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Isolation and Antifungal Activity of 4-Phenyl-3-Butenoic Acid
from Streptomyces koyangensis ~ Strain VK-A60
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An antifungal compound was isolated from the culture broth of Streptomyces koyangensis strain
VK-A60 using various chromatographic procedures. On the basis of the high-resolution El-mass and
1H and ¥C NMR data, the compound was identified as 4-phenyl-3-butenoic acid. Colletotrichum
orbiculare, Magnaporthe grisea, and Pythium ultimum were most sensitive to 4-phenyl-3-butenoic
acid. Strong inhibitory effects of 4-phenyl-3-butenoic acid also were found against Pectobacterium
carotovorum subsp. carotovorum and Ralstonia solanacearum. 4-Phenyl-3-butenoic acid effectively
suppressed the development of M. grisea on rice leaves at the concentration of more than 10 ug/
mL, and the protective activity was in general similar to that of the commercial fungicide tricyclazole.
Treatment with 100 ug/mL of 4-phenyl-3-butenoic acid also effectively inhibited the anthracnose
development on cucumber plants, although its in vivo efficacy was somewhat less effective than that
of the commercial fungicide chlorothalonil.
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INTRODUCTION continuously noted rather than any other actinomycete genera.

In our previous study, a number of actinomycete strains were
isolated from soils of various regions in Kore20j. Strepto-
myces koyangensgp. nov. strain VK-A60 Z1) was isolated
during the screening of actinomycete strains having antifungal
activity against some plant pathogenic fungi.

The objectives of this study were to isolate and characterize
antifungal substances active against plant pathogenic fungi
r,oroduced by a novelStreptomycesspecies using various
chromatographic procedures and NMR and mass spectral
analysis and to evaluate its in vitro and in vivo antifungal
activities against various plant pathogenic fungi. This is the first
report to study 4-phenyl-3-butenoic acid (PBA) producedby
koyangensisp. nov. strain VK-A60 and its antifungal activity
against plant pathogenic fungi.

Microbial metabolites are expected to be potent fungicides
to conquer the resistance and pollution likely caused by synthetic
fungicides, because of their versatility in structure and activity
(1, 2) and biodegradable propertie 4). A series of agrofun-
gicides of microbial origin have been developed, such as
blasticidin S (5), kasugamycin (6), polyoxin (7), validamycin
(8), and mildiomycin 9). The microbial metabolites that were
not evaluated by the previous screening procedures were ofte
discovered for their potent antifungal activity against plant
pathogenic fungi. Recently, the antibiotic compounds such as
gopalamicin 10), tubercidin {1, 12), manumycin-type antibiot-
ics (13), rhamnolipid B (14), phenylacetic acith), phenazine-
1-carboxylic acid 16), aerugineX7), and thiobutacinl@) were
found to have potent antifungal activities for the control of some
plant diseases.

The genusStreptomyce$ias been the richest source for all
types of antibiotics. Substantial numbersStfeptomycespecies

MATERIALS AND METHODS

Production and Isolation of the Antifungal Compound. Strepto-

or strains with a novel antibiotic activity still exist in nature
(19). Accordingly,Streptomycestrains, as sources of a lager
number and wider variety of new antibiotics, have been
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myces koyangensgrain VK-A60 1) antagonistic to various plant
pathogenic fungi was isolated from radish-growing soils collected from
Ko-yang in Korea. The strain VK-A60 was precultured in 500 mL of
yeast-malt extract broth (YMB) (10 g of malt extraet g of yeast
extract, 4 g of glucose, 20 g of agar, 1 L of® pH 7.3) in a 1-L
Erlenmeyer flask on a rotary shaker at 150 rpm for 3 days #t8
The 5-mL aliquot of the culture broth was transferred into 500 mL of
glycerol dextrin broth (GDB) [20 g of glycerol, 20 g of dextrin, 10 g
of soytone, 3 g ofyeast extract, 2 g of (NDLSO,, 4 g of KoHPO,, 1
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L of H20, pH 7.0] in a 1-L Erlenmeyer flask. The inoculated flasks
were incubated for 14 days at 28 on a rotary shaker at 150 rpm.
The culture broth of strain VK-A60 (100 L) was centrifuged at 3¢00
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solani, and a spore suspension§&pore/mL) of other plant pathogenic
fungi: Alternaria mali; Botrytis cinereaCladosporium cucumerinum;
C. orbiculare;Cylindrocarpon destructang&usarium oxysporurfisp.

