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A strain of Streptomyces sp. (M10) antagonistic to Botrytis
cinerea was isolated from orchard soil obtained from Jeju
Island, Korea. An antifungal substance (CN1) was purified
from the culture extracts of the strain, and then identified
as valinomycin through extensive spectroscopic analyses.
Valinomycin showed potent in vitro antifungal activity
against Botrytis cinerea and also in vivo control efficacy
against Botrytis blight development in cucumber plants.
Overall, the disease control efficacy of valinomycin was
similar to that of vinclozolin, a commercial fungicide. This
study provides the first report on the disease control
efficacy of valinomycin against Botrytis blight.
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Botrytis diseases such as Botrytis blight or Gray-mold rot,
caused by Botrytis cinerea, affect most vegetable and fruit
crops [2]. The symptoms of Botrytis diseases are very
diverse depending on the host and plant part infected.
Since the diseases are favored by cool, moist, and poorly
ventilated conditions, they are the most problematic diseases
of greenhouse-grown crops, especially in the spring and
fall seasons. Fungicides are commonly used to manage the
disease, but their effectiveness is reduced because of the
rapid evolution of fungicide resistance in B. cinerea [27].
As a result, there 1s an increasing need for new alternative
antifungal agents different from those currently in use
in terms of mode of action and chemical properties [5,
10, 29]. Moreover, the growing concerns of the public
regarding safer foods compel the research community to
develop safer fungicides and environmentally friendly
disease control methods [9, 23].

During the screening for antagonistic microorganisms
against Botrytis cinerea, we isolated Streptomyces sp. strain
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M10 from orchard soils collected on Jeju Island, Korea. In
this study, the antifungal substance produced by strain
M10 was purified using various chromatographic procedures
and its structure was determined by analyzing various
spectral data. The in vitro antifungal activity of the antibiotic
substance was examined against various plant pathogenic
fungi, and its in vivo control efficacy against Botrytis
disease on cucumber plants was evaluated under a growth
room condjition.

Morphological, physiological, and biochemical characteristics
of the antagonistic bacteria strain M10 were examined
using the methods of Waksman [26], Shirling and Gottlieb
[24], Schaal [20], and Williams ef al. [28]. Chemotaxonomic
evaluations indicated that the cell wall of strain M10
contained LL-DAP lacking diagnostic sugars, suggesting
that it is a cell-wall type 1. The strain produced a gray spore
mass on ISP2 medium with a yellow-brown substrate mycelia
mass. The M10 strain produced irregularly oriented and
branched aerial mycelium. The spore chain was rectiflexible
and consisted of 15-30 spores. The spores were cylindrical
with a 4.0-5.5 um diameter and 5.0-8.5 ym length.
Observations by electron microscopy revealed the spores
having a smooth surface. Based on the type of cell wall
components and morphological characteristics examined
by scanning electron microscopy, the strain M10 was
confirmed to belong to the genus Streptomyces. A partial
16S rDNA sequence of 1,465 nucleotides was determined
to be strain M10 (GenBank database under the accession
number EF034030). The strain M10 had high percentage
nucleotide similarity of the 16S rDNA sequences (99.88%)
with Streptomyces albolongus NBRC13465 and S. tsusimaensis
ATCC15141. The phylogenetic tree was constructed based
on the percent difference in the genetic relationships between
the allied strains of Streptomycetes (Fig. 1). Among the allied
strains, S. griseolus (99.14%), S. fulvissimus (96.55%), and
S. tsusimaensis have been reported as producers of the
antibiotic compound valinomycin [4, 8, 15].

SGGP agar medium (10 g glucose, 4 g peptone, 4 g yeast
extract, 4 g casamino acids, 2 g glycine, 0.5 g MgSO,
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Fig. 1. Phylogenetic localization of Streptomyces sp. M10 based on 16S rDNA sequences.

The length of each pair of branches represents the distance between sequence pairs.

