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Isolation of growth inhibitors of the snow rot pathogen
Pythium iwayamai from an arctic strain of Trichoderma
polysporum
Miyu Kamo1, Motoaki Tojo2, Yusuke Yamazaki2, Takeshi Itabashi1, Hisashi Takeda1, Daigo Wakana1 and
Tomoo Hosoe1

Growth inhibitors were isolated from an arctic strain of Trichoderma polysporum, and the structures were elucidated and the

in vitro inhibitory effects of these compounds against Pythium iwayamai were investigated. Eleven compounds were isolated;

four showed a concentration-dependent growth-inhibitory effect against P. iwayamai. None of these compounds have been

reported previously as substances with antimicrobial activity against P. iwayamai. One of these four compounds inhibited the

growth of the pathogen at 33 μg ml−1 concentration during a 15-day incubation at 20 °C. This effect was comparable to that of

chloroneb (1: 1,4-dichloro-2,5-dimethoxybenzene), a fungicide with activity against P. iwayamai. Thus, the results of the present

study show that the arctic strain of T. polysporum can be an effective source of antibiotics with activity against the snow rot

pathogen, P. iwayamai.
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INTRODUCTION

Trichoderma spp. are common inhabitants of roots, soil and foliar
environments; these organisms represent the most frequently isolated
soil fungi.1 Their rapid growth and ability to metabolize a wide
variety of substrates have enabled Trichoderma spp. to become the
predominant components of the soil mycobiota in such diverse
ecosystems as agricultural fields, pastures, grassland, forests, salt
wetlands, deserts and polar regions.2,3 T. polysporum (Link ex. Pers.)
Rifai is a psychrotrophic species of the genus and is distributed
worldwide throughout temperate to arctic regions.4,5 Pythium snow
rot is one of the most destructive diseases of wheat and grasses in
Japan,6 Canada7 and the United States.8,9 Pythium iwayamai Ito is a
major causal agent of the disease.8 However, only a limited number of
chemicals are effective against Pythium snow rot.10,11 For these
reasons, novel compounds are needed for disease control. In our
previous study, we isolated T. polysporum strains from a moss,
Sanionia uncinata (Hedw.) Loeske, growing in the high arctic wetlands
on Spitsbergen Island, Svalbard, Norway.12 The arctic T. polysporum
strains grew and infected the moss without any symptoms at 0 °C.12

Given that T. polysporum from temperate regions has been reported to
produce some antibiotics,13–15 we thought that arctic isolates of
T. polysporum also might produce antibiotics against pathogens
known to grow in a low-temperature environment. We conducted
confrontation experiments between an arctic T. polysporum and
several snow molds and found that the arctic T. polysporum showed
a growth-inhibitory effect against P. iwayamai. (Figures 1a and b)

Herein we describe the production of growth inhibitors from
this arctic strain of T. polysporum, and the isolation, structure
determination and growth-inhibitory effects on P. iwayamai of these
inhibitors.

RESULTS AND DISCUSSION

In this study, we used T. polysporum OPU1571, an arctic strain. The
growth of OPU1571 was very slow at low temperatures, necessitating
overly long incubation times. We previously reported that arctic
T. polysporum strains exhibited growth at temperature ranges of
0–25 °C or 0–28 °C, with maximum growth observed at ~ 20 °C.12

Therefore, we cultured our arctic strain of T. polysporum at each of
two incubation conditions (at 4 °C for 1 year, and at 20 °C for
53 days), and confirmed that the HPLC chromatograms of the
resulting fungal extracts were very similar (Supplementary Figure
S2). On the basis of this result, T. polysporum OPU1571 was cultured
at 20 °C for 53 days and compounds 2–12 were isolated from the
resulting fungal extract (Figure 2). Details of the isolation and
purification of these compounds are provided in the ‘Experimental
procedure’ section and in Supplementary Figure S3.

Structure elucidation of 3
The molecular formula of 3 was established as C9H12O3 by
ESI-TOF-MS; this compound has 4 degrees of unsaturation. The
1H-NMR spectrum of 3 showed three sets of methylene proton
signals, a methoxy proton signal (δ 3.73), a methine proton signal
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(δ 4.57) adjacent to an oxygen atom, and two olefin proton signals
(δ 6.06 and δ 7.08 (J= 15.5 Hz each); Supplementary Figure S4). The
olefin group of 3 was determined to be in the trans configuration by
the spin coupling constants (δ 6.06 and δ 7.08 (J= 15.5 Hz)). The 13C
NMR and HSQC spectra of 3 assigned a carbonyl carbon (δ 167.6)
and a methoxy carbon (δ 51.7), two sp2 carbons (δ 117.7 and δ 154.4),
three sp3 methylene carbons (δ 34.0, δ 38.4 and δ 49.9), a sp3 methine
carbon (δ 72.8), and a fully substituted carbon (δ 80.8) adjacent to
oxygen atom (Supplementary Figure S5 and S6). The presence of a
methyl acrylate moiety in 3 was deduced from HMBC correlations
from 9-H3 to C-1, and from 2-H to C-1 and C-3. The HMBC from
5-H to C-4 and C-8, from 6-H to C-4 and C-8, and from 7-H to
C-5, C-6 and C-8 showed the presence of an epoxycyclopentane
moiety in 3.
Furthermore, we observed HMBC correlations from 2-H (δ 6.06)

