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ABSTRACT: Secondary metabolites of Clitocybe nuda displayed antimicrobial activity against Phytophthora capsici. The culture
filtrate of C. nuda was extracted with ethanol and chromatographically separated on a Sephadex LH-20 column and fractionated
on a silica gel column to give eight fractions. These fractions were tested for the ability to inhibit zoospore germination of P.
capsici. The most active fraction was further purified by silica gel column chromatography to yield three compounds: 2-methoxy-
5-methyl-6-methoxymethyl-p-benzoquinone (1), 6-hydroxy-2H-pyran-3-carbaldehyde (2), and indole-3-carbaldehyde (3), all
new to C. nuda. At a concentration of 500 mg/L, compound 3 showed complete inhibition of zoospore germination, while
compounds 1 and 2 showed inhibition rates of 97 and 86%, respectively. To our knowledge, compound 1 is a newly discovered
compound and, for the other two compounds, this is the first report in C. nuda. These compounds are potential candidates for
new edible fungi-derived pesticides for the control of plant diseases.
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■ INTRODUCTION

Phytophthora blight, caused by Phytophthora capsici, is a
devastating disease of peppers. P. capsici attacks pepper roots,
stems, leaves, and fruits and causes severe yield losses.1 Its hosts
include cucumber, watermelon, and honeydew melon.1 For the
control of this soil-borne disease, crop rotation and chemical
application have been widely used. Chemical treatments have
shown promising results in the control of the disease.2

However, the chemicals have also led to the development of
fungicide resistance and the environmental pollution, which
may pose a serious risk to animal and human health.3 In recent
years, eco-friendly biological control of plant diseases and
nonchemical control of crop pests have received great public
attention worldwide.
A large number of biologically active compounds are

produced by basidiomycetes,4,5 which possess antibacterial,
antifungal, and antiviral activities.6−8 Several compounds that
inhibit the growth of a large spectrum of saprophytic and
phytopathogenic fungi have been isolated from wild macrofungi
(mushrooms).4,9,10 The fruiting body and mycelia of Clitocybe
nuda (wood blewit) have been reported to show antimicrobial
activity against the human pathogens Staphylococcus aureus11−13

and Candida albicans.11,12 Sangita and Agate14 also reported
that C. nuda showed antibacterial activity against S. aureus, and
the water-soluble substrates were found to be polyacetylenic
compounds by ultraviolet (UV) absorption spectra. Recently,
we found that the culture filtrate of C. nuda was reported to
strongly inhibit certain plant pathogenic fungi and bacteria and
to effectively reduce the disease incidences of Phytophthora
blight of pepper caused by P. capsici and leaf spot of pepper

caused by Xanthomonas axonopodis pv. vesicatoria.15 The
inhibitory substances have molecular weights between 1000
and 100, are negatively charged, and have hydrophilic
characteristics. The objective of this study was to identify the
key chemical substances in the culture filtrate of C. nuda strain
LA82 that are responsible for the inhibition of zoospore
germination of P. capsici.

■ MATERIALS AND METHODS
General Experimental Procedures. The compounds were

identified with the following spectrometric apparatuses. The UV
spectra were obtained on a Hitachi U-3210 spectrophotometer
(Tokyo, Japan). The infrared (IR) spectra were recorded on a Jasco
FT-IR-5300 infrared spectrophotometer (Tokyo, Japan). All of the
nuclear magnetic resonance (NMR) spectra were recorded with
deuterated solvent on a Varian INOVA Oxford-500 FT-NMR
spectrometer (Vernon Hills, IL) and a Varian INOVA Oxford-400
FT-NMR spectrometer (Vernon Hills, IL). Electron impact mass
spectrometry (EI−MS) and high-resolution (HR)-EI−MS data were
recorded on a JEOL JMS-700 spectrometer (Tokyo, Japan) and a
Shimadzu QP2010 mass spectrometer (Tokyo, Japan). Silica gel 60
(230−400 mesh; Merck, Darmstadt, Germany) was used for column
chromatography. Thin-layer chromatography (TLC) was carried out
on precoated Kieselgel 60 F254 (0.2 mm; Merck).