H,0, 1.3 g K,HPO,, 11 distilled water) was used for the
large-scale production of the antifungal metabolites of
Streptomyces sp. strain M10. After incubation at 28°C for
two days, the culture (3 kg) was extracted with methanol
(6 1). The antifungal activity of the strain against B. cinerea
was observed in the methanol extract. The methanol
extracts were loaded onto a column filled with Diaion
HP-20 resins (Mitsubishi Chemical Co., Tokyo, Japan) and
eluted with stepwise gradients of methanol-water. The
active fractions (80—-100% methanol, v/v) were pooled and
further chromatographed on a silica gel column (silica gel
60, 23-660 pm mesh; Merck) with stepwise gradients of
chloroform-methanol. The fractions eluted with chloroform-
methanol (70:30-100:0, v/v) retained antifungal activities.
The active fractions were chromatographed on a Sephadex
LH-20 (Uppsala Sweden, Amersham) column (C26/100,
Pharmacia). The active fractions were pooled and further
purified by semipreparative HPLC (Gilson, Middleton, W1,
U.S.A)) equipped with a C18 reversed-phase column (ODS-
H80, 1x25 cm, 4 um; YMC Co., Kyoto, Japan) using an
clution system of linear gradients from 70% to 95%
methanol in distilled water amended with 0.1% formic
acid for 20 min followed by isocratic elution for 30 min
(flow rate: 2 ml/min). The antifungal compound was

eluted at a retention time of 48.7 min. The pure antibiotic
CN1 (11.5mg) was yielded as white powder after the
evaporation to dryness.

Spectroscopic analyses were performed to determine
the structure of the antibiotic CN1. Nuclear magnetic
resonance (NMR) spectra were recorded on a Bruker AMX
500 MHz NMR spectrometer (Billerica, MA, U.S.A.). A
complete analysis of a combination of 1D and 2D NMR
spectra suggested that compound CNI1 contains one o-
hydroxyisovaleryl unit (Hiv), a lactoyl group (Lac), and
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Fig. 2. Structure of the antibiotic valinomycin (CN1) 1solated
from Streptomyces sp. strain M 10.
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Table 1. Minimum inhibitory concentrations (MICs) of the
antibiotic valinomycin (CN1) isolated from the Streptomyces
strain M 10 against various microorganisms.

Microorganism MIC (pg/ml)*
Alternaria mali >256
Alternaria solani >256
Botrytis cinerea 4
Cladisporium cucumerinum >256
Colletotrichum gloeosporioides 256
Colletotrichum orbiculare >256
Cylindrocarpon destructans >256
Didymella bryoniae >256
Fusarium moniliforme >256
Fusarium oxysporum f.sp. cucumerinum >256
Fusarium oxysporum f.sp. lycopersici >256
Fusarium moniliforme >256
Magnaporthe grisea 4
Phytophthora capsici >256
Rhizoctonia solani 256
Candida albicans 32
Saccharomyces cerevisiae >256
Bacillus megaterium >256
Ralstonia solanacearum >256
Xanthomonas campestris pv. vesicatoria >256

“The lowest concentration of the antibiotic valinomycin (CN1) required for
complete inhibition of microbial growth.

two valines (Val) with the sequence Hiv-Val-Lac-Val,
which was confirmed by HMBC experiment. The ESI
mass data of compound CN1 ([M+H]" 1111.8, [M-H]"
1109.4) indicated the presence of C; symmetry, a triple of
Hiv-Val-Lac-Val. Through comparison with the NMR and
mass spectrum data of authentic valinomycin, the structure
of this cyclodepsipeptide CN1 was identified as valinomycin
(Fig. 2).

The antifungal activity of the antibiotic CN1 identified
as valinomycin was evaluated by an in vitro growth
inhibition assay on microtiter dishes (Cell Wells; Corning
Glass Works, Corning, NY, U.S.A.) using a method modified
from Nair et al. [14] (Table 1). Valinomycin inhibited
the growth of Rhizoctonia solani and Colletotrichum
gloeosporioides at the concentration of 256 pug/ml. The
growth of Candida albicans was inhibited at 32 pg/ml.
The antibiotic valinomycin showed a high level of inhibitory
activity against B. cinerea and M. grisea. Germination of
the spores was completely restricted at a concentration
of 4 pg/ml. The mycelial growth of the fungi was also
inhibited by valinomycin. The EC,;s of valinomycin against
the mycelial growth of B. cinerea and M. grisea were 5.2
and 4.3 pg/ml, respectively.