and 3-H (δ 7.08) to the fully substituted carbon (δ 80.8) adjacent to
the oxygen atom at the C-4 position of an epoxycyclopentane moiety
in 3 (Figure 3 and Supplementary Figure S7). These results indicated
that the C-3 position of the methyl acrylate moiety was connected to
the C-4 positions of the epoxycyclopentane moiety; hence the
structure of 3 was established as (E)-methyl 3-(6-oxabicyclo[3.1.0]
hexan-1-yl)prop-2-enoate, as shown in Figure 3. Unfortunately, we
could not determine the stereochemistry at C-4 and C-5 in this study.

Growth-inhibitory effect of 2–7, 9 and 10 against P. iwayamai
The growth-inhibitory effect against P. iwayamai was tested for 2–7, 9
and 10. Compounds 8, 11 and 12 were not tested because the
amounts of these compounds were limited. Chloroneb (1), a known
antifungal agent, was used as a positive control. Compounds 3, 6, 7
and 10 showed a concentration-dependent growth-inhibitory effect on
P. iwayamai at 5 days. In particular, treatment with 7 (at 33 μg ml− 1

concentration) significantly inhibited the growth of P. iwayamai.
Growth-inhibitory effects were not observed with 2, 4, 5 or 9 at
33 μg ml− 1 concentration (Figure 4a).
To confirm sustained growth-inhibitory activity against

P. iwayamai, 3, 6, 7 and 10 were tested for growth inhibition during
extended incubation intervals. After 7 days, the growth-inhibitory
effects of 6 and 10 were no longer seen, and the effect of 3 was
weakened, whereas 7 (at 33 μg ml− 1 concentration) continued
to exhibit a significant growth-inhibitory effect (Figure 4b).
Furthermore, 7 (at 33 μg ml− 1 concentration) showed a significant
growth-inhibitory effect even after 15 days of exposure (Figure 4c).
Thus, in this study, we isolated multiple compounds from extracts

of an arctic strain of T. polysporum OPU1571; several of the resulting
substances (including 3, 6, 7 and 10) inhibited the growth of the snow
rot pathogen P. iwayamai. The structure of 3 was determined by
detailed analysis of the NMR and MS spectra. Compound 3 has a
five-membered ring with an epoxide in its structure. Other
fungally derived antimicrobials having five-membered rings with
epoxides include antibiotic 2188,16 dermadin,17–19 trichoviridin,18,20

isonitroin21 and related compounds.22–24 Among these antimicrobials,
those having isonitrile groups showed antibacterial and antifungal
activities. However, the growth-inhibitory activities of these com-
pounds against the snow rot organism (P. iwayamai) were not
reported. Therefore, compound 3 is the first example (to our
knowledge) of an anti-Pythium snow rot agent having a five-
membered ring with an epoxide moiety. Chloroneb (1) is the only
fungicide approved for use against P. iwayamai,11 although cyazofamid
and amisulbrom recently have been permitted for use against the
pathogen.12 Chloroneb (1) is an aromatic hydrocarbon fungicide; the
compound causes lysis of the inner mitochondrial membrane in
sensitive microorganisms, with further attack on nuclear and other
membranes at high doses.25 The mechanism(s) of action of 3, 6, 7 and
10 are not known; we intend to study these in future work.

Figure 1 (a) Co-cultures of Trichoderma polysporum OPU1571 (Tp) and
Pythium iwayamai OPU1452 (Pi) on potato dextrose agar. P. iwayamai
hyphae were inhibited before coming into contact with T. polysporum
hyphae. (b) A magnified view. A full color version of this figure is available
as Supplementary Figure S1.
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Figure 2 Structures of chloroneb (1), and 2–12 were isolated from Trichoderma polysporum OPU1571.
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EXPERIMENTAL PROCEDURE

