{
Mycologia Iranica 6(2): 73-87, 2019 BB ER 101 10.22043/M1.2020.121450 @

£ <Y

Two-dimensional and chitinase activity analysis of a novel mutant of
Trichoderma koningii for biodegradation of Macrophomina
phaseolina cell walls

F. Goharzad=

M. A. Tajick Ghanbary
Department of Plant Protection, Faculty of
Agronomy, Sari Agricultural Sciences and Natural
Resources University, Sari, Iran

S. Shahbazi

H. Askari
Nuclear Agriculture Research School, Nuclear
Science and Technology Research Institute
(NSTRI), Atomic Energy Organization of Iran
(AEOI), , Karaj, Iran

Abstract: The role of extracellular enzymes in
mycoparasitism of Trichoderma spp. have been
demonstrated in several cases. Trichoderma spp.
produces several chitinolytic enzymes and this fungus
is known as a powerful antagonist against
Macrophomiona phaseolina, the causal agent of
charcoal rot disease of soybean. In this study, two—
dimensional  protein  pattern  analysis  and
chitinaseactivity evaluation were performed for an
Iranian Trichoderma koningii strain (NAS-K1) and
its generated mutants were measured to indicate the
potential role of endochitinases (N-acetylglucosam—
inidase (NAG-I and NAG-II)) in its mycoparasitism.
The results of chitinase activity assay using chitin and
cell walls of M. phaseolina as substrates showed that
the mutant isolates have significantly more enzyme
activity compared to the wild type strain. The specific
endochitinase enzyme activity in the mutant NAS—
K1M25 was increased to approximately 2.5 times
more and secreted three times more endochitinase
than that of the wild type strain. This superior mutant
showed up to 65% growth inhabitation against M.
phaseolina in dual culture test (five times more than
the wild type strain). Moreover, this strain showed
sharper spots belong to endochitinase, and N-
acetylglucosaminidase (I & Il) presented in SDS—
PAGE and 2D electrophoresis. Overall, induced
mutation by gamma irradiation could be a useful
method to develop such superior mutants, and the
mutant NAS-K1M25 could be used as a potential

Submitted 4 Sept. 2019, accepted for publication 20 Nov. 2019
™ Corresponding Author E-mail: f_sahargah@yahoo.com
© 2019, Published by the Iranian Mycological Society
http://mij.areeo.ac.ir

biological control agent candidate for plant disease
management programs of M. phaseolina. However,
more detailed fermentation, formulation and field trial
studies should be performed to finalize its biocontrol
potentials.
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INTRODUCTION

Charcoal rot is one of the most important diseases
that limits the cultivation of sesame and soybean.
Oilseed crops are widely grown in different parts of
the world. Macrophominaphaseolina (Tassi) Goidis,
which is a soil and seed—borne fungus, is the causative
agent of charcoal rot. The fungus can infect the root
and lower stem of more than 500 plant species and has
a wide geographic distribution (Eladet al. 1986,
Etebarian 2006). Charcoal rot is an important soil-
borne disease and favors by hot and dry weather and
when faces with unfavorable environmental
conditions, imposes stress on plants (Eladet al. 1986,
Etebarian 2006).

Different strategies including cultural control,
physical control, resistant crop varieties, biological
control, chemical control, and transgenic plants have
been applied to manage this plant disease. (Adekunleet
al. 2001).

However, excessive use of these pesticides may
contaminate the food or accumulate in the soil and
groundwater, and consequently, may be entered into
the food chain. Therefore, as a safe and an effective
alternative to fungicides application, biological control
shows greater potential for disease control (Adekunle
et al. 2001). Accordingly, different biocontrol agents
(BCASs) can be used for the control of plant diseases.

Species of Trichoderma are primarily studied for
their ability in controlling plant disease through
different mechanisms including antagonism, rhizos—
phere competence, enzyme production, induction of
defense response in plants, metabolism of germination
stimulants, and beneficial growth of the host following
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root colonization (Weindling 1932, Weindling 1937,
Weindling 1939, Eladet al. 1983, Benhamouet al.
1993, Zimand et al. 1996, Howell 2003, Bailey &
Den 1998).

Recently, the role of extracellular enzymes such as
proteolytic enzymes (Pozo et al. 2004, Kredicset al.
2005), B-1,3-glucanolytic ~ system (Vazquez—
Garciduefas et al. 1998, De la Cruz & Llobell 1999,
Kubicek et al. 2001) and chitinase (Zeilinger et al.
1999, Howell 2003) has been well documented by
several researchers. The complex groups of
extracellular enzymes have been reported to play key
factor in lysing of the pathogen cell wall during
mycoparasitism. The presence of chitin, as the
structural polymer present in many fungal cell walls
(such as M. phaseolina), indicates the importance of
chitinolytic enzymes as a component of the portfolio
of “virulence” factors in fungal species such as
T. koningii (Gisi et al. 2010).

Induced mutation is one of the common methods to
restrain the genetic construction of microorganisms
(Whipps & Lumsden 1991). Induced mutagenesis
using y—irradiation was proved to be effective on
enhancing exochitinase production and achieving
biological efficiencies in T. koningii (Baharvand et al.
2016). Radiation treatments of biological materials
have been applied in various processes such as
sterilization of medical supplies. Sometimes,
irradiation cannot completely kill organisms, but it
may result in cell lesion (Smith & Pillai 2004), and
directly damage the chromosomal DNA of living cell
(Barkai—Golan 2001).

The damaging of nuclear DNA may cause the
mutagenesis, and some genetic materials of fungi
probably can be mutated to higher or lower biological
activities through two different mechanisms. First, it
splits covalent bonds in target proteins by direct
photon energy; and second, via water radiolysis, it
indirectly produces reactive oxygen species (ROS)
that are responsible for the majority of the protein
damages. Therefore, in this study, the wild type of T.
koningii NAS-K1 (WT) was isolated from the soil
samples and then treated with different doses of y—
irradiation for investigating the possible enhancement
of bio—control activity in the WT strain against M.
phaseolina by the induced mutation of y—irradiation.
The objectives of this study were; (1) to select fungal
antagonists from WT strain and its y—irradiation
mutants showing abilities to control M. phaseolina, (2)
show the induced mutation by gamma irradiation
could be considered as a useful method to develop
some efficient biological control agents for plant
disease management programs of M. Phaseolina in
the polluted soils.

MATERIALS AND METHODS

Trichoderma koningii WT and mutant strains
Trichoderma was isolated from the soil samples

collected from different parts of agricultural fields

(Khorasan Razavi province, Iran) by serial dilution on

Trichoderma selective medium (Papavizas & Lumsden
1990). Additionally, identification of fungi was done by
Dr. Naser Safaie, Department of Plant Pathology, Faculty
of Agriculture, Tarbiat Modarres University, Iran.

After isolation and identification of Trichoderma
isolates, spore suspensions of the WT strain NAS-K1
were irradiated by a cobalt-60 y— irradiator at a dose rate
of 0.23 Gy/Sec in Nuclear Agriculture Research School,
(NSTRI, AEQI). Dosimetry was performed with the
Ficke—refrence standard dosimetry system (Gamma-—cell
Issledovatel, PX—30), and after irradiation process at 250
Gy (in three replicates), the spore suspensions were
cultured on PDA medium and then incubated for 72h at
25°C. The appropriate dose was selected based on
approximately 50 % inhibition of spore germination on
water agar (WA) medium. Out of 270 irradiated isolates,
26 mutant isolates were selected based on higher growth
rate (on PDA during 72h of incubation) and vast number
of spores produced per unit area. The mutant isolates
were sub—cultured for seven times to ensure the
immutability of morphological characteristics on the
Mandel$ optimized medium (Chand et al. 2005).

In order to investigate the morphological
characteristics of the selected mutants, a diameter of 5
mm disk of the colony's mid—area was removed from
each mutant samples. One ml of 2 % Tween 80
solution was added to microtubes containing each
fungal disk and after two minutes of vortexing, 0.01
ml of spore suspension was poured into a
homocytometer (Line-Bright Improved Neubauer,
Hamburg, Germany) and the number of spores for
each isolate was counted under the microscope. This
experiment was performed in thriplicates for 25
spores from each disk of the fungus, and then the
mean values were calculated.

Antagonistic activities

The antagonistic activities of the wild type (WT)
strain and the mutantsagainst M. phaseolina were
determined by dual culture test. Mycelia discs (5 mm
diameter) were cut out from actively growing pure
cultures of both strains (26 mutants or parental culture
of the WT strain andM. phaseolina) on PDA for 3
days at 28 °C and placed at the opposite sides, 25 mm
apart, of 100 mm petri dish plates containing PDA.
The plates were then incubated at 28 °C in darkness
and mycelia growth of the WT strainand its mutant
isolates (antagonists) and M. phaseolina (pathogen)
were measured after 3 days at intervals of 24 h, and
finally, percent inhibition of mycelia growth of the
pathogen was calculated. The valuation of inhibition
by the mutants or the WT strain was estimated by
calculating the percentage inhibition of mycelia
growth by 1% = (1-Cy/C,) x 100, where, C, is the
average diameter of colonies of pathogen in the
presence of the antagonist and C, is the average
diameter of control colonies.