for 20 min to remove mycelial mats. The resulting supernatants were lycopersici;M. grisea;Sclerotinia sclerotiorumThey were incubated

purified by Diaion HP-20 column chromatography. The column was

eluted with a stepwise gradient of water and methanol (0:100, 20:80,

on potato dextrose agar at-288 °C. Antimicrobial activities of yeasts
(10* CFU/mL), Candida albicansand Saccharomyces cerevisiae, and

40:60, 60:40, 80:20, 100:0, v/v). Each eluate (3 L) was concentrated bacteria (10CFU/mL), Bacillus subtilissubspsubtilis Pectobacterium

to a small volume and bioassayed agai@stletotrichum orbiculare,
Phytophthora capsiciRhizoctonia solani, andMagnaporthe grisea

carotovorumsubsp.carotovorum,Ralstonia solanacearum, arkhn-
thomonasvesicatoria, were also evaluated. A LQ- suspension of

using a paper disk method. The 80% and 100% methanol eluates werespores or cells at each concentration was added to each well containing

highly active against. orbiculareandM. grisea The effective fractions

1 mL of potato dextrose broth (Difco) or nutrient broth (Difco). The

were combined and partitioned with ethyl acetate. The solvent was antifungal compound dissolved in methanol, ranging in the concentra-
subsequently evaporated using a rotary evaporator. The ethyl acetatdion from 0 to 100ug/mL, was dispensed into microtiter plates. The

phase was further purified by flash column chromatography of silica
gels (silica gel 60ks4, 63—200 um, Merck). The crude extracts were
loaded on an open glass column (15®00 mm) packed with silica
gels. The column was eluted with stepwise gradients of chloroform
and methanol (100:0, 90:10, 80:20, 70:30, 50:50, 30:70, 10:90, V/v).

plates inoculated witlB. cinerea,C. cucumerinum, and the other
microorganisms were incubated at228 °C. The antimicrobial activity

of the compound against the microorganisms was evaluated after
incubation for 2-5 days by comparing with a positive control containing
culture broth and microorganisms without the compound. The lowest

Each fraction was concentrated and bioassayed. The antifungal 100%concentrations of the compound where no growth of microorganisms

and 90% chloroform fractions were combined and further purified by
Cis reverse phase flash chromatography (Lichroprep RP-18,680

was observed were considered to be MICs.
Evaluation of in Vivo Antifungal Activity. The protective activity

um, Merck, Darmstadt, Germany). The column was eluted with stepwise of the antifungal compound from the cultures of the strain VK-A60 on
gradients of methanol and water (0:100, 20:80, 40:60, 60:40, 80:20 cucumber plants again&t orbicularewas evaluated in a growth room.
and 100:0, v/v). Each fraction of the eluate was concentrated in vacuo Cucumber (Cucumis satizus, cv. Baekrokdadaki) seeds were sown

and antifungal activity agains€. orbiculare and M. grisea was

in plastic pots (5x 15 x 10 cm) containing a steam-sterilized soil

evaluated using the paper disk method. The antifungal 60% and 80% mix [peat moss, perlite, and vermiculite (5:3:2, vol:vol:vol), sand and
methanol fractions were combined and concentrated. The concentratesoam soil (1:1:1, vol:vol:vol)]. Cucumber plants were raised in a growth
were dissolved in methanol and chromatographed on Sephadex LH-20room at 28+ 2 °C with 80umol photons m? s™* (fluorescent lamps).

column (26x 950 mm, C26/100 column packed with Sephadex LH-

The commercial fungicide chlorothalonil and the purified compound,

20 resin, Pharmacia, Upsala, Sweden). The Sephadex LH-20 columndissolved in water and methanol, respectively, were diluted with 0.1%

was eluted with methanol at a flow rate of 0.15 mL/min, and the

Tween 20 solution to give the concentrations of 10, 50, 100, and 500

fractions were collected using a fraction collector (Pharmacia Redifrac, ug/mL. Each of diluted chemical solutions was sprayed on the primary