Organisms and Media. C. nuda strain LA82 was obtained
through breeding for high yield at the Taiwan Agricultural Research
Institute and maintained on compost extract agar (CEA), consisting of
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compost extract and 2% agar.16 For compost extract preparation, 25 g
of dried rice straw compost described previously16 and 100 g of corn
meal were boiled in 1 L of water for 20 min and filtered through two
layers of cheesecloth. P. capsici PCM81 was isolated from infected
pepper tissues and maintained on 10% V8 agar consisting of 10% V8
juice, 0.03% CaCO3, and 2% agar.
Spore Production. Sporangia of P. capsici PCM81 was produced

by growing the organism on 10% V8 agar at 24 °C in a 12 h light−dark
cycle, with cool white fluorescent irradiation for 5 days. For the release
of zoospores from sporangia, the culture was cut into small pieces (ca.
10 × 10 mm), transferred to 15 mL of sterile distilled water in a 9 cm
Petri plate, and incubated under light. After 1 days at 24 °C, the water
was replaced with 15 mL of sterile distilled water and the Petri plate
was placed in a refrigerator at 4 °C for 1 h. The concentration of
zoospore suspension was adjusted to 105 spores/mL with a Pipetman
microliter pipet.17

Production of Culture Filtrate. The C. nuda strain LA82 culture
block (10 × 10 × 3 mm) was placed in 200 mL of potato dextrose
broth (PDB, Difco) in a 500 mL flask, which was incubated at 24 °C
for 21 days on a shaker at 120 revolutions per minute (rpm). The
culture fluid was harvested by filtration through a Whatman no. 1 filter
paper and a 0.22 μm filter (Millipore, Billerica, MA). A total of 2000
mL of 21-day-old culture filtrate of C. nuda strain LA82 was
concentrated under vacuum and freeze-dried to give a 10 g residue for
chemical analysis.
Extraction and Isolation. The 10 g of residue was extracted with

1000 mL of 95% ethanol. The ethanol extract was concentrated under
vacuum to produce 1.5 g of crude extract. The crude extract was
chromatographically separated on a Sephadex LH-20 column (25−100
μm particle diameters) and eluted with 50% methanol in H2O to
generate two fractions (fractions 1 and 2). Fraction 2 but not fraction
1 showed significant activity and was further chromatographically
separated on a silica gel column (230−400 mesh, 1.5 × 60 cm) with n-
hexane/acetone (2:1) to produce eight subfractions (subfractions 2-
1−2-8). Among these eight subfractions, only fractions 2-3 and 2-4
prevented zoospore germination of P. capsici. Fraction 2-3 was further
chromatographically separated on a silica gel column (230−400 mesh,
1.5 × 30 cm) with n-hexane/EtOAc (2:1) to yield fraction 2-3-1
(compound 1; 14 mg) and fraction 2-3-2 (compound 2; 1.8 mg).
Fraction 2-4 was chromatographically separated on a silica gel column
(230−400 mesh, 1.5 × 30 cm) with n-hexane/EtOAc (2:3) to yield
fraction 2-4-1 (compound 3; 1.7 mg).
Compound 1. Yellow powder. UV (MeOH) λmax: 248, 272, 292,

364, and 416 nm. IR (neat) νmax: 1721, 1640, 1612 cm−1. 1H NMR
(CDCl3, 500 MHz) δ: 1.99 (s, 3, 5-CH3), 2.28 (s, 3, 6-CH2OCH3),
3.67 (s, 2, 6-CH2OCH3), 3.81 (s, 3, 2-OCH3), 5.94 (s, 1, H-2). 13C
NMR (CDCl3, 125 MHz) δ: 12.8 (5-CH3), 30.1 (6-CH2OCH3), 40.8
(6-CH2OCH3), 56.2 (2-OCH3), 107.5 (C-3), 136.2 (C-6), 144.1 (C-
5), 158.3 (C-2), 181.4 (C-1), 186.9 (C-4). EI−MS m/z: 197 [M + 1]+,
133, 119, 97, 69, 57. HR-EI−MS m/z: 196.0738 (calculated for
C10H12O4, 196.0736 [M]+).
Compound 2. 1H NMR (CDCl3, 500 MHz) δ: 4.63 (br s, 2, H-2),

6.46 (d, 1, J = 3.6 Hz, H-4), 7.18 (d, 1, J = 3.6 Hz, H-5), 9.47 (s, 1, H
of aldehyde). 13C NMR (CDCl3, 125 MHz) δ: 57.1 (C-2), 109.9 (C-
4), 123.5 (C-5), 152.0 (C-3), 161.0 (C-6), 177.8 (CHO). EI−MS m/
z: 126 [M]+, 109, 97, 69.
Compound 3. 1H NMR (CDCl3, 400 MHz) δ: 7.32 (m, 1, H-5),