Preparation of Macrophomina phaseolina mycelia
Macrophomina phaseolina strain was obtained
from plant protection laboratory of Nuclear
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Agriculture Research School in Atomic Energy
Organization of IRAN (AEOI). The potato dextrose
broth (PDB) culture media was used to grow the
mycelia of M. phaseolina. About 100 mL of this
medium in 500 mL Erlenmeyer flasks were
autoclaved for 15 minutes at 121°C prior to
inoculation. After cooling at room temperature, the
flasks were inoculated with the stock culture of
M. phaseolina. The mycelia were collected by
centrifugation (4500xg, 7 min) and then washed with
water to remove any residual sugar, frozen at —70 °C
for 24 h, freeze dried for 48 h, and milled to mesh
size 53-125 pm.

Production of chitinase and degradation enzymes

Seed culture preparation

Fungal spores of the wild type and mutants on
agar media (MYG agar medium containing (g/L): 5,
malt extract; 2.5, yeast extract; 10 glucose; 20, agar)
were washed with sterilized water and made the spore
suspension with concentration at 1x107 spores per mL
of the medium. One mL spore suspension was
transferred into the 250 mL Erlenmeyer flask, which
contained 50 mL of seed culture medium. The seed
culture was produced in Trichoderma complete
medium (TCM) which contained (g/L): 1, bactopeptone;
0.3, urea; 2, KH2PO4; 1.4, (NH4)2SO4; 0.3 MgSOa.
7H,0; 0.3, CaCl,.6H,0; 0.005, FeSO4.7H,0; 0.002,
MnSOQOg4; 0.002, ZnSO4; 0.002, C0S04.7H20, and 2
mL, Tween 80. The medium was adjusted to pH 4.8
and then supplemented with 0.3 % wi/v of glucose.
These cultures were prepared in 50 mL volumes of
TCM in 250 mL Erlenmeyer flasks were shacked at
180 rpm for 24 h at 28 °C (Wen et al. 2005).

Extracellular enzyme production

To induce production of extracellular enzymes,
the washed mycelium of Trichoderma isolates were
transferred to 50 mL of Trichoderma fermentation
medium (TFM) which contained (g/L): 0.3, urea; 2.0,
KH2PO4; 1.4, (NH4)2SOs; 0.3, MgS04.7H20; 0.3,
CaCl».6H,0; 0.005, FeSO4.7H,0; 0.002, MnSOg;
0.002, ZnSO4; 0.002, CoS04.7H20, and 2 mL, Tween
80. This medium was adjusted to pH 5.5 and
supplemented with 0.5 % w/v of colloidal chitin. The
triplicate flasks were harvested after fermentation
incubation for 72h at 28 ‘C (Wen et al. 2005).
Moreover, M. phaseolina mycelium powder (0.5 %
w/v) was used as a substrate for production of cell
wall degradation enzymes under the same conditions.

Estimation of extracellular enzyme activities
Inoculum of all mutants and the WT strain were
produced in Trichoderma complete medium (TCM)
(Shahbazi et al. 2016). To induce the production of
chitinase enzymes, the washed mycelium of all the
isolates were transferred to Trichoderma fermentation
medium (TFM), and supplemented with cell wall
extraction of M. phaseolina as a substrate (Wen et al.

2005).

Estimation of protein and extracellular chitinase
activity was performed in TFM, after centrifugation at
4500 g for 7 min at 4 °C. The protein content in the
TFM supernatants was assayed under different
conditions of fermentation using the dye binding method
of Bradford and Bovine Serum Albumin (BSA) as a
standard (Bradford, 1976).

The protein contents in the TFM supernatant after
72 h fermentation were estimated using the dye
binding method of Bradford. The amount of protein
was calculated using Bovine Serum Albumin (BSA)
as a standard. A standard curve was prepared using 0,
2, 8, 12, 20, and 25 pg protein per ml in distilled
water. The test was performed using 150 ul of
supernatant of TFM or standard and 3 ml of Bradford
reagent. The standard and test samples were replicated
three times. The absorbance of the samples was read at
595 nm by a spectrophotometer (Jenway, USA).

The chitinase assay mixture containing 0.2 ml of
supernatants of TFM and 0.2 ml of colloidal chitin
suspension (0.1 % in 50 mM sodium acetate buffer,
pH 5.5) was incubated at 37 °C in a water bath with
constant shaking controls, without enzyme, substrate,
and were then maintained with heat killed enzyme.
After one hour of incubation, the released N-
acetylglucosamine in reaction mixture was character—
rized using the method of Zeilinger (Zeilinger et al.
1999). One unit of chitinase activity was defined as
the amount of enzyme, which produced 1 umol of N—
acetylglucosamine from colloidal chitin in the reaction
mixture/ml/h under the standard assay conditions. The
specific activity of chitinase enzyme is a common
unit that gives the measurement of the rate of reaction
multiplied by the volume of reaction divided by the
mass of total protein.

Electrophoresis and molecular size determination

Protein samples from TFM supernatants (250 pg)
were precipitated with equal volume of acetone and
precipitated proteins were resuspended in double
distilled water in a final volume of 100 pl, and were then
frozen and kept at =70 °C until use. The molecular
weight of the cellulase was determined by sodium
dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) with a 5 % (stacking) and 125 %
(separating) polyacrylamide gel as it was described
earlier by Laemmli (1970). Before electrophoresis, equal
volumes of sample buffer (100 pl) that contained 65
mM Tris—HCI, pH 6.8, 10 % (v/v) glycerol, 2 % (w/v)
SDS, 5 % (v/v) 2—mercaptoethanol and 0.2 % (w/v)
bromophenol blue were added to the protein sample
(100 pl), boiled for 5 min, and then applied to loading on
the gels. The proteins were separated at constant
amperage of 25 mA using the running buffer contained
25 mM Tris, 192 mM glycine, and 0.1 % (w/v) SDS, pH
8.3. The gels were stained with Coomassie Brilliant Blue
R-250 in methanol-acetic acid-water (5:1:4, v/v), and
decolorized in methanol-acetic acid-water (1:1:8, v/v)
(Laemmli, 1970).
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Isoelectric focusing and 2D SDS-PAGE

Regardless of the initial protein concentration in the
TFM supernatant of optimum fermentation conditions,
the same amount of protein (1200 pg) was used for 2-D
gel. Moreover, proteins were precipitated by incubating
the supernatant with 13.3 % (w/v) trichloroacetic acid
(TCA) in cold acetone containing 0.2 % (w/v)
dithiothreitol (DTT) for 1 h at 4 °C. Following
centrifugation at 6000 g for 15 min at 4°C, the pellet was
resuspended in 20 ml cold acetone and then incubated
on ice for 30 min. After that, centrifugation was repeated
at 6000 g for 15 min at 4 °C, the supernatant was
removed, and the pellet was air dried prior to re—
suspension in 360 pL of a sample solution containing 8
M urea, 2 % (whN) 3-(3-cholamidopropyl)-
dimethylam-monio]-1—propanesulfonate (CHAPS),
0.002 % (w/v) bromophenol blue, 40 mM DTT, 0.5 %
Bio-Lyte® 3/10 ampholyte in double distilled water.
The sample was directly applied to passively rehydrate
3-10, 17 cm immobilized pH gradient (IPG) strips (Bio—
Rad, CA, USA) by applying 360 pL of the sample. IPG
was equilibrated for 16 h and then placed on top of the
PROTEAN IEF Cell (Bio—Rad, USA) and then IPG was
focused on a total of 52,500 Volt hours (\Vh) at 50 mA
constant using a three-step focusing program. The
focusing program included a rapid ramp to 500 V for 1
h, a linear ramp to 1,000 V over 1 h, and a 8,000 V step
until reaching 52,500 Vh. The second-dimension
separation of proteins was performed on 1.5-mm thick
continuous 12.5 % (w/v) acrylamide gel using the same
gel buffer as at one-dimensional separation stage. The
second dimensional electrophoresis, SDS-PAGE, was
performed with PROTEAN Il xi 2-D Electrophoresis
Cell (Bio—Rad) under the conditions of constant current.
For the first 30 min, the current was set at 20 mA per
gel. The current condition was 40 mA per gel for the rest
of electrophoresis time. The SDS-PAGE was developed
until the bromophenol blue dye marker had reached to
0.5 cm from the bottom of the gel. After electrophoresis,
the gel was stained with Coomassie Brilliant Blue R—
250 in methanol-acetic acid-water (5:1:4, v/v), and then
decolorized in methanol-acetic acid-water (1:1:8, v/v)
(Sun et al. 2008).

