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Abstract

The antagonistic potential of Trichoderma spp. for biologi-
cal control of wood-damaging fungi was investigated in the
present paper. In vitro assays to investigate antifungal char-
acteristics of Trichoderma spp. were conducted with various
wood-damaging fungi. Exo-chitinase activity of the isolates
was also measured. Three typical wood decayers and three
sap-stainers served as target fungi. The antagonistic abili-
ties of each Trichoderma species differed markedly accord-
ing to the target fungus. The growth inhibition rates shown
by the non-volatile metabolites against the wood decayers
reached 100% for Trichoderma harzianum KUC1459. The
antibiotics produced by Trichoderma dorotheae KUCS5027,
a recently reported species of Trichoderma, revealed strong
antagonistic effects against sap-stainers. Trichoderma gam-
sii KUC1747 effectively inhibited the growth of all wood-
damaging fungi in dual culture tests. The exo-chitinases
of Trichoderma longibrachiatum KUC1540, Trichoderma
aureoviride KUC1335, and T. harzianum KUC1459 showed
significantly high activity.

Keywords: antagonistic ability; biological control; exo-
chitinase; Trichoderma; wood-damaging fungi.

Introduction

The genus Trichoderma (teleomorph Hypocrea, Ascomycota)
is well known for the production of biological control agents
(BCAs) against several plant pathogens, as demonstrated by
many studies (Weindling 1934; Highley and Ricard 1988;
Murmanis et al. 1988; Doi and Yamada 1992; Rossman 1996;
Bruce 1998; Kubicek and Harman 1998; Phillips-Laing et al.
2003; Benitez et al. 2004). Extensive efforts have been made

to use these organisms in plant disease control. The beneficial
effects of these organisms are based on combined mechanisms
such as the secretion of antifungal secondary metabolites,
mycoparasitism, and spatial or nutritional competition with
target fungi (Kubicek and Harman 1998).

In the field of wood preservation, there are only a few stud-
ies on the application of Trichoderma in relation to those of
crop preservation (Verma et al. 2007). Wood preservation by
chemicals is relatively cheap and effectively prolongs the
service life of wood (Rowell 1975). By contrast, the toxic-
ity of heavy metals and other chemicals in wood preserva-
tives are also a matter of serious health and environmental
concerns (Cooper 1994; Lebow 1996; Hingston et al. 2001;
Schultz et al. 2008). The intense research activities on devel-
oping and testing less problematic protective systems dem-
onstrate the urgent need for innovation in this field (Namyslo
and Kaufmann 2009; Verma et al. 2009; Lee and Cooper
2010; Pilgérd et al. 2010; Robinson and Laks 2010; Tascioglu
and Tsunoda 2010; Chirkova et al. 2011; Freitag et al. 2011;
Pankras and Cooper 2011; Schultz and Nicholas 2011).

Biological control of wood-damaging pests could be a
promising alternative, and in this context Trichoderma spp.
with their high potential of BCA production could play an
important role. In our previous study (Huh et al. 2011),
10 Trichoderma spp. from various wood substrates were
identified by means of multigene phylogeny. The antagonis-
tic properties were evolved in competition with other wood
destroyers — such as wood-rotting and sap-staining fungi, or
other molds — the expectation is justified that the Trichoderma
isolated from wood does have the ability to effectively inhibit
wood-damaging fungi.

The objectives of this study were to further investi-
gate the biocontrol ability of indigenous wood-colonizing
Trichoderma spp. against several wood destroyers by focus-
ing on the inhibiting potential of BCAs of Trichoderma as
potential agents for biological wood preservation. The BCAs
were tested in detail as volatile and non-volatile metabolites.
The exo-chitinase activity of Trichoderma crude enzymes
was also evaluated.