7.34 (m, 1, H-5), 7.45 (d, 1, J = 8.8 Hz, H-7), 7.85 (d, 1, J = 3.2 Hz, H-
2), 8.33 (d, 1, J = 8.8 Hz, H-4), 8.80 (br s, 1, H-1), 10.1 (s, 1, H of
aldehyde). 13C NMR (CDCl3, 100 MHz) δ: 111.5 (C-7), 119.8 (C-3),
122.0 (C-4), 123.1 (C-5), 124.4 (C-9), 124.5 (C-6), 135.2(C-2), 136.1
(C-8), 185.2 (CHO). EI−MS m/z: 145 [M]+, 116, 103, 73, 59.
Assay of Antimicrobial Activity. The n-hexane/acetone (2:1, v/

v) extract was separated into eight fractions after evaporation of the
solvents. Each fraction was dissolved in distilled water to give
concentrations of 500 and 1000 ppm to assay for the antimicrobial
activity. Fractions 2-3 and 2-4 were further separated into three
subfractions 2-3-1, 2-3-2, and 2-4-1 by a chromatographic technique as
described above, and each subfraction was assayed for antimicrobial
activity. To assay the antimicrobial activity of the three subfractions

against the zoospore germination of P. capsici strain PCM81, 10 μL of
spore suspension was mixed with an equal volume of culture fraction
in a well of a sterile eight-cavity slide. The slides were kept moist by
placing them on L-shaped glass rods on moistened paper towels in 9
cm plastic Petri dishes sealed with Parafilm. A spore suspension mixed
with distilled water was used as a control. Zoospore germination was
recorded after incubation at 24 °C for 8 h, and 100 spores were
counted for each of the four replicates. All experiments were repeated
twice.

Statistical Analysis. Data were analyzed with Duncan’s multiple
range test using a standard statistical package (SAS/STAT) (version
9.1, SAS Institute, Inc., Cary, NC) to assess the statistical significance
between each column.

■ RESULTS AND DISCUSSION
Antimicrobial Activities of the Extract. The C. nuda

partially purified subfractions were extracted with n-hexane/
acetone (2:1, v/v) and subjected to antimicrobial activity
assays. Eight subfractions (subfractions 2-1−2-8) were
separated from fraction 2 and adjusted to 1000 ppm for assay
of zoospore germination. The results showed that fractions 2-3
and 2-4 exhibited excellent antimicrobial activities against P.
capsici with 100% inhibition at 1000 ppm, while the other
samples were innocuous to P. capsici. Subfraction 2-3-1 was
separated on a silica gel column with n-hexane/acetone (2:1, v/
v) to yield 14 mg of compound 1 and 1.8 mg of compound 2.
Compounds 1 and 2 showed strong antimicrobial activity at
500 ppm, reducing the germination from 77% in the control to
0 and 14.5%, respectively (Table 1). Subfraction 2-4-1 was

separated on a silica gel column with n-hexane/EtOAc (2:3) to
yield 1.7 mg of compound 3. Compound 3 showed complete
inhibition of zoospore germination at 500 ppm (Table 1).

Structural Characterization of Compound 1. Com-
pound 1 was obtained as a yellow powder. HR-EI−MS of
compound 1 showed a molecular ion peak at m/z 196.07382,
which corresponded to a molecular formula of C10H12O4. The
IR absorption peaks were indicative of a CO group (1721
cm−1), a CC double bond (1640 and 1612 cm−1), and the
presence of a p-benzoquinone moiety.18 UV absorptions were
observed at 248, 272, 292, 364, and 416 nm. The 1H NMR
spectrum of compound 1 showed a low field signal at δ 5.94 (s,
1, H-3), which indicated a tri-substituted p-benzoquinone. A
methyl proton signal at δ 1.99 (s, 3, 5-CH3), two methoxy
proton signals at δ 2.28 (s, 3, 6-CH2OCH3) and 3.81 (s, 3, 2-
OCH3), and an oxygen-bearing methylene proton signal at δ
3.67 (s, 2, 6-CH2OCH3) were also observed in the 1H NMR
spectrum. The 13C NMR spectrum of compound 1 showed two
carbonyl carbons at δ 181.4 and 186.9, three quaternary
carbons, a tertiary carbon at δ 107.5, a secondary carbon at δ