Statistical analyses

All treatments were performed using a completely
randomized design, and all experiments were conducted
at least in triplicate. The experimental data were
subjected to analysis of variance (ANOVA) followed by
a Duncan’s test. Importance was defined at p<0.05. The
SPSS (developer 13) program was used for all the
statistical analyses.

RESULTS

Morphological characteristics

First, unirradiated colonies (WT strain) were
colorless, but after sporulation, they gradually became
green. The growth of mutant colonies in 84 % of the
mutated isolates was significantly higher than the
parental (unirradiated) isolate. Sedimentation sporad—

ically occured throughout the entire culture medium or
on the sidelines of the second day. Airborne airships
were produced in all parental and mutant isolates and
began to sporulate. The bottom of the colonies (parental
and mutants) were colorless for up to a week; however,
in the mutant isolates that produced higher spores, it
became yellow by passing a week. Chlamydospores
were rarely formed in some mutant isolates after two
weeks, often in the middle and rarely in the edges of
culture medium. In some isolates, dithiophore had many
branches, and branches were usually divided into two to
three sub-branches with angles, which were relatively
open from the main axis. Primary branches usually
produce secondary branches, which may also branch out
again. Generally, the branches were produced in pairs
and reciprocally. In some of the isolates, the podiophors
had long tips leading to a cylindrical phialide, and short
and swollen phialides that appeared in the elongation
region. Phialides were ampoule shaped and were usually
paired in opposite directions. In the mutants with weak
phialide production capacity, a large number of phialides
were irregularly deposited, but in stronger mutant
isolates, phialides produced with three to five layers and
they were ellipsoidal; cylindrical; and with a smooth and
perimeter wall. Conidia were cylindrical to rectangular
and green. In addition, some of the morphological
characteristics of parental and mutant isolates are
presented in Table 1.

Table 1. The colonial color, mycelial growth rate and
conidial size of WT and mutant strain of Trichoderma
koningii.

Strai Colony Conidial size (um)
train Color Growth rate”  Width Length
WT strain Green 1.79+0.01 2.44 5.32
NAS-K1M1 Dark green 2.21+£0.04 2.70 5.60
NAS-K1M2 Green 1.36 +0.04 212 4.34
NAS-K1M3 Green 1.59 £ 0.00 231 5.19
NAS-K1M4 Green 2.24 £0.05 2.18 4.69
NAS-K1M5 Green 2.11+£0.03 2.29 55
NAS-K1M6 Green 243+0.04 2.26 5.48
NAS-K1M7 Green 1.72 £ 0.05 2.55 499
NAS-K1M8 Green 1.91+0.03 224 571
NAS-K1M9 Green 2.24+0.01 2.30 4.87
NAS-K1M10 Green 2.07 £0.03 2.07 5.60
NAS-K1M11 Dark green 2.24 £0.05 244 5.09
NAS-K1M12 Green 2.11+0.05 2.76 5
NAS-K1M13 Green 2.39+0.06 2.17 4.66
NAS-K1M14 Green 2.02 £0.02 231 4.95
NAS-K1M15 Green 2.15+0.04 2.59 4.87
NAS-K1M16 Green 2.11+£0.04 2.39 4.66
NAS-K1M17 Green 2.25+0.01 2.26 5.19
NAS-K1M18 Green 2.14+0.04 2.45 5.12
NAS-K1M19 Green 2.24+£0.01 2.81 4.99
NAS-K1M20 Green 2.11+0.08 2.35 5.64
NAS-K1M21 Green 1.45+0.03 2.70 5.60
NAS-K1M22 Green 2.13+£0.03 212 4.34
NAS-K1M23 Green 2.03+0.02 231 5.19
NAS-K1M24 Green 2.11+£0.04 2.18 4.69
NAS-K1M25 Dark green 2.11+0.03 2.29 55
NAS-K1M26 Green 2.25+0.04 2.26 5.48
*. Cm/day

Antagonistic activity

The dual culture tests results represented some
differences between antagonistic activity of the WT
strain and the mutantsagainst M. phaseolina (Fig. 1).
The WT strain suppressed the growth of M.
phaseolina through mycoparasitism mechanisms,
which were previously reported by other Trichoderma
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species. The first contact between the WT strainand
M. phaseolina was observed after 48 h (Fig. 2).

Estimation of protein and chitinase activity
The production rate of the extracellular protein
and the chitinaseactivity of two mutant isolates

NAS-K1M25 (with high antagonistic activity against
M. Phaseolina) and NAS-K1M22 (with low
antagonistic activity against M. Phaseolina) were
compared to the WT strain.

The amount of extracellular protein production is
presented in Table 2.

100
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Fig. 1. Dual culture test results of the WT strain (NAS-K1) of Trichoderma koningiiand its mutants against Macrophomina
phaseolina. Means with the same letters are not significantly different at p<0.05.

Fig. 2. Above panel: Colony of a. Macrophomina phaseolina, b. Trichoderma koningii WT strain NAS-K1, c. Mutant strain
NAS-K1M25, d. Mutant strain NAS-K1M22. Down panel: M. phaseolina growth inhibition on PDA medium for 48 h
incubation, at 28 °C. e. By WT strain, f. by mutant strain NAS-K1M25, g. By mutant strain NAS-K1M22 strain.

Table 2. The extracellular protein content (ug/ml), specific chitinase activity (U/mg) of the WT strain of Trichoderma
koningii and its mutants (NAS-K1M25 and NAS-K1M22) in TFM supernatant after 72 h incubation at 180 rpm and 28 °C.

) Strain
Protein
WT strain NAS-K1 M22 NAS-K1 M25
Protein (pg/ml) 280.58™% +7.61 285.33"* +8.04 268.88"% +1.88
Specific chitinase activity (U/mg) 4.69° +0.29 3.00°+0.08 17.01*+0.88

In each column, means with same letters are not significantly different at p<0.05.
n.s.: non-significant.
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Moreover, protein concentration ranged from 268
to 285 pg/ml in supernatant of TFM medium from the
studied fungi. The highest protein content was 285.33
pg/ml in the supernatant of the mutant NAS-K1M22
isolate, whereas the lowest protein content (268.88
pg/ml) was measured in the culture supernatant of
NAS-K1M25. Finally, the results showed that,
protein content production in TFM (ug/ml) for all the
studied isolates have no significant difference at the
level of p<0.05.

The results of chitinase activity assay of NAS—K1,
NAS-K1M25, and NAS-K1M22 in TFM supernatant
after 72 h of incubation are shown in Table 2. These
results indicated significant variations (p<0.05) in the
enzyme activity values of the mutant strains. The
activities of the enzymes are shown as international
unites (U), in which one unit of activity is defined as
the amount of enzyme required to liberate 1 umol of
product per hour. The values of specific chitinase
activity in all the isolates have a significant difference
at the level of p<0.05. The specific activities between
3.00 and 17.00 U/mg were found among these
isolates. The maximum and minimum enzyme
activity values were observed for NAS-K1M25
(17.01 U/mg) and NAS-K1M22 (3.00 U/mg),
respectively. Table 3, shows the production of protein
and hydrolytic extracellular enzymes of the cell walls
of the M. phaseolina by the WT strain and two
mutant isolates NAS-K1M25 and NAS-K1M22. All
protein and enzyme activity data had significant
statistical differences at 0.05 %.

The maximum amount of extracellular protein
production was observed in the unirradiated sample
(WT). The amount of protein production in the NAS—
K1M25 with a high antagonistic activity showed a
lower value compared to the unirradiated sample.
However, this amount of protein was not significantly
different from the NAS-K1M22 with a low
antagonistic activity.

The special enzyme activity of total chitinase in
the NAS-K1M25 was higher than the WT strain and
the NAS-K1MZ22. In addition, the total chitinase
activity in the NAS-K1M22 with a low antagonistic
activity, was higher than total chitinase activity in the
WT strain. The NAG activity of the NAS-K1M22
isolate was higher than that of the WT strain and the

NAS-K1M25 isolate. There was also no significant
difference between the NAS-K1M25 and its un—
irradiated in terms of the NAG activity. The highest

activity of the exoglucanase enzyme, was observed in
the NAS-K1M25 and the highest activity of the
endoglucanase enzyme, B-1,4-glucosidase enzyme
and p-1,3-glucanase were observed in the NAS-
K1M22.Theendoglucanase activity in the NAS-
K1M22 increased over 4 folds of the NAS-K1M25
and more than 5 folds of its unirradiated. In spite of
observing the exoglucanase, endoglucanase, and —
1,4—glucosidase enzyme activities; total cellulase
enzyme activity was not observed in all the studied
fungi.