Pharmacia). Among 250 fractions obtained from Sephadax LH-20
column chromatography, fraction no. 65-189 showed high activity
againstC. orbiculare. The pooled active fractions were subjected to
HPLC with a Ggreverse phase column (SymmetryPrep €@Ilumn, 7
um, 7.8x 300 mm, Waters). The chromatography was conducted with
a Gilson HPLC system (Gilson, Middleton, WI) at a flow rate of 2
mL/min using a linear gradient solvent system from 20% acetonitrile
to 80% acetonitrile in 10 mM ammonium hydroxide. The separation
was monitored at absorbance of 250 nm by a-ti\6 detector (118
UV—vis detector, 0.2 mm cell path, Gilson). Finally, the pure antifungal
compound active again€t orbicularewas obtained from a single peak
with the retention time of 3.23 min at 250 nm.

Structure Elucidation of the Antifungal Compound. The UV

leaves of cucumber plants at the 3-leaf stage 1 day before inoculation
with C. orbiculare Conidial suspensions (4Cconidia/mL) of C.
orbicularein 0.05% Tween 20 were uniformly sprayed on the leaves
of cucumber plants. Control plants were sprayed with the solution of
Tween 20 only. The inoculated cucumber plants were placed in a dew
chamber at 28 1 °C for 24 h and then transferred to the growth
room. Lesions on the secondary leaves of cucumber plants were counted
6 days after inoculation. Data are the means of lesion numbeléeh
area of 6 plants/treatment with 3 replicates.

The antifungal compound was evaluated in a greenhouse for the
ability of suppressing leaf blast development on rice. Ridgy/Za satia
L., cv. Nakdong) was raised in plastic pots ¥515 x 10 cm) filled
with the steam-sterilized soil. Plants were grown in a greenhouse, and

spectrum of the compound was recorded on Beckman DU 650 fertilizer was applied to rice plants. The commercial fungicide tricy-
spectrometer (Beckman Instruments, Inc., Fullerton, CA). The electron clazole was used to compare the antifungal activity with the compound.
impact mass spectrum was measured on JEOL JMS-700 Mstation masShe antifungal compound and tricyclazole dissolved in methanol and

spectrometer (JEOL, Tokyo, Japafil nuclear magnetic resonance
(NMR), C NMR, and distortionless enhancement by polarization
transfer (DEPT) spectra were recorded on a Bruker AMX 500 NMR
spectrometer (Bruker, Rheinstetten, Germany) using Gix@h TMS

as an internal standard. Two-dimensional NMR spectra, suéH-as

water, respectively, were diluted with 0.1% Tween 20 to give the
concentrations of 1, 10, 50, 100, and 58fmL. Each of the chemical
solutions was sprayed on the leaves of rice at the 8-leaf stage 1 day
before inoculation witiM. grisea. Conidial suspension ©6onidia/

mL) of M. griseawas sprayed on the rice leaves until runoff. Control

H correlation spectroscopy (COSY), hetero single quantum coherenceplants were sprayed with the solution of Tween 20 only. The inoculated

(HSQC), and heteronuclear correlation via multiple bond connectivities
(HMBC), also were measured using the Bruker AMX 500 NMR
spectrometer.

Detection of in Vitro Antimicrobial Activity. During purification

plants were placed in a dew chamber for 24 h at°@8and then
transferred to the greenhouse. Lesions on the leaves were counted 5
days after inoculation when typical lesions appeared on the leaves of
plants. Data are the means of lesion numbet/ieaf area of 6 plants/

procedures, the antifungal effects of each fraction were determined by treatment with 3 replicates.

paper disk bioassay method. The fractions obtained from each chro-

Statistical Analysis. Statistical analyses were conducted with the

matography step were loaded onto sterile paper disks (8 mm in Statistical Analysis System for personal computers (SAS Institute, Cary,

diameter). The molten potato dextrose agar (Difco) containing conidial

NC). Fisher’s protected least significant difference (LSDlpat 0.05

and mycelial suspension of test fungi was poured into 9-cm Petri dishes. was applied to determine whether differences between treatments were
After solidification of seeded agar, completely desiccated paper disks significant.

loaded with the fractions were laid onto the center of the plate.
The minimum inhibitory concentrations (MICs) of purified antifungal