Materials and methods

Fungal species

As potential antagonists, a total of 10 Trichoderma spp. isolated from
woods in Korea were tested: Trichoderma atroviride KUC1335,
Trichoderma aureoviride KUCI1271, Trichoderma citrinoviride
KUC5160, Trichoderma dorotheae KUC5027, Trichoderma gam-
sii KUC1747, Trichoderma harzianum KUC1459, Trichoderma
koningiopsis KUC5063, Trichoderma longibrachiatum KUC1540,
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Trichoderma pleuroticola KUC1279 and Trichoderma viride
KUCS5062. For detailed characteristics of these fungi, see Huh
et al. (2011). The target fungi were: Fomitopsis palustris KUC8977,
Gloeophyllum  trabeum KUC8067, and Trametes versicolor
KUCB8936, and the sap-stainers Ophiostoma floccosum KUC2411,
Ophiostoma koreanum KUC2071, and Ophiostoma piceaperdum
KUC2929 (Kim et al. 2005a,b).

Test of non-volatile metabolites

The test was performed according to Dennis and Webster (1971a). A
5-mm disk of malt-extract agar (MEA) with 3-day-old Trichoderma
was transferred to the center of a new MEA medium covered with a
sterilized cellophane membrane. After 3 days of incubation, the cel-
lophane with the growing mycelium of Trichoderma was removed.
Each disk of target fungi grown for 3 days in MEA was immediately
inoculated to the center of the remaining agar plate and incubated for
3 days at 26°C in darkness. The colony diameters of the test fungi
were measured after this incubation period.

Test of volatile metabolites

The Trichoderma isolates were inoculated in MEA and incubated for
24 h. After incubation, the lid of the plate was replaced by the bot-
tom of a 3-day-old MEA culture of the test fungi. The two halves
of the plate were taped together. After 5 days of incubation, the dia-
meter of the test fungi was measured. The tests were conducted in
triplicate. All of the incubation procedures were performed under
light-limited conditions to control the sporulation of Trichoderma.
The method followed that of Dennis and Webster (1971b) with minor
modifications.

Dual culture test

Trichoderma isolates were grown on 2% MEA for 7 days. Freshly
grown mycelial plugs were then cut from the edge of the culture
and inoculated on the edge of new MEA media. The test fungi taken
from the edge of a 3- to 5-day-old MEA culture were inoculated
on the opposite side of the same plate. The characteristics of the
inhibition of the growth of the colony were observed after 10 days
of incubation at 26°C. This determination was made based on all
possible pairings of antagonists and test fungi for screening the an-
tagonistic isolates. The degree of antagonism between Trichoderma
and the target fungi in the dual culture test was scored on a scale of
1-5 (Bell et al. 1982).

Exo-chitinase assay

The Trichoderma spp. were grown in Richard’s medium containing
10 g KNO,, 5 ¢ KH,PO4, 2.5 ¢ MgSO,x7 H,0, 2 mg FeCl,, 1% in-
soluble polyvinylpyrrolidone, 150 ml V8 juice (Campbell Soup Co.,
Camden, NJ, USA), 10 g chitin from shrimp shells (Sigma Chemical
Co., St. Louis, MO, USA), and 850 ml water at pH 6.0. Conidia
suspensions of Trichoderma harvested after 7 days of growth on
MEA media were inoculated in 100 ml Richard’s medium in 250 ml
Erlenmeyer flasks on a rotary shaker at 150 rpm at 25°C for 5 days.
After incubation, the medium and the fungal mass were centrifuged
at 8000 g for 10 min and were filtered through a glass fiber filter
(Whatman GF/C, GE Healthcare, Buckinghamshire, UK). The fil-
trates were sterilized by filtration through a 0.45 pum filter. The final
filtrates were used as the crude enzyme for the exo-chitinase assay.
In this context, the release of p-nitrophenol from p-nitrophenyl-/N-
acetyl-B-p-glucosaminide (Sigma Chemical Co.) was measured