General procedures
Melting points were measured on a Yanagimoto micro-melting point apparatus
(Yanaco New Science, Inc., Kyoto, Japan). Optical rotations were measured on
a JASCO DIP-1000 (JASCO Co., Ltd., Tokyo, Japan). CD spectra were obtained
with a JASCO J-820 spectrophotometer (JASCO). UV spectra were recorded on
an Amersham Biosciences Ultrospec 2100 spectropolarimeter (GE Healthcare
Japan Corp., Tokyo, Japan). Measurements of IR spectra were performed with a
JASCO FT/IR-4100 spectrometer on a KBr cell (JASCO). NMR spectra (both
1D and 2D) were obtained on a Bruker AVANCE-400 (400.13 MHz for 1H and
100.61 MHz for 13C) spectrometer (Bruker Bio Spin K. K., Kanagawa, Japan).
Multiplicity of signals is abbreviated as follows: s= singlet, d=doublet,

dd=doublet of doublets, dt=doublet of triplets, t= triplet, q= quartet,
m=multiplet and br= broad. EI and CI-MS spectra were obtained from a
JEOL JMS-600W spectrometer (JEOL Ltd., Tokyo, Japan). Electrospray
ionization ESI-TOF-MS spectra were obtained from a JEOL T100LP spectro-
meter (JEOL).
The isolation of metabolites was performed by medium-pressure liquid

chromatography on a silica gel column (25× 250 mm, YAMAZEN, Osaka,
Japan) and preparative HPLC using a Senshu SSC-3160 pump (Senshu
Scientific Co., Ltd., Tokyo, Japan). Preparative HPLC was performed using a
LC-20AT prominence pump (flow rate 2 ml min− 1, Shimadzu Corp., Kyoto,
Japan) and an Inertsil ODS-P column (10× 250 mm, GL science Inc., Tokyo,
Japan) in a CO-965 column oven (temperature at 30 °C, JASCO), and
monitored with a SPD-20A UV detector (Shimadzu). A BioShaker
PERSONAL-11 (TAITEC Co., Ltd., Saitama, Japan) was used for the incubation
of P. iwayamai as a test microbe. The OD of the microbial culture was
measured at a wavelength of 600 nm using a Bactomonitor BACT-500
instrument (Intertech, Inc., Tokyo, Japan).

Chemicals
Chloroneb (1) was used as a positive control and was purchased from Wako
Pure Chemical Industries, Ltd. (Osaka, Japan). The biological assay was
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Figure 3 Selected HMBC correlations of 3.

Figure 4 Growth-inhibitory activity of 1–7, 9 and 10 on Pythium iwayamai. Growth-inhibitory activities on P. iwayamai were measured after culturing for
5 days (a), 7 days (b) or 15 days (c). Statistical significance of data is given by the P-value (*Po0.05; **Po0.01). Growth-inhibitory activity of 2–7, 9 and
10 for P. iwayamai. A full color version of this figure is available as Supplementary Figure S8.
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performed in peptone-yeast-glucose broth, which was formulated using (per
liter water) 1.0 g polypeptone (Nihon Pharmaceutical Co., Ltd, Tokyo, Japan),
1.0 g yeast extract (Oriental Yeast Co., Ltd., Tokyo, Japan), and 10.0 g D-glucose
(Wako Pure Chemical Industries, Ltd.).

Statistical analysis
Data values are presented as mean± s.d. from three independent experiments.
Differences among experimental groups were compared with non-repeated
measures analysis of variance with post hoc Dunnett’s test. A value of Po0.05
was considered statistically significant.

Organisms
T. polysporum strain OPU1571 was isolated from brown discolored S. uncinata
from the land area of wetlands in Longyearbyen (78° 15ʹN, 15° 30ʹE),
Spitsbergen, Svalbard archipelago, Norway, in August 2002, using water agar
composed of 1.5% agar (Wako).12 P. iwayamai strain OPU1452 was isolated
from Kentucky bluegrass turf in a golf course fairway in mid-eastern Hokkaido,
Japan (43° 04ʹN, 141° 21ʹE). Both species were identified based on DNA
sequence analysis of the internal transcribed spacers (ITS) region and
morphological observations.12,26

Growth-inhibitory effect on P. iwayamai by living T. polysporum
T. polysporum OPU1571 and P. iwayamai OPU1452 were placed on potato
dextrose agar (Sigma Aldrich, St Louis, MO, USA) in the same Petri dish
~ 7 cm apart; the plate was incubated for 26 days at 0 °C. P. iwayamai hyphal
growth was inhibited before hyphae came into contact with those of
T. polysporum (Figures 1a and b). The experiment was repeated three times
by using a single plate per repetition. All the experiments showed the same
response between T. polysporum and P. iwayamai.