Electrophoresis and molecular size determination

The composition and purity of the chitinase-rich
protein samples were evaluated under denaturing
conditions by SDS-PAGE. The electrophoresis
patterns obtained by SDS-polyacrylamide gel
electrophoresis (PAGE) analysis of precipitated cell
free TFM supernatants is shown in Fig. 3.
Accordingly, the SDS-PAGE analysis of the crud
proteins on a 12.5 % polyacrylamide gel (Fig. 3)
indicated the presence of different protein bands
ranging from 11 to 245 KDa.

In the protein profile of the WT strain, a sharp
band at the molecular weight of 66 KDa and a
relatively weaker band at the molecular weight of 113
KDa, which are related to the presence of the 1, 43—
N-acetylglucosaminidase, were observed. The 1, 4—
B—N-acetylglucosaminidase with the molecular
weight of 66 KDa exhibited the highest band intensity
in the unirradiated and NAS-K1M22, and the lowest
band intensity was observed in the NAS-K1M25.

Moreover, the SDS-PAGE analysis showed
additional protein bands for NAS-K1M25 and its
wild type strain, which could be attributed to the
mutagenic effect. The increased protein secretion was
also confirmed by quantitative assay, and SDS—
PAGE analysis was done to compare identity among
the wild and mutant strains loaded by the same
amount of protein. Similarly, SDS-PAGE showed an
additional protein band, and the increased
extracellular enzymes by the application of five
rounds of mutation were reported in Ophiostoma
floccosum (Wu et al. 2006).

The sharp bands of endochitinase enzymes were
observed in molecular weight of 30, 33, 36, 42, 44
and 46KDa for NAS-K1M25, weak bands with these
similar molecular weights were observed in the WT
strain and the NAS-K1M22 SDS-PAGE profiles

(Fig. 3).

Table 3. Comparison of extracellular protein production, exoglucanase, endoglucanase, B—glucosidase, chitinase, N—
acetylglucosaminidase and B—glucanase enzyme activity (U/mg) of NAS-K1M25 and NAS-K1M22 with its unirradiated strain
(the WT strain) in TFM supernatant supplemented with Macrophomina phaseolina hyphal wall powder after 72 h incubation at

180xg and 28 °C.

Acticity Enzyem

Trichoderma koningii Strain

WT strain NAS-K1M22 NAS-K1M25

Extracellular protein (ng/ml) 183.91+1.26 155.02° +2.14 156.36° + 2.50
Chitinase enzymes activity (U/mg) Total Chitinase 27.29°£0.34 30.54°+1.84 57.40°+ 0.61
N-acetylglucosaminidase (NAG) 0.41° +0.02 0.722+0.05 0.34°+0.01

Glucanase enzyme activity (U/mg) B (1,3)-glucanase 25.05¢+0.17 29.14% + 0.40 26.15° +0.26

In each column, means with the same letters are not significantly different at p<0.05.
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The results showed that the superior NAS-K1M25
isolate has a high ability in the production of chitinase
enzymes due to growth on colloidal chitin as a
fermentation substrate, which has led to a specific
activity of the chitinase enzyme in this mutant that
can be 3.5 folds more than the unirradiated and 5.5
folds more than the weak antagonist of the NAS—
K1M22 isolate. The results of the protein profiles
analysis also showed that because of mutation, this
isolate produced an extreme variety of chitinase—rich
protein bands.

Meanwhile, the intensity of the expression of
endochitinase enzymes with molecular weights 30,
33, 35, 42, 44 and 46 KDa, exoglucanase enzyme
with molecular weight 40 KDa and NAG enzymes
with molecular weight 74 KDa were noted. These
results confirmed the high activity of the total
chitinase enzyme in this mutant. The clearest
chitinase enzyme band of this mutant was found in a
molecular weight of 40 KDa, which is probably an
exochitinase.

Fig. 3 shows the densitometry and protein profiles
from supernatant of the fermentation medium
containing T. koningii and its mutants (NAS-K1M25
with high antagonistic activity and NAS-K1M22 with
low antagonistic activity) and cell wall powder
substrate of M. phaseolina after 72 hours of
incubation at 28 °C and 180 rpm. All the studied
samples had different molecular weight bands in the
range of 20-120 KDa. The amount of protein in each
well was equally loaded, and the difference in band
strength indicated the presence of the same protein.
The intensity of the bands in well associated with the
superior antagonist NAS-K1M25 was higher than the
unirradiated. Comparison of the molecular weight of
the produced bands showed that, the NAS-K1M22
with low antagonistic activity had a generally lower

band strength compared to the superior antagonist
NAS-K1M25 and unirradiated in 74, 58, 54, 42, 40,
35, 33 and 30 KDa bands. Most of these molecular
weights were related to chitinase enzymes, which
were also visible in the protein profile of the studied
fungi in the fermentation on the colloidal chitin
substrate. Reducing bands' intensity indicated a
reduction in the expression of these enzymes in the
NAS-K1M22, which weakened the antagonistic
power of this fungus by inducing mutation. On the
other hand, an increasing in the severity of these
bands in the NAS-K1M25 superior antagonist isolate
resulted in the increased antagonistic activity of this
fungus against the pathogen fungus of M. phaseolina.
This difference in the band intensity was completely
observed in the molecular weights of 30, 33, and 35
KDa. Moreover, the lowest band severity was
observed in the molecular weight of 35 KDa, and the
highest band severity was observed in the molecular
weight of 20 KDa in the NAS-K1M22. In addition to
the change in the intensity of the bands, mutation
induction led to the creation of other new bands as a
result of the growth in the vicinity of the cell wall of
the pathogen fungus in the mutant isolates (e.g., 48
KDa band at NAS-K1M22), which were not visible
in the unirradiated.