according to Tronsmo and Harman (1993). Briefly, 30 ul of the test
samples were added to wells in a flat bottom well microtiter test
plate. Then, 50 pl of substrate solution containing 300 pg ml! of
p-nitrophenyl-N-acetyl-3-D-glucosaminide dissolved in 50 mM
potassium phosphate (pH 6.7) was added. The plates were incubat-
ed at 50°C in a water bath for 10 min. Reactions were terminated
by addition of 50 ul of Na,CO, (0.5 M) and the absorbance at 405
nm was measured with a microplate reader (Sunrise, Tecan Austria
GMBH, Austria). One unit of exo-chitinase activity was defined as
the amount of enzyme that released 1 umol of p-nitrophenol per ml
enzyme per min under the conditions of the assay.

Statistical analysis

The significance of differences was tested by Tukey’s multiple
comparison test. The statistical significance of all results was de-
termined by calculating the P-value (P<0.05). SAS version 8.4 was
the software used for data analysis. The test was performed in trip-
licate experiments. The inhibition rates of non-volatile and volatile
metabolites were calculated with the following formula: inhibition
(%)=[(D1-D2)/D1]x100, where D1=the diameter of the target colo-
ny in the absence of the antagonist and D2=the diameter of the target
colony in the presence of the antagonist.

Results and discussion
Non-volatile metabolites

The antifungal activity of the non-volatile metabolites of the
Trichoderma spp. tested generally showed significant growth
inhibition of three wood-decaying fungi (Table 1). An excep-
tion was the test with 7. aureoviride against G. trabeum.
T. harzianum has already proved to be an effective BCA
against several plant-pathogenic fungi (Stasz et al. 1988). In
addition, in the present study, 7. harzianum completely inhib-
ited the growth of all three wood-decaying fungi (100% inhi-
bition). 7. dorotheae and T. viride was also effective against
G. trabeum (85.9% and 74.1% inhibition, respectively).

T. harzianum and T. dorotheae have a relatively high
antagonistic ability against sap-stainers. The latter isolate
represents a new Trichoderma species recently described by
Samuels et al. (2006). Interestingly, 7. dorotheae was effec-
tive in the inhibition test and this study is the first report in
this regard. Furthermore, 7. dorotheae produces a lower rate
of wood discoloration than other Trichoderma spp. (Huh
et al. 2011) and this characteristic increases the attractive-
ness of this organism as a potential BCA for wood protection.
The inhibition rates of 7. dorotheae against O. floccosum and
O. piceaperdum were superior to those of 7. harzianum. It
can be concluded that 7. harzianum is a strong antibiotic pro-
ducer. Moreover, the isolated non-volatile metabolites of
T. dorotheae have a high potential as BCA for wood protection.

Volatile metabolites

The rates of inhibition of wood-damaging fungi by volatile
metabolites differed significantly according to the target fun-
gus and the Trichoderma strain (Table 1). The highest inhi-
bition of wood decayers was produced by 7. gamsii against
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Table 1 Exo-chitinase activity and the percentage of growth inhibition produced by Trichoderma spp. against wood-decaying and sap-staining fungi through non-volatile and volatile

metabolites.

Percent growth inhibition of wood-damaging fungi (%)

Sap-staining fungi

Wood-decaying fungi

Exo-chitinase

O. piceaperdem

0. koreanum 0. floccosum

G. trabeum T. versicolor

F. palustris

activity

(U ml)