The in vivo control efficacy of valinomycin for controlling
Botrytis blight in cucumber plants was evaluated under a
growth room condition in comparison with the commercial
fungicide vinclozolin (Fig. 3). As the concentration of
valinomycin increased, the Bofrytis disease was markedly
suppressed in the cucumber plants. Valinomycin started to
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Fig. 3. In vivo efficacies of valinomycin (CN1) and vinclozolin
for the control of Botrytis blight in cucumber plants, caused by
Botrytis cinerea.

Each compound was applied on the plants one day before fungal
inoculation. Disease development was rated five days after the inoculation.
Vertical bars represent the standard deviations.

show protective activity against the B. cinerea infection at
the concentration of 50 pg/ml. No disease symptoms were
found on the cucumber leaves treated with 500 pg/ml
of valinomycin. Vinclozolin also showed potent disease
control capability. The cucumber plants treated with 500 pg/
ml of vinclozolin were completely protected from the
infection of B. cinerea, which was comparable to the
disease control efficacy of valinomycin.

Valinomycin has a cyclododecadepsipeptide structure
that contains a three-repeat sequence of a tetradepsipeptide
basic unit, D-o-hydroxyisovaleryl-p-valyl-L-lactoyl-L-valyl,
to form a symmetric 36-membered ring molecule [1, 3,
11]. The structure behaves as an ionophore that specifically
modulates potassium ion transport across biological
membranes [7]. Nigericin, monensins, and gramicidins are
well-known ionophore antibiotics that demonstrate diverse
biological activities [18]. With a known activity as a
potassium jonophore, valinomycin has been used as
an insecticidal-nematocidal agent (W. Patterson, U.S.
Patent no. 3,520,973, 1970) and as a key component of
K" measurement instruments in the biomedical device
industry [16]. Another ionophore antibiotic, gramicidin S,
is a cyclic peptide antibiotic like valinomycin and also
known to be a membrane-active substance [22]. The
antifungal activity of gramicidin S against plant pathogenic
fungi and its potential as a fungicide have been extensively
studied [13]. In contrast to gramicidin S, however, few
data are available to demonstrate the antifungal activities



of valinomycin against plant pathogenic fungi or its
potential as an antifungal agent for plant disease control.
Other cyclic peptide antibiotics such as montanastatin [17],
cereulide [25], PF1022A [19], and enniatin A, B [21] are
also known to have closely similar chemical structures to
valinomycin. Although these antibiotics have been reported
to have various biological activities, including antibacterial,
antifungal, anthelmintic, and anticancer effects, there are
no reports on the antifungal activity and disease control
effect against Botrytis cinerea.

The potent antifungal activity of valinomycin against B.
cinerea led us to evaluate the control efficacy properties
against Botrytis disease in cucumber plants. An in vivo
assay of antibiotic substances on plants is a requirement
for the prediction of any potential antifungal potency of the
compound as a plant disease control agent. Such a property
reflects not only the intrinsic potency of the compound but
also the chemical and physical properties needed as an
agricultural fungicide, e.g., stability in a farming environment
and distribution in the host plants. /n vivo control efficacy
tests have revealed that valinomycin is an effective control
agent for Botrytis disease in cucumber plants, which
1S comparable to the commercially available fungicide
vinclozolin. Vinclozolin is a dicarboximide fungicide, which
is used mainly on vines, fruits, and vegetables worldwide.
The mode of action of vinclozolin has been proposed to be
associated with membrane lipid peroxidation, which causes
cellular leakage on a susceptible fungal strain [6]. Valinomycin
has a different mode of action from vinclozolin. As a
potassium ionophore, valinomycin causes a depolarization
of fungal cytoplasmic membrane, leading to cell death [12].
The distinct antifungal mechanism suggests that these two
compounds may have no cross-resistance to each other.
Along with the peptide structure of valinomycin, which
is expected to be moderately degradable in an agricultural
environment, its potent in vivo control efficacy gives it
useful characteristics as an antifungal agent for the control
of Botrytis diseases.
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