Isoelectric focusing and 2D SDS-PAGE

The Fig. 4, shows the 2D-PAGE gel analysis of
the proteins produced by the wild type strain (NAS—
K1) (Fig.4 left) and the NAS-K1M25 isolate (Fig. 4
right) in the fermentation medium containing the cell
walls of M. phaseolina, as a fermentation medium
substrate. In addition, the highest distribution of
stains was observed in the range of isoelectric point
7-4 and the highest accumulation of molecular
weight was observed in the range of 20-75 KDa.

~~~~~~ T. koningii

«==<T, koningii M22

Density/Intensity (G.L.)

a2 sq 8 4
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e M D @ O
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194 240

Molecular Weight (kDa)

Fig. 3. Densitometry analyses of the proteins present in the SDS-PAGE profiles protein of the 1) WT strain; 2) NAS-K1M22;
3) NAS-K1M25; and M) standard protein molecular weight markers, in TFM supernatant supplemented with Macrophomina
phaseolina hyphal wall powder after 72 h incubation at 180xg and 28 °C. Proteins were visualized on 12.5 % SDS-PAGE gel and

stained with Coomassie Brilliant Blue R250.
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Fig. 4. Coomassie blue—stained 2DE gel of secreted proteins fromthe WT (a) and NAS-K1M25 strain (b) of Trichoderma
koningii cultivated on Macrophomina phaseolina hyphal cell wall powder in Trichoderma Fermentation Medium (TFM).

Totally, 137 spots in the WT strain and 157 spots
in the NAS-K1M25 isolate were identified and
numbered. Moreover, molecular weight, isoelectric
point (Ip), and percentage of the stains in the gels
were determined and compared using the Melanie
software. About 50 spots in each gel had the same
molecular weight and isoelectric point. Moreover, 20
spots in the NAS-K1M25 isolate showed a higher
percentage of stain intensity than the unirradiated,
which indicates more protein expression in those
spots.

The spots with higher protein expression were
shown in Fig 5.b, by the filled symbol points, and
molecular weight and the isoelectric point were
individually determined.

Most of the more intense spots in the NAS-
K1M25 were related to chitinase enzymes including
spots number 37 (5.54-40.7), number 48 (4.99—

100

OT. koningii
10 A

AT. koningii M25

o

Molecular weight (KDa)

Ao

1 T o B

4 5 6 7 8

Isoelectric point (IP)

Molecular weight (KDa)

60 4

37.17), number 53 (4.9-36.37), and number 63 (5-33).
DISCUSSION

The antagonistic specifications of Trichoderma
spp. and their capability in reducing the growth of
other soil borne pathogenic fungi have been described
by several authors like Ellil et al. (1998). This
antagonistic capability in attacking pathogenic fungi
at different stages of their development has led to this
belief that they could be strong biocontrol agents.

The role of enzymes in biological control of plant
disease often can be allocated to mechanisms of
parasitism and antibiosis. In particular, cell wall
degrading enzymes, such as chitinases, cellulases, p—
1,3-glucanases and protease, not only are important
features of mycoparasites for colonization of their
host

QT. koningii
AT. koningii M25

Isoelectric point (IP)

Fig. 5. a. Distribute protein spots at the 2DE gel of secreted proteins; b. The identified protein spots are labeled by the protein
molecular weight (Mw) and isoelectric point (Ip) and the closed and open symbols (e, o; the WT strain and A, A; NAS-K1M25)

show the high and low protein secreted in media, respectively.
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fungi, but also exhibit considerable antifungal activity
on their own. One of the mechanisms through which
enzymes act relies on the recognition, binding, and
enzymatic disorder in the host—fungus cell wall (Elad
2000; Hermosa et al. 2000).

The production increase of chitinase (Limon et al.
1999) and cellulase (Gadgil et al. 1995; Wadhwa &
Srivastava 1997) could be achieved by mutants of
Trichoderma and important levels of toxic
metabolites were also identified in Trichoderma
mutants, which may be associated with the increased
rhizosphere competence with other microflora and
pathogens (Cotes et al. 1996, Migheli et al. 1998).

The tested samples of gamma irradiation induced
mutants showed higher chitinase enzymes production
compared to their parental unirradiated strain (NAS—
K1). A major part of Trichoderma antifungal system
contains a number of genes encoding for an
astonishing variety of the secreted lytic enzymes
including  chitinase  (endochitinases, 1,4-B-
chitobiosidases), PB-glucanases (endo— and exo—
glucanases, p—1,3—glucosidases, p—1,6—glucosidases,
N-acetyl-B—glucosaminidases), proteases, lipases,
xylanases, mannanases, pectinases, amylases,
phospholipases, RNases and DNases (Hermosa et al.
2000). Particularly, chitinolytic and glucanolytic
enzymes are useful for biocontrol applications due to
their ability in efficiently degrading the cell wall of
plant pathogenic fungi. Each of these two classes of
enzymes contains a number of proteins with different
enzyme activities, and some of the enzymes have
been purified and characterized and their genes were
cloned. The cell-wall-degrading enzymes (CWDES)
from Trichoderma strains have great potential in
agriculture as active components in new fungicidal
formulations (Hermosa et al. 2000). According to the
findings, purified CWDEs from different strains of
T. harzianum are highly effective on the inhibition
spore germination and mycelial growth in a broad
range of pathogens such as Rhizoctonia, Fusarium,
Alternaria, Ustilago, Venturia, Pythium, Phytophthora,
Colletotrichum and especially Botrytis (Baek et al.
1999, Elad 2000, Benitez et al. 2000, Haggag &
Mohamed 2002). Haran et al. (1996) reported an N—
acetylglucosaminidase of 102 KDa (CHIT102), which
was expressed by T. harzianum strain TM when
grown on chitin as the sole carbon source.
Accordingly, they assumed this could be the same
enzyme described by Ulhoa & Peberdy (1991) and
moreover, different estimates of its molecular mass

were suggested to be occurred as a result of applying
different procedures. The other 1, 4-3—N-acetylglu-
cosaminidase, which was purified from T. harzianum
strain P, was estimated to be 72 KDa and had a pl of
4.6 (Lorito et al. 1994). Haran et al. (1996) reported a
73 KD a glucosaminidase (CHIT73) that was
expressed and excreted when T. harzianum strain TM
was grown on chitin as the sole carbon source;
however, it was not detected when the fungus was
grown on glucose. The activity of CHIT73 was found
to be heat-stable. N-acetylglucosaminidase enzymes
were observed in molecular weight of 74 KDa and 94
KDa only for NAS-K1M25 SDS-PAGE profile.

Most studies conducted on the regulation of
chitinase formation in Trichoderma spp. have
identified chitinases only by enzyme assays, and have
not addressed the possibility of differential regulation
for various isozymes. The N-acetylglucosaminidase
(NAGase) produced by Firmino et al. (2002) from
T. harzianum culture fluid had a molecular mass of 68
KDa. Four endochitinase have been reported to be
expressed by T. harzianum.

Haran et al. (1995) reported that, depending on the
strain, the chitinolytic system of Trichoderma may
contain five to seven individual enzymes. In the well—
characterized strain T. harzianum TM, this system
comprises two p—(1,4)-N-acetylglucosaminidases
(102 and 73 KDa), four endochitinases (52, 42, 33,
and 31 KDa), and one exochitinase (40 KDa) (Lorito
et al. 1993, Haran et al. 1996). In addition, two 1, 4—
B—N-acetylglucsoaminidase have been reported to be
excerted by T. harzianum. Ulhoa & Peberdy (1991)
described the purification of all these from
T. harzianum 39.1. They estimated its native
molecular mass to be 118 KDa by gel filtration,
whereas by SDS-PAGE, this value was 66 KDa.
Therefore, they suggested that, the active form was a
homodimer. Haran et al. (1996) reported an
endochitinase of 52 KDa (CHIT52). This enzyme was
excreted when T. harzianum (strain TM) was grown
on chitin as a sole carbon source, and it was highly
sensitive to heat treatment. The highest expression of
this enzyme was observed in the wild type and the
studied mutant samples showed a lower bandwidth
compared to the wild type. This enzyme band was
shown in a molecular weight of 57 KDa in the NAS—
K1M25. An endochitinase of 42 KDa (CHIT42) was
reported by De La Cruz et al. (1992), Haran et al.
(1996), and many other research studies (Table 4).

Table 4. Comparison of chitinase molecular weight from other Trichoderma species.