NV NV NV

NV NV

Vb

NV

Antagonist

-3.20B¢€P

70.43€
50.83P
20.54F
08.944
35.07F
83.51B
29.40F
22.33F
66.76¢
55.26P

7.10A
1.88%
-4.637

0.12¢P 40.56P 1.31€ 11.05F
6.885¢ 11.79%
2.70¢P 26.18€

42.868

14.89AB
19.084

-1.354B 44.52F 5.87A 32.01P
-1.017B

-9.48ABC
-11.19ABC

19.92P

0.105%

T. atroviride

2.57ABC
-3.84P

1.76€
2.64F

-5.27F
73.38€
96.284

6.666
15.99F
52.72¢

5.964
-4.508

0.666H
54.65P
85.868

9.81FF
55.218
37.29¢

0.456A8
0.339P
0.111%

T. aureoviride
T. citrinoviride

-3.54¢P
2.92AB
3.73A

3.034
10.56%

-1.68EF
4414

-1.94AB
-7.488
-3.528

T. dorotheae
T. gamsii

20.89¢P
63.574
26.43€

-6.89F
85.148
20.03E
71.75¢
43.83P
46.17P

7.986
100.004

5.546H
100.00A
42.02F
18.72F

-4.13ABC
-11.408¢
-0.55MB

10.77PE
100.004
32.96¢
30.76¢
47908
47928

0.368BCP

-0.16
-3.417

4,407

1.55¢
-1.20F
-6.126

-2.93PE
3.18¢P
0.27¢P

5.748¢D

-9.70F

0.4454BC

T. harzianum

2.98AB
4.954

36.18P
24.83E
31.74P
84.638

0.76"B
-7.238

0.378B¢P
0.4844

T. koningiopsis

20.78¢P
20.29P
43.658

-2.77ABC
-5.93ABC

-13.91€
ANV, percent growth inhibition by non-volatile metabolites of antagonists. "V, percent growth inhibition by volatile metabolites of antagonists. Numbers followed by the same letter in each column

do not differ statistically (P<0.05) according to Tukey’s multiple comparison test. Italics indicate that the values do not differ significantly from the control value.

T. longibrachiatum
T. pleuroticola
T. viride

5.664

1.634
10.234

4.447

-2.358¢
0.447B

6.286
74.06¢

0.353¢P
0.323P

3.02AB

3.328

Trametes versicolor. Of the wood decayers tested, Trametes
versicolor was most sensitive to volatile metabolites from
Trichoderma.

The growth inhibition in many of the pairs of Trichoderma
and target fungus was below 0%. Accordingly, the growth of
the target fungi was stimulated instead of inhibition. Itis likely
that the weak antifungal activities of the volatile metabolites
from Trichoderma stimulated the defense mechanisms of the
target fungi, which were able to overcome the antagonism by
growing more rapidly. Growth stimulation of wood decayers
also occurs by chemical wood preservatives in low concentra-
tions (Schmidt 1977).

The inhibition rates of volatile metabolites are not closely
related to those of non-volatile metabolites as the inhibition
rate of the latter is more pronounced than that of the former.
One of the volatile metabolites of Trichoderma, 6-n-pentyl-
2H-pyran-2-one, was described as having an odor resem-
bling that of coconut, and it is viewed as a BCA (Claydon
et al. 1987). A coconut odor was detected for only three of
the 10 Trichoderma spp. tested: T. gamsii, T. atroviride, and
T. pleuroticola. However, T. atroviride and T. pleuroticola were
not effective in inhibition tests. Only the volatile metabolites
of T. gamsii show 19.1% growth inhibition against Trametes
versicolor (Table 1). Similarly, Dennis and Webster (1971b)
observed that an isolate of the 7. viride group and one
isolate of Trichoderma koningii that produced a coconut
odor do not cause significant inhibition of the growth of
Rhizoctonia solani. Therefore, the presence of a coconut odor
cannot be interpreted as an indicator for the antibiotic ability
of an isolate.

Dual culture tests

The tendency to decrease the spatial area occupied by
the wood-damaging fungi was observed to be specific for
the target fungi in dual culture tests of each Trichoderma.
F. palustris was more weakly affected by the antagonists than
the other target fungi. All of the Trichoderma tested cannot be
ranked as a class 1 protection effect on Bell’s scale in the dual
culture with F. palustris. Four Trichoderma spp. (T. aureo-
viride, T. gamsii, T. pleuroticola, and T. viride) covered the
entire surface of the plate, i.e., their overgrowth against the
wood destroyers was complete.