4-Phenyl-3-Butenoic acid (GoH100,): HREIMS mVz 162.0680 [M]
(theorm/z162.06806)*H NMR (CDs;OD, 500 MHz)6 7.39 (1H, d,J

compound against plant pathogenic oomycetes and fungi, yeast, and= 8.5, H-2 and H-6), 7.29 (1H, 1 = 8.5, H-3 and H-5), 7.20 (1H, t,

bacteria was determined in a 24-well microtiter dish (Cell Wall, Corning
Glass Works, Corning) using a method modified from Nair et®0) (
The inocula used in this test were a zoospore suspensiéadgbdpore/
mL) of P. capsiciand Pythium ultimum, a mycelial suspensionRf

J=8.5, H-4), 6.50 (1H, dJ = 16.0, H-7), 6.35 (1H, dt) = 16.0; 7.0,
H-8) and 3.22 (2H, dJ = 7.0, H-9);3C NMR (CDsOD, 125 MHz)d
176.0 (C-10), 138.6 (C-1), 134.0 (C-7), 129.5 (C-3 and C-5), 128.4
(C-4), 127.2 (C-2 and C-6), 123.9 (C-8) and 39.5 (C-9).
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RESULTS AND DISCUSSION resonance ad 123.9 and 134.0. The methylene group was
detected abd 3.22 in the'H NMR spectrum and 39.5 in the

13C NMR spectrum, respectively. ThEC NMR spectrum
indicated the presence of a carboxyl groupéal76.0. The
correlations of methine protom .50, H-7) with other methine
proton (6 6.35, H-8) were confirmed by théH—H COSY
spectral analysis. The COSY spectrum also showed the cor-
relations of the methine proton .35, H-8) with the methylene
proton (6 3.22, H-9). The possible connectivity between
aromatic protond 7.39, H-2) and methine protos .35, H-8)
was confirmed by the analysis of NOESY spectrum. The
NOESY spectrum also showed the correlations of the aromatic
proton (67.39, H-6) with methine protor’(6.50, H-7). On the
basis of all the spectral data, the structure of the antifungal

Production and Isolation of the Antifungal Compound.
Optimal medium and culture time for producing antibiotics from
Streptomyces koyangen$iK-A60 were examined to determine
the conditions for a large-scale production of antibiotics. The
strain VK-A60 was cultured at 28C for 4—14 days in the four
media containing different carbon and nitrogen sources, such
as GDB, glycerol peptone broth (GPB) (20 g of glycerol, 10 g
of polypeptone5 g of meat extractl L of H,O, pH 7.0), starch
casein broth (SCB) (20 g of soluble starch, 0.6 g of tryptone
peptone, 4 g of KHPOy, 4 g of KNGs, 4 g of NaCl, 1 g of
MgSQy-7H,0, 20 mg of FeS®7H,0, 40 mg of CaC@ 1 L
of H,0, pH 7.0), and starch glucose broth (SGB) (20 g of soluble
:L%Chl ioo? l(_)bfog,ll:)cl_c')s;f 0)5 9|_h° g Z?rzfrt] ?/X}gicébSQ?e\?\j chzlslair:]mno compound was determined to tstans-4-phenyl-3-butenoic acid
most media such as SGB, GDB, and GPB, except for SCB. (molecular formula Q‘?Hloo_Z)' .

The growth of strain VK-A60 reached an idiophase 12 days 4-Phenyl-3-butenoic acid (PBA) was first reported to be
after inoculation in GDB. Production of antibiotics by the strain ~ €ffective againstTrichomonasvaginalis (23). PBA shows
VK-A60 in GDB distinctly occurred after incubation for 4 days, ~ Significant activity against aspen decay fun@rellinus tremu-
with a maximum level at 14 days after incubation, which 1a€ata concentration as low asug/mL. Trifonov et al. 4)
indicated that the strain VK-A60 require a relatively long period reported the inhibitory activity of homologues and analogoues
to produce antibiotics in GDB, compared with otftrepto- ~ Of PBA againstP. tremulae. Peptidylycine-o-hydroxylating
mycesspp. In this study, addition of the glycerol as a carbon Monooxygenase (PHM) catalyzes the first and rate-limiting
source in GDB remarkably accelerated the production of reactions in the two-step process aramidates neural and
antibiotic compounds from the cultures of the strain VK-A60. endocrine peptides. Mueller et a2g) found that PBA acts a