Organisms Protein type (Size) Substrate specificity Ref.

T. virens UKM-1 42 KDa Colloidal chitin (Nadiawati et al. 2009)
T. virens Gv 29-8 42 KDa ND" (Baek et al. 1999)

T. harzianum 42 KDa Colloidal chitin (De La Cruz et al. 1992)
T. harzianum 44 KDa (GIcNAC)3 (Draborg et al. 1996)

T. harzianum strain 39.1 40 KDa Swollen chitin (Ulhoa&Peberdy, 1992)
T. atroviride 28 KDa Chitosan 7B (Omumasaba et al. 2001)
T. reesei PC-3-7 46 KDa Chitosan (51.3 % deacetylated) (Ike et al. 2006)

T. atroviride strain P1 30 KDa GlcNAc oligomers B—chitin (Hoell et al. 2005)

*ND: not determined
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The pl value of the purified endochitinase from T.
harzianum strain P1 was approximately 3.9, which
showed an optimum activity at pH 4 (Harman et al.
1993). According to the preliminary reports, genes
encoding endochitinase 42 (CHIT42), endochitinase
33 (CHIT33), and N-acetyl-B—D—glucosaminidase
(nagl) were induced by fungal cell walls or colloidal
chitin (Carsolio et al. 1994, Garcia et al. 1994; Limon
et al. 1995, Peterbauer et al. 1996), as well as carbon
starvation (Limon et al. 1995, Margolles et al. 1996).
The expression of ech42 associated with light—
induced spore germination was inhibited by carbon
catabolites (Carsolio et al. 1994, Lorito et al.1996);
whereas the transcription of nagl (exochitinase) was
induced by N-acetyl-B—D—glucosamine (Carsolio et
al. 1994, Garcia 1994, Limon et al. 1995, Peterbauer
et al. 1996). In spite of the chitinase producing
micro—organisms that may be effective on the
biological control and also despite the possible role of
chitinases on the antagonistic process, literatures
concerning purification, molecular and Kinetic
properties, molecular structures, and physiological
roles of extracellular chitinases from mycoparasitic
fungi are rarely conducted (Sahai & Manocha, 1993).
The chitinase purified by De La Cruz et al. (1992)
from T. harzianum culture fluid had a molecular mass
of 40 KDa. Three chitinases purified by De La Cruz
et al. (1992) showed molecular masses of 33, 37, and
42 KDa. Accordingly, these enzymes were necessary
for maximum efficiency of the biological control of
chitin containing plant pathogenic fungi.

Lorito et al. (1994) reported that, CHIT2,
CHIT37, and CHIT33 enzymes in T. harzianum have
6.2, 6.6, and 7.8 isoelectric points, respectively.
Moreover, the CHIT42and CHIT37 enzymes were
matched with sharp spots 12 and 15, respectively. On
the other hand, another sharp spot of this mutant
isolate was found at a molecular weight of 31 KDa
and isoelectric point (Ip) 6.9, which was related to the
B-1.3 glucanase enzyme according to the results.
These results were consistent with the level of
enzyme activity of the NAS-K1M25 and increase of
the chitinase and B-1,3glucanase enzymes in this
mutant isolate relative to the unirradiated. In the
unirradiated, spots with a molecular weight of 73
KDa and Ip 5 exhibited more spot intensity compared
to the NAS-K1M25. Lorito et al. (1994) showed that
the N-acetylglucosaminidase enzyme (NAG) in the
T. harzianum had a molecular weight of 72 and Ip
4.6. Additionally, further expression of N-
acetylglucosaminidase (NAG) in the unirradiated
isolate led to a slight increase in the NAG activity in
the unirradiated than that of the mutant isolate.

The pl value of CHIT42 purified from T.
harzianum strain CECT 2413 was 6.2 (De La Cruz et
al. 1992). Ulhoa and Peberdy (1992) reported a
similar endochitinase of 40 KDa from T. harzianum
strain 39.1, which exhibited an optimum activity at
pH 4. Two endochitinase, estimated at 37 KDa and 33
KDa, were expressed by T. harzianum strain CECT

2413 when grown on chitin as the sole carbon source,
and their pl values were 4.6 and 7.8, respectively (De
La Cruz et al. 1992). Haran et al. (1996) detected two
similar endochitinases of 33 KDa (CHIT33) and 31
KDa (CHIT31), which were expressed by T.
harzianum strain TM.

Depending on available carbon source for
Trichoderma, it can produce various types of
chitinases with different molecular weight; therefore,
fermentation of colloidal chitin by this fungus and the
high production of chitinase enzymes and the high
diversity of endochitinase enzymes; such as the
enzymes raised in previous studies. For example,
molecular weights of 31, 33, 40, 42 and 73 KDa,
cannot be considered as a valid reason for the
mechanism of the production of enzymes involved in
the good antagonist of Trichoderma against the
pathogen because the nature of the chitin wall of the
pathogen fungus, both in terms of the molecular
weight of the chitin polymer in the cell wall and
polymer crystallization and the presence of side
branches and wall protector compounds to prevent
enzyme access, and also the diameter of the polymer
filaments are very different compared to the chitin
used in the laboratory (shrimp skin, etc.). Therefore,
our understanding from the comparison of the results
may be far from the truth. Hence, in this study, for the
first time, in order to evaluate the enzymes that are
effective on antagonistic activity, a pathogen fungus
cell wall powder was used as a substrate for
fermentation.

This study clearly showed the possibility of
improving the antagonistic microorganisms for
biological control of plant diseases through mutation
with &-irradiation. Induced mutation is one of the
usual methods to restrain the genetic construction of
microorganisms (Meloet al. 1997, Rey et al. 2000).
Induced mutagenesis using d—irradiation is proved to
be effective on enhancing the exochitinase production
and achieving biological efficiencies on NAS-K1.

Endochitinases randomly cleave chitin and
Trichoderma endochitinase tends to be effective on
controlling fungi more than chitinases found in plants
or other fungi (Lorito et al. 1993b). Extensive
investigations have shown that, there are virtually no
chitinous pathogens tested in vitro resistant to
Trichodermachitinases (Lorito et al. 1993a, b, 1994a,
b 1996). The high level and broad spectrum of
resistance can be acquired with the endochitinase
genes from Trichoderma spp. compared to the
transgenic expression of plant or bacterial chitinases
in plants (Lorito et al.1998). Mycoparasites are fungi
that can parasitize other fungi, and this term is
generally used to include parasites, which coil around
the host hyphae or overgrow other colonies on agar
(Paul 1999). Competition may play an important role
in fungal interactions, and may occur as an
independent phenomenon or in combination with
other mechanisms (Whipps & McQuilken 1993).
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In the present study, the WT strain and its mutants
apply a synergistic, competition, and mycoparasitism
effect on M. phaseolina. The authors suggest that, the
WT strain and NAS-K1M25 have this potential to be
as biocontrol agents of M. phaseolina. We also
confirmed the enhanced biocontrol activity and
chitinase and protein production by gamma
irradiation mutants over the wild type strain. The
results of chitinase enzyme activity assay clearly
showed that, one of the reasons for antagonistic
activity enhancement can be the high activity of the
chitinase enzyme in the NAS-K1M25, and the results
of the activity of chitinase enzyme assay confirmed
the high antagonistic activity of this fungus compared
to its unirradiated sample. In this regard, this case
emphasizes that, the chitinase enzyme may not be the
only enzyme involved in antagonistic activity and the
activity of other enzymes, either alone or as
synergistic effects, may be involved in the high
antagonistic activity of the NAS-K1M25 mutant.

An additional protein band in gamma irradiation
mutants increased the probability of enhanced
biocontrol activity, chitinase and protein production
in the mutant strains. These results demonstrated the
potential of using improved strains as biocontrol
agents for plant disease control by gamma irradiated
and adapted mutants. This technique can also be used
in other fungal strains to develop potential mutants
with different applications. Chitinases are divided
into  1,4-B-acetylglucosaminidases  (GICNAses),
endochitinases, and exochitinases. Endochitinases are
regulated by a variety of mechanisms; however,
induction by stress has been reported for CHIT33,
CHIT36, and CHIT42. Nevertheless, the induction
under mycoparasitic conditions is not clear yet. Ech42
is induced prior to any physical contact with
Rhizoctonia solani (Kullnig et al. 2000). CHIT33 can