Living Trichoderma on wood materials as a competitor
against harmful fungi can cause discoloration of the wood sur-
face, which is caused by the greenish spores of Trichoderma.
Among the competitive antagonists in dual culture tests,
T. gamsii showed favorable characteristics because it rarely
produces spores on solid media or wood materials (Huh et al.
2011). Thus, T. gamsii can be considered as a BCA producer
for wood with high potential.

Exo-chitinase assay

T. longibrachiatum exhibited the highest exo-chitinase
activity (0.48 U ml!') among the Trichoderma spp., fol-
lowed by T. aureoviride (0.46 U ml™") and T. harzianum
(0.44 U ml') (Table 1). The relationship between
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Table 2 Evaluation of Trichoderma isolates against wood-damaging fungi in dual culture test according to Bell’s scale® of antagonisms.

Wood decaying fungi Sap-staining fungi
Antagonist F. palustris G. trabeum T. versicolor O. koreanum 0. floccosum 0. piceaperdem
T. atroviride 2 1 2 1 1 1
T. aureoviride 2 1 1 1 1 1
T. citrinoviride 3 2 2 2 3 2
T. dorotheae 2 1 1 1 2 2
T. gamsii 2 1 1 1 1 1
T. harzianum 2 2 1 2 1 1
T. koningiopsis 2 1 2 1 1 2
T. longibrachiatum 3 1 1 1 1 2
T. pleuroticola 2 1 1 1 1 1
T. viride 2 1 1 1 1 1

“Degree of antagonism as proposed by Bell et al. (1982): 1, antagonist completely overgrew the pathogen and covers the entire surface of the
medium; 2, antagonist overgrew at least two-thirds of the surface of the medium; 3, antagonist and pathogen each colonized one-half of the
surface of the medium (more than one-third and less than two-thirds), but neither organism appeared to be dominant; 4, pathogen colonized at
least two-thirds of the surface of the medium and appeared to withstand encroachment; and 5, pathogen completely overgrew the antagonist

and occupies the entire surface of the medium.

exo-chitinase activity and the percent inhibition produced
by volatile or non-volatile metabolites against target fungi
was not observed in this study. A similar finding was
reported by Ordentlich et al. (1991) about the antagonis-
tic activity of Trichoderma and chitin-degrading enzymes.
T. citrinoviride was one of the least effective antagonists in
the dual culture test (Table 2), but its chitinase activity was
relatively high. The deviations between these results can
be explained by differences concerning the mechanisms of
spatial or nutritional competition and the effects of chitin-
degrading enzymes.

The antibiotic metabolites of 7. aureoviride and T. longi-
brachiatum did not show substantial activity. Their competi-
tive performance in the dual culture test and their chitinase
activities were not observable.

Conclusions

All Trichoderma spp. tested in this study showed antagonistic
abilities against wood-decaying and sap-staining fungi. The
extent of the antagonistic effects differed among the species
tested. T. harzianum and T. dorotheae had the most effective
antagonistic strains in the test of non-volatile metabolites. In
dual culture, 7. gamsii was effective against the target fungi
and virtually showed no sporulation. Among the Trichoderma
spp., T longibrachiatum, T. aureoviride, and T. harzianum
KU1459 had a relatively higher exo-chitinase activity than
the others (P<0.05).

T. dorotheae did not produce noteworthy results in the chi-
tinase assay or in the dual culture test against sap-stainers.
However, it has some potential as a BCA producer, especially
for use against sap-stainers. 7. gamsii is a competitive BCA
producer and could be effective as a living microorganism for
wood preservation. The fungal species screened in this study
are recommended as antagonistic organisms for the biologi-
cal control of wood-damaging fungi. More detailed investiga-
tions of these fungal species are needed.
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