Table 1. Antifungal Activities of Three Chromatographic
Subfractions of the Culture Filtrate of C. nuda Strain LA82
on Zoospore Germination of P. capsici

zoospore germination (%)

compound 1000 ppm 500 ppm 100 ppm

1 0 ba 3.0 c 65.0 a
2 0 b 14.5 b 77.0 a
3 0 b 0.0 c 57.0 b
control 78.0 a 77.0 a 75.0 a

aMeans within the same column followed by the same letter are not
significantly different at p = 0.05 according to Duncan’s multiple range
test.
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40.8, and three primary carbon at δ 12.8, 30.1, and 56.2, which
indicated a p-benzoquinone ring substituted with a methyl
group, a methoxy group, and a methoxymethyl group. The
nuclear Overhauser effect spectrometry (NOESY) cross-peak of
H-3 at δ 5.94 with 2-OCH3 and 6-CH2OCH3 at δ 3.67 with 5-
CH3 and 6-CH2OCH3 was observed. The heteronuclear
multiple-bond correlation (HMBC) of H-3 at δ 5.94 with C-
2, C-4, and C-5, 2-OCH3 at δ 3.81 with C-2, 5-CH3 at δ 1.99
with C-4 and C-5, 6-CH2OCH3 at δ 3.67 with C-1 and C-5, and
6-CH2OCH3 at δ 2.28 with 6-CH2OCH3 were observed
(Figure 1). The substitute groups were determined to be at C-

2, C-5, and C-6 by NOESY and HMBC experiments. On the
basis of the above evidence and literature data,19−21 the
structure of compound 1 was determined to be 2-methoxy-5-
methyl-6-methoxymethyl-p-benzoquinone (Figure 2), which is

a new natural product. p-Benzoquinone or 1,4-benzoquinone is
the basic structure of quinonoid compounds. Many studies
indicated that 1,4-benzoquinone chemical derivatives exhibit
excellent pharmacological applications, such as antibacterial,22

antitumor,23 cytotoxic and antioxidant,24 anticoagulant,25 and
herbicidal26 activities. A large number studies of p-benzoqui-
none compounds including occurrence in nature or syntheses
have been reported.27 To our knowledge, this is the first report
of a new compound with strong inhibitory activity against an
oomycete plant pathogen.
Structural Characterization of Compound 2. Com-

pound 2 was identified by NMR and MS analyses, compared to
literature data,28,29 and identified as 6-hydroxy-2H-pyran-3-
carbaldehyde (Figure 2). 6-Hydroxy-2H-pyran-3-carbaldehyde
has been isolated from a traditional medicinal plant Crinum
yemense, and this compound is a tyrosinase inhibitor, which
could be used as a skin-whitening agent.29 This compound was
discovered for the first time from the secondary metabolites of
C. nuda and other microorganisms as well. It exhibited strong
antibiotic activity against zoospore germination of P. capsici. Its
dimer 6−6′-bis(2H-pyran-3-carbaldehyde) isolated from Pseu-
dallescheria boydii showed strong inhibitory activity against
Alternaria brassicicola.30

Structural Characterization of Compound 3. Com-
pound 3 was identified by NMR and MS analyses, compared to
literature data,31,32 and identified as indole-3-carbaldehyde
(Figure 2). Indole-3-carbaldehyde was isolated previously from
extracellular fluids of an unknown fungus YL185 and was found
to be a tyrosinase inhibitor, inhibiting oxidation and melanin
biosynthesis.33 Yue et al.34 also isolated this compound from
liquid fermentation cultures of Epichloe ̈ festucae, which showed
antifungal activity against chestnut blight caused by Cryphonec-
tria parasitica. Some reports demonstrated that indole
compounds can be produced by basidiomycetes.35−37 The
indole compounds and their derivatives possess anti-inflamma-
tory, analgesic therapeutics,38 and antimicrobial activities
against Gram-positive bacteria and fungi.39 The indole
compound found in this study possessed inhibitory activity
against zoospore germination of P. capsici.
Compounds 2 and 3 were tyrosinase inhibitors and

inhibitory to melanin biosynthesis.29,33 Whether such activity
is related to the antimicrobial activity remains to be
investigated. Antagonistic microorganisms and their secondary
metabolites have been evaluated for their potential to be used
as biocontrol agents for plant disease control. The antibacterial
and antifungal activities of a broad range of basidiomycetes
have been considered to be prolific and easily manipulated
sources of antibiotics.4 The inhibitory substances of C. nuda
were isolated and identified as three compounds. Molecular
formulas of compounds 1, 2, and 3 are C10H12O4, C12H10O5,
and C9H6NO, and molecular weights are 196, 126, and 145,
respectively. The results are consistent with the molecular-
weight dialysis test. The inhibitors have molecular weights
between 1000 and 100 and are negatively charged, and the
inhibitors are also not proteins.15 The three compounds
reported in this study are excellent potential candidates for new
edible fungi-derived compounds for the biocontrol of plant
diseases.
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