be expressed only during the contact phase and not
before overgrowing R. solani (De las Mercedes
Danaet. al. 2001), and CHIT36Y need no direct
contact of the pathogen to be expressed. In order to
test the role of chitinases in mycoparasitism; CHIT33,
CHIT42, and CHIT36 have been overexpressed in
Trichoderma spp. and the 42 KbDa chitinase is
believed to be a key enzyme. Trichoderma virens
transformants overexpressing CHIT42 showed a
significantly enhanced biocontrol activity compared
to the unirradiated when assayed against R. solani in
the cotton seedling experiments (Howell 2003).

Trichoderma harzianum transformants overex—
pressing CHIT33 chitinase constitutively inhibited the
growth of R. solani under both repressing and
derepressing conditions; and the antagonist tests
demonstrated that this chitinase plays an important
role in mycoparasitism (Limon et al. 1999).

T. harzianum transformants overexpressing
CHIT36 chitinase inhibited F. oxysporum and
Sclerotium rolfsii more strongly than the unirradiated.
Moreover, culture filtrates almost completely
inhibited the germination of B. cinerea (Viterboet al.
2001).

ACKNOWLEDGEMENTS

This study was supported by grants from the
Radiation Application Research School, Nuclear
Science and Technology Research Institute (NSTRI),
Atomic Energy Organization of Iran (AEOQI).

REFERENCES

Adekunle AT, Cardwell KF, Florini DA, Ikotun T.
2001. Seed treatment with Trichoderma species
for control of damping—off of cowpea caused by
Macrophomina phaseolina. Biocontrol Science
and Technology 11: 449-457.

Adney WS, Mohagheghi A, Thomas SR, Himmel
ME.1995. Comparison of protein contents of
cellulase preparations in a worldwide round-robin
assay. In ACS Symposium Series 618: 256-271.

Baek JM, Howell CR Kenerley CM. 1999. The role
of an extracellular chitinase from Trichoderma
virens Gv29-8 in the biocontrol of Rhizoctonia
solani. Current Genetics 35: 41-50.

Baharvand A, Shahbazi S, Afsharmanesh H,
Ebrahimi MA, Askari H. 2016. Improving the
bio—control of Fusarium solani in gamma radiated
Trichoderma harzianum mutants via increasing
exoglucanase enzyme activity. International
Journal of Scientific Research in Science and
Technology 2: 2395-2401.

Bailey BA, Den RL. 1998. Direct effects of
Trichoderma and Gliocladium on plant growth
and resistance to pathogens. In: Trichoderma and
Gliocladium. Volume 2: Enzymes, biological
control and commercial applications. (GE
Harmann, CP Kubicek, eds): 185-205. CRC
Press, London, UK.

Barkai—Golan R. 2001. Postharvest diseases of fruits
and vegetables: development and control.
Elsevier, USA.

Benhamou N, Chet I. 1993. Hyphal interactions
between Trichoderma harzianum and Rhizoctonia
solani: ultrastructure and gold cytochemistry of
the mycoparasitic process. Phythopathology 83:
1062-1062.

Benitez T, Rey M, Delgado—Jarana J, Rincon AM,
Limon MC. 2000. Improvement of Trichoderma
strains for biocontrol. Revista Iberoamericana de
Micologia 17: 31-6.

Bradford MM.1976. A rapid and sensitive method for
the quantitation of microgram quantities of protein
utilizing the principle of protein—dye binding.
Analytical Biochemistry 72: 248-54.

Carsolio C, Gutiérrez A, Jiménez B, Van Montagu M,
Herrera—Estrella A. 1994. Characterization of
ech-42, a Trichoderma harzianum endochitinase
gene  expressed during mycoparasitism.
Proceedings of the National Academy of Sciences
91: 10903-10907.

Chand P, Aruna A, Magsood AM, Rao LV.2005.
Novel mutation method for increased cellulase



84

Mycologia Iranica — Vol. 6, 2019

production. Journal of Applied Microbiology 98:
318-23.

Cotes AM, Lepoivre P, Semal J. 1996. Correlation
between hydrolytic enzyme activities measured in
bean seedlings after Trichoderma Kkoningii
treatment combined with pregermination and the
protective effect against Pythium splendens.
European Journal of Plant Pathology 102: 497-
506.

De LaCruz J, Hidalgogallego A, Lora JM, Benitez T,
Pintortoro JA, Llobell A. 1992. Isolation and
characterization of three chitinases from
Trichoderma harzianum. European Journal of
Biochemistry 206: 859-67.

De La Cruz J, Llobell A. 1999. Purification and
properties of a basic endo—p-1, 6-glucanase
(BGN16. 1) from the antagonistic fungus
Trichoderma harzianum. European Journal of
Biochemistry 265: 145-151.

De Las Mercedes Dana M, Limén MC, Mejias R,
Mach RL, Benitez T, Pintor-Toro JA, Kubicek
CP. 2001. Regulation of chitinase 33 (CHIT33)
gene expression in Trichoderma harzianum.
Current Genetics 38: 335-342.

Draborg H, Christgau S, Halkier T, Rasmussen G,
Dalboge H, Kauppinen S.1996. Secretion of an
enzymatically active Trichoderma harzianum
endochitinase by Saccharomyces cerevisiae.
Current Genetics 29: 404—409.

Elad Y, Chet I, Boyle P, Henis Y. 1983. Parasitism of
Trichoderma spp. on Rhizoctonia solani and
Sclerotium rolfsii—scanning electron microscopy
and fluorescence microscopy. Phytopathology 73:
85-88.

Elad Y, Zvieli Y, Chet I. 1986. Biological control of
Macrophomina phaseolina (Tassi) Goid by
Trichoderma harzianum. Crop Protection 5: 288-
292.

Elad Y. 2000. Biological control of foliar pathogens
by means of Trichoderma harzianum and potential
modes of action. Crop Protection 19: 709-14.

Ellil AA, Awad NGH, El-Haleem STA. 1998.
Biocontrol of vegetable root rot disease by
Trichoderma harzianum and T. viride role of
sugars, protein and amino acids in host resistance.
African Journal of Mycology and Biotechnology
6: 25-41.

Etebarian HR. 2006. Evaluation of Trichoderma
Isolates for Biological Control of Charcoal Stem
Rot in Melon Caused by Macrophomina
phaseolina. JAST 8: 243-250.

Firmino AA, Ulhoa CJ, Sousa MV, Ferreira Filho
EX, Ricart CA. 2002. Involvement of G proteins
and cAMP in the production of chitinolytic
enzymes by Trichoderma harzianum. Brazilian
Journal of Microbiology 33: 169-173.

Gadgil NJ, Daginawala HF, Chakrabarti T, Khanna
P.1995. Enhanced cellulase production by a
mutant of Trichoderma reesei. Enzyme and
Microbial Technology 17: 942—6.

Garcia I, Lora JM, De La Cruz J, Benitez T, Llobell
A, Pintor-Toro JA. 1994. Cloning and
characterization of a chitinase (CHIT42) cDNA
from the mycoparasitic fungus Trichoderma
harzianum. Current Genetics 27: 83-89.

Gisi U, Chet I, Gullino ML. 2010. Recent
developments in management of plant diseases.
Springer, USA.

Graeme—Cook KA, Faull JL. 1991. Effect of
ultraviolet-induced mutants of Trichoderma
harzianum with altered antibiotic production on
selected pathogens in vitro. Canadian Journal of
Microbiology 37: 659-664.

Haggag WM, Mohamed HAA. 2002. Enhanecment of
antifungal metabolite production from gamma-ray
induced mutants of some Trichoderma species for
control onion white disease. Plant Pathology
Bulletin 11: 45-56.

Haran S, Schickler H, Oppenheim A, Chet 1. 1996.
Differential expression of Trichoderma harzianum
chitinases during mycoparasitism. Phytopathology
86: 980-5.

Harman GE, Hayes CK, Lorito M, Broadway RM, Di
Pietro A, Peterbauer C, Tronsmo A. 1993.
Chitinolytic enzymes of Trichoderma harzianum:
purification of chitobiosidase and endochitinase.
Phytopathology 83: 313-318.

Hermosa MR, Grondona I, lturriaga ET, Diaz—
Minguez JM, Castro C, Monte E, Garcia—Acha I.
2000. Molecular characterization and identification
of biocontrol isolates of Trichoderma spp. Applied
and Environmental Microbiology 66: 1890-8.

Hoell LA, Klemsdal SS, Vaaje—Koistad G, Hom SJ,
Eijsink VGH. 2005. Overexpression and
characterization of a novel chitinase from
Trichoderma atroviride strain PIl. Biochimistry
Biophysics Acta 1748: 180-190.

Howell CR. 2003. Mechanisms employed by
Trichoderma species in the biological control of
plant diseases: the history and evolution of current
concepts. Plant Disease 87: 4-10.

Ike M, Kazuhisa N, Akiko S, Masahiro N, Wataru O,
Hirofumi O, Yasuchi M. 2006. Purification and
characterization and gene cloning of 46 kDa
chitinase (chi46) from Trichoderma reesei PC-3-7
and its expression in Escherichia coli. Applied
Microbiology and Biotechnology 71: 294-303.

Kredics L, Antal Z, Szekeres A, Hatvani L,
Manczinger L, Véagvolgyi CS, Nagy E. 2005.
Extracellular proteases of Trichoderma species.
Acta Microbiologica et Immunologica Hungarica
52: 169-184.

Kubicek CP, Mach RL, Peterbauer CK, Lorito M.
2001. Trichoderma from genes to biocontrol.
Journal of Plant Pathology 83: 11-24.

Kullnig C, Mach RL, Lorito M, Kubicek CP. 2000.
Enzyme diffusion from Trichoderma atroviride (=
T. harzianum P1) to Rhizoctonia solani is a
prerequisite for triggering of Trichoderma ech42