Culture, extraction and isolation
The culture medium consisted of moist rice, autoclaved at 120 °C for 20 min
before inoculation. T. polysporum OPU1571 was inoculated into each of 25
Roux flasks containing 150 g of moist rice per flask and cultured at 20 °C for
53 days. The fermented rice was extracted with MeOH and the organic layer
was evaporated. The resulting extract was suspended in H2O and extracted with
ethyl acetate (EtOAc) before the organic layer was evaporated in vacuo. The
EtOAc extract (12.8 g) was resuspended successively in individual organic
solvents (hexane, benzene, CHCl3 and MeOH); at each step the solvent-soluble
layer was recovered and evaporated in vacuo. Purification was performed using
an antimicrobial test and HPLC analysis-guided fractionation. The hexane
extract (6.1 g) was chromatographed using a silica gel column (40× 200 mm)
with a solvent system of CHCl3 (1000 ml), CHCl3-MeOH (400 ml at 100:1;
250 ml at 50:1; 250 ml at 20:1) acetone (250 ml), EtOH (250 ml) and MeOH
(500 ml), to yield seven fractions.
The first fraction was purified by medium-pressure liquid chromatography

on a silica gel column (25× 250 mm, YAMAZEN); eluted with benzene–
acetone (100:1) yielded (E)-6-(pent-1-enyl)-2H-pyran-2-one (2: 71 mg).27,28

The second fraction was suspended in MeOH and filtered. The residual solid
was confirmed to contain ergosterol peroxide (128 mg). The third fraction was
purified by HPLC on a silica gel column (10× 250 mm, GL science, Tokyo,
Japan) using benzene-MeOH (15:1) followed by benzene–acetone (5:1);
cyclonerodiol (4: 183 mg)29,30 was obtained from this purification. The fourth
fraction was purified by HPLC on a silica gel column using benzene–acetone
(20:1) followed by CHCl3-MeOH (30:1); mevalonolactone (9: 271 mg) was
obtained from this purification. The fifth fraction was purified by HPLC on a
silica gel column using CHCl3-MeOH (30:1) and (10:1); mevalonic acid
(17 mg) and anhydromevalonolactone (8: 3 mg)31 were obtained from this
purification.
The benzene extract (1.7 g) was purified by medium-pressure liquid

chromatography on a silica gel column using CHCl3-acetone (20:1) followed
by HPLC on a silica gel column using benzene-MeOH (10:1) and
CHCl3–acetone (3:1); a dihydroosmundalactone (7: 18 mg)32,33 was obtained
from this purification.
The CHCl3 extract (4.3 g) was suspended in CH3CN and filtered. The filtrate

(2.6 g) was purified by medium-pressure liquid chromatography on a silica gel

column using benzene–acetone (5:1) followed by further purification by HPLC
on a silica gel column. Elution with hexane–acetone (5:1) yielded methyl
p-hydroxyphenylacetate (11: 6 mg);34 a subsequent elution with benzene–
acetone (10:1) yielded harzialactone A (5: 49 mg)35–37 and latifolicinin C
(12: 2 mg);38 a subsequent elution with CHCl3-MeOH (50:1) yielded
2-(4-hydroxyphenyl)ethanol (10: 10 mg);39 a subsequent elution with
benzene–acetone (2:1) followed by hexane–acetone (1:1) yielded
2-anhydromevalonic acid (6: 11 mg)40 and 4-hydroxybutyric acid (4 mg);
and a subsequent elution with CHCl3-MeOH (50:1) followed by (20:1) yielded
(E)-methyl 3-(6-oxabicyclo[3.1.0]hexan-1-yl)prop-2-enoate (3: 17 mg). The
structures of the isolated compounds 2–12 are shown in Figure 2.

Compound 3
Colorless oil: [α]20D − 3.7°(c 1.0, MeOH); HR-ESI-TOFMS m/z: 169.0884
[(M+H)+, 169.0864 calculated for C9H13O3].

1H-NMR (CDCl3) δ 1.68 (1H, m,
6-H), 1.73 (1H, m, 7-H), 1.80 (1H, dd, J= 4.7, 14.7 Hz, 5-H), 2.06 (1H, m,
6-H), 2.10 (1H, m, 5-H), 2.22 (1H, m, 7-H), 3.73 (3-H, s, 9-H), 4.57 (1H, s,
8-H), 6.06 (1H, d, J= 15.5 Hz, 2-H), 7.08 (1H, d, J= 15.5 Hz, 1H); 13C NMR
(CDCl3) δ 34.0 (C-7), 38.4 (C-6), 49.9 (C-5), 51.7 (C-9), 72.8 (C-8), 80.8
(C-4), 117.7 (C-2), 154.4 (C-3) and 167.6 (C-1).

Growth-inhibitory activity against P. iwayamai
This assay was performed using pathogenic snow rot, P. iwayamai OPU1452.
The strain was incubated in peptone-yeast-glucose broth with the addition of
indicated concentrations (1.7, 3.3 and 33 μg ml− 1) of the test compounds;
cultures then were incubated at 20 °C for 15 days using a BioShaker. Growth of
P. iwayamai was measured each day by the OD600 of the broth culture using a
Bactomonitor. Chloroneb (1.7, 3.3 and 33 μg ml− 1) was used as a positive
control in this experiment.
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