture filtrates were involved in inhibi-
ion of fungal growth of both R. solani and P. capsici according to
heir MICs and IC50. MICs of the antibiotic extract against R. solani
nd P. capsici were 3.95 and 1.94 �g ml−1, respectively (Table 4).
o significant effect on the inhibition of mycelial growth of both

ungi by the antibiotic extract was observed; although the differ-
nt effect was observed after the first diluted concentration of the
IC  was treated on the two fungi, R. solani,  and P. capsici (data not

hown). The similar phenomena were observed in the purified 1,3-
-d-glucanase against R. solani and P. capsici and the activities were
2.50 and 6.25 mU ml−1.

The comparable effects on the growth of the both fungi as had
een shown by their MICs were detected in the IC50 of the enzyme
nd antibiotic extract. The FICindex calculated from the sum of FIC
f the enzyme and FIC of the antibiotic extract is lower than 0.5. In
he presence of antibiotic extract, the 1,3-ˇ-d-glucanase sensitiv-
ty of both fungal strain, R. solani and P. capsici,  was  increased. In
he case of R. solani, the addition of 0.65 �g ml−1 antibiotic extract
educed the 1,3-ˇ-d-glucanase activity as MIC  from 12.5 mU ml−1

o 3.75 mU ml−1 while in the P. capsici,  the same level of antibi-
tic extract decreased the 1,3-ˇ-d-glucanase activity as MIC  from
.5 mU ml−1 to 1.56 mU ml−1. Therefore, the results clearly show
hat in the two fungal strains the combination of the two antifun-
al agents created an effect greater than would be expected based
n their individual contribution.

The combined mixture of the enzyme and the antibiotic com-
ound extracted from the culture filtrates of B. subtilis inhibit
he growth of Pyricularia grisea and R. solani with similar results
Leelasuphakul et al., 2006). Moreover, the chitinase derived from

liocladium virens and gliotoxin are known as antifungal agents

hat showed synergistic activity against mycelial growth of phy-
opathogenic fungi (Di Pietro, Lorito, Hayes, Broadway, & Harman,
993). Investigating the ability of S. torulosus PCPOK-0324 to
mers 87 (2012) 1641– 1648 1647

produce fungal inhibitors against these two pepper-pathogenic
fungi in vivo and to regulate their growth will be advantageous
to improve the crop yield. It seems that the antifungal metabolites
produced by S. torulosus PCPOK-0324 in vivo are vary important
for the biocontrol mechanisms of this strain. They could have been
well active as key fungicides to control root rot disease caused by P.
capsici and R. solani in pepper plants. Further studies are needed to
understand the mechanisms underlying the observed synergistic
interaction and are warranted in order to develop new manage-
ment strategies for control of root rot disease occurred by P. capsici
and R. solani in pepper plants.

4. Conclusion

The present results highlight the possibilities for using 1,3-
ˇ-d-glucanase and antibiotic in the culture broth of S. torulosus
PCPOK-0324 in fungal management. Although many questions
remain to be addressed before its application in the agricultural
field, S. torulosus PCPOK-0324 appears to have potential as a bio-
control agent for plant pathogens toward P. capsici and R. solani.
It produced a powerful fungicidal 1,3-ˇ-d-glucanase and antibi-
otic that were not only effective in inhibiting the growth of plant
pathogens but was also unique in its stability at high temperature
and some broad range of pH. Within a framework of fungici-
dal in combination with biological control, 1,3-ˇ-d-glucanase and
antibiotic from S. torulosus PCPOK-0324 could be considered as
compatible tools in the development of fungicidal agents.
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