gene expression before mycoparasitic contact.



GOHARZAD ET AL.: Two-dimensional and chitinase activity analysis of Trchoderma koningii 85

Applied Environmental Microbiology 66: 2232-
2234,

Laemmli UK. 1970. Cleavage of structural proteins
during the assembly of the head of bacteriophage
T4. Nature 227(5259): 680.

Limon MC, Lora JM, Garcia |, De La Cruz J, Llobell
A, Benitez T, Pintor-Toro JA.1995. Primary
structure and expression pattern of the 33-kDa
chitinase gene from the mycoparasitic fungus
Trichoderma harzianum. Current Genetics 28:
478-483.

Limon MC, Pintor-Toro JA, Benitez T.1999.
Increased antifungal activity of Trichoderma
harzianum transformants that overexpress a 33
KDa chitinase. Phytopathology 89: 254-61.

Lorito M, Harman GE, Hayes CK, Broadway RM,
Tronsmo A, Woo SL, Di Pietro A. 1993a.
Chitinolytic enzymes produced by Trichoderma
harzianum: antifungal activity of purified
endochitinase and chitobiosidase. Phytopathology
83: 302-307.

Lorito M, Hayes CK, Di Pietro A, Harman GE.
1993b. Biolistic transformation of Trichoderma
harzianum and Gliocladiumvirens using plasmid
and genomic DNA. Current Genetics 24: 349—
356.

Lorito M, Hayes CK, Di Pietro A, Woo SL, Harman
GE. 1994a. Purification, characterization, and
synergistic activity of a glucan 1, 3——glucosidase
and an  N-acetyl-B—glucosaminidase  from
Trichoderma harzianum. Phytopathology 84: 398-
405.

Lorito M, Peterbauer C, Hayes CK, Harman
GE.1994b. Synergistic interaction between fungal
cell wall degrading enzymes and different
antifungal compounds enhances inhibition of
spore germination. Microbiology 140: 623-629.

Lorito M, Mach RL, Sposato P, Strauss J, Peterbauer
CK, Kubicek CP. 1996. Mycoparasitic interaction
relieves binding of the Crel carbon catabolite
repressor protein to promoter sequences of the
ech42  (endochitinase—encoding)  gene in
Trichoderma harzianum. Proceedings of the
National Academy of Sciences 93: 14868-14872.

Lorito M. 1998. Comparison of biomass and viable
propagule measurements in the antagonism of
Trichoderma harzianum against Pythium ultimum.
Soil Biology and Biochemistry 22: 187-94.

Melo 1S, Faull JL, Graeme-Cook KA. 1997.
Relationship between in vitro cellulase production
of UV-induced mutants of Trichoderma
harzianum and their bean rhizosphere competence.
Mycological Research 101: 1389-1392.

Migheli Q, Gonzalez-Candelas L, Dealessi L,
Camponogara A, Ramén-Vidal D. 1998.
Transformants of Trichoderma longibrachiatum
overexpressing the p-1, 4—endoglucanase gene
eglishow enhanced biocontrol of Pythium
ultimum on cucumber. Phytopathology 88: 673—
677.

Nadiawati AE, Muhammad M, Abdul M, Abdul ME,
Farah D, Abu B, Nik Azmi N, Mahmood E, Rosli
MDI. 2009. Expression and characterization of
Trichoderma virens UKM-1 endochitinase in
Escherichia coli. World Journal of Microbiology
and Biotechnology 25: 561-572.

Omumasaba CA, Yoshida N, Ogawa K.
2001.Purification and characterization of a
chitinase from Trichoderma viride. Journal of
General and Applied Microbiology 47: 53-61.

Papavizas GC, Lumsden RD. 1982. Improved
medium for isolation of Trichoderma spp. from
soil. Plant Diseases 66: 1019-1020.

Paul B. 1999. Suppression of Botrytis cinerea causing
the grey mould disease of grape-vine by an
aggressive mycoparasite, Pythium radiosum.
FEMS Microbiology Letters 176: 25-30.

Pozo MJ, Baek JM, Garcia JM, Kenerley CM. 2004.
"Functional analysis of tvspl, a serine protease—
encoding gene in the biocontrol agent
Trichoderma virens. Fungal Genetics and Biology
41: 336-348.

Rey M, Delgado-Jarana J, Rincén A, Limén MDC,
Benitez T. 2000. Mejora de cepas de Trichoderma
para su empleo como biofungicidas. Revista
Iberoamericana Micologia 17: 31-36.

Sahai AS, Manocha MS. 1993. Chitinases of fungi
and plants: their involvement in morphogenesis
and host—parasite interaction. FEMS Microbiology
Reviews 11: 317-338.

Shahbazi S, Askari H, Mojerlou S. 2016. The impact
of different physicochemical parameters of
fermentation on extracellular cellulolytic enzyme
production by Trichoderma harzianum. Journal of
Crop Protection 5: 397-412.

Smith JS, Pillai S. 2004. Irradiation and food safety.
Food Technology 58: 48-55.

Sun WC, Cheng CH, Lee WC. 2008. Protein
expression and enzymatic activity of cellulases
produced by Trichoderma reesei Rut C-30 on rice
straw. Process Biochemistry 43: 1083-7.

Ulhoa CJ, Peberdy JF. 1991. Regulation of chitinase
synthesis in Trichoderma harzianum. Microbiology
137:2163-2169.

Ulhoa CJ, Peberdy JF. 1992. Purification and some
properties of the extracellular chitinase produced
by Trichoderma harzianum. Enzyme and Microbial
Technology 14: 236-240.

Véazquez—Garciduefas S, Leal-Morales CA, Herrera—
Estrella A. 1998. Analysis of the p-1, 3-
glucanolytic system of the biocontrol agent
Trichoderma harzianum. Applied and Environmental
Microbiology 64: 1442-6.

Viterbo A, Haran S, Friesem D, Ramot O, Chet I.
2001. Antifungal activity of a novel endochitinase
gene (CHIT 36) from Trichoderma harzianum
Rifai TM. FEMS Microbiology Letters 200: 169—
174,

Wadhwa V, Srivastava S. 1997. Mutational analysis
in cellulose degrading fungus Trichoderma reesei
QMO9414. Indian Journal of Microbiology 37: 73-6.



86

Mycologia Iranica — Vol. 6, 2019

Weindling R. 1932. Trichoderma lignorum as a
parasite of other soil fungi. Phytopathology 22:
837-845.

Weindling R. 1937. Isolation of toxic substances from
the culture filtrates of Trichoderma and
Gliocladium. Phytopathology 27: 175-183.

Weindling R. 1939. Variability of Fusarium
vasinfectum in culture. Phytopathology 29: 755.

Wen Z, Liao W, Chen Sh. 2005. Production of
cellulase by Trichoderma reesei from dairy
manure. Bioresource Technology 96: 491-499.

Whipps JM, Lumsden RD. 1991. Biological control
of Pythium species. Biocontrol Science and
Technology 1: 75-90.

Whipps JM, McQuilken MP. 1993. Aspects of
biocontrol of fungal plant pathogens. In: Exploitation
of microorganisms. Springer, Dordrecht: 45-79.

Wu C, Te'o VS, Farrell RL, Bergquist PL, Nevalainen
KH. 2006. Improvement of the secretion of
extracellular  proteins and isolation and
characterization of the amylase |1 (amyl) gene
from Ophiostoma floccosum. Gene 384: 96-103.

Zaia DA, Zaia CT, Lichtig J. 1998. Determinacéo de
proteinastotais via espectrofotometria: vantagens e
desvantagens dos métodosexistentes. Quimica
nova 21: 787-93.

Zeilinger S, Galhaup C, Payer K, Woo S, Mach R,
Fekete—Csaba L, Lorito M, Kubicek CP. 1999.
Chitinase gene expression during mycoparasitic
interactions of Trichoderma harzianum with its
hosto. Fungal Genetics Biology 26: 131-140.

Zimand G, Elad Y, Chet I. 1996. Effect of
Trichoderma harzianum on Botrytis cinerea
pathogenicity. Phytopathology 86: 1255-1260.



GOHARZAD ET AL.: Two-dimensional and chitinase activity analysis of Trchoderma koningii 87

Trichoderma koningii sy sl sies 4 53Ustss Collad g sins 99 5,089 ,51 l)
Macrophomina phaseolina Jebw 28,1995 S5 9n 4355 51y

¥ 5 5me dol ¥ 65l | o ! (g uid S b hedozxo B 515 245 Sl 48
Olnli)le gyl (smb b 5 (55588 pole oIS ol pold 0aSails (S 5ealS 09,5 —)
OInl @S Olpl sl 655 plojlu ¢ (gl i 508 g pole oRingh « (gl diwd (5),5LiS 0uSimgh —Y

o) ladgS .l oss o)lsl Trichoderma maws jhboSole sulyd )3 ¢ Johoz b (slaps 3l (il 4 odxie sla Limgh ,d 100w
Macrophomina phaseolina ale g oSl floie 4 lag,B ol 5 Aol o Mg5 (oodxie S oS o5 (sl 3l ¢ i
g Gy 3l b byl 5 s s sam 93 ST il cul 0 Nighie wBS digw JED (S il Jol
sl Jeool  jis il ebtear o] aBlbies  sbals ¢ (wiss <) Trichoderma koningii  gly!
lytangw 5l ookl b S 4550 el b)) gl 00,5 pbol ()] suwssSl cldld ,> (N——acetylglucosaminidase | & 1)
Ll iy dgw 4 Cond (gyd Cullad ady 4 BBl e slaalis a8 o L M. phaseoling paduce Jslw 6)l5 5 S
— oS dolb L)"‘ D A.H9 4 gu ﬁ‘).g Y ‘UT C"‘")” 9 ).3‘);. Y/ L)).D.s « NAS—K1M25 MLW 4J1J.> Pl )ws.\n‘ WJ)’] 37 u.».n.d
g b aSJ pimen 903 (S els M. phaseolina s, 5l (Wly dgu ply 0) 780 51 (i BT 13 ad)logs cuiS ygejl )3 )5y aibly
9 SDS—PAGE ;489,581 (9051 ) culis opl > (N——acetylglucosaminidase | & 1) 5 jls’snl (glaws 31 b b pe (classl
boalia dnogi ) Jgo Jhg) Ko lyie 4 Slgiee Ll GUgin b oad Sl xS jsbar g JIy55 0 st sy 5l 2D
sl 3 osill Suiglsn JynS Jele Sy olyie 4 wlg o NAS—KIM25 ably fas alis o 33,5 il o, asl s
S el jlo 2l sshie 4 ogrg oul b 2yS )3 elitul 3,50 M. phaseolina | (ob (alS by (il Copie

g 2l e 30 bl )3 o ()l g g Y9058 S5 g Mg 4 bgyye il o (5ol

oS 5] ¢ oS 3 o s LolS by ¢ gou 3l clled 1 gl CololS

Email: f_sahargah@yahoo.com ol;,253 sla ;3 00 a5l
VYAACAIYA s pds 2o, B YFAA 2V Y il yo &6