It is interesting to note that glycerol is an important nutritional Potent mechanism-based inhibitor of PHM in vivo. The effect
factor for a large-scale production of antibiotic compounds in 0f PBA on PHM activity in living systems is not well
the culture media. It seems likely that involvement of glycerol characterized. However, Ogonowski et al. (26) and Muller et
in GDB may limit the vegetative growth of the strain VK-A60  al. (29 showed that the inhibitory effect of PBA in cardiac
but significantly accelerate the biosynthesis of antibiotic com- atrium, pituitary, and brain of rats. PBA and the structural
pounds. analogue are known as a potent inhibitor of peptidylglycine

As long as microorganisms grow in triphosphase, metabolites @Midating monooxygenase (PAM) reducing the rate of enzyme
are available as basic cell constituents. However, at the conversion (27) and a modulator of the activityjoflutamic
beginning of the idiophase when cell multiplication ceases, the acid-transpepidase as well as an antibacterial agéhtBecause
microorganism begins to produce secondary metabolites, which®f some harmful effects of PBA on mammals as described
show various biological functions, including antibiotic activity above, further studies on biological activities of the analogous
(22). The kinds or quantities of targeted antibiotics may vary compounds of PBA should be done to use it as a lead for the
according to the components of media or cultural conditions. development of a fungicidal potential against plant pathogens.
Although S. koyangensistrain VK-A60 grew slowly on the It was recently shown that PBA was produced $iyepto-
GDB broth relative to the other several media tested, the GDB myces flavescen®-2223 by Kolomiets et al. 29). They
broth was found to be most favorable for production of demonstrated thaS. flavescensB-2223 had antibacterial
antifungal antibiotics. potential against plant pathogenic bacteria belongiriRsudomo-

The antifungal compound was isolated from the fermentation nas, Erwinia, andXanthomonasind this antibacterial activity
broth ofS. koyangensistrain VK-A60 using various chromato- ~ Was associated with the production of PBA. However, there is
graphic procedures. A total of 7.8 mg of pure compound, active little information about the isolation and antifungal activity of
againstC. orbiculare, was obtained from a single peak by PBA from other microorganisms. To our knowledge, this is the
preparative HPLC. The antifungal compound was soluble in first report to study tha®. koyangensisp. nov. strain VK-A60
organic solvents such as methanol, ethanol, and ethyl acetatéoroduces PBA active against various microorganisms including
but poorly soluble in water. plant pathogenic fungi.

Structure Elucidation of the Antifungal Compound. The In Vitro and in Vivo Antifungal and Antimicrobial
structure of the antifungal compound was determined by Activities of 4-Phenyl-3-Butenoic Acid.In vitro antimicrobial
analyzing NMR and mass spectral data. The El mass spectrumspectrum of the PBA was determined in microtiter plates using
of the compound confirmed its molecular weight to be 162. a serial dilution method. PBA showed inhibitory effect against
The major peak am/z117 in the mass spectrum reflects the mycelial growth ofA. mali,C. cucumerinumC. orbiculare,C.
molecular ion split out of a carboxyl fragment. The molecular destructansM. grisea, P. capsici,P. ultimum, andR. solani
formula of compound was deduced agl€ioO, on the basis but not againsB. cinerea F. oxysporuntf.sp. lycopersici, and
of the analysis of high-resolution EI mass spectroscopy, which S. sclerotiorum(Table 1). In particular, PBA completely
showed a molecular ion peak a/z 162.0680 (M) (data not inhibited growth ofC. orbiculare,M. grisea, andP. ultimum
shown). From the analysis & NMR spectrum, the presence in the range 0.510 ug/mL. The growth ofC. albicansandS.
of two double-bonded methine groups was confirmed at the cerevisiaewas not inhibited even at the concentration of 100
positions ofd 7.20, 7.29, and 7.39. Aromatic carbons were also ug/mL. Inhibitory effects of PBA against bacteria, suchBas
observed at the position 6f127.2, 128.4, 129.5, and 138.6. A  subtilissubspsubtilis,P. carotovorumsubsp carotovorum,R.
methine group was confirmed at the positiondd.35 and 6.50 solanacearum, andX. vesicatoria was found at very low
of 'H NMR spectrum, which was ascertained at the carbon concentrations from 0.5 to 1@g/mL.
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Table 1. Minimum Inhibitory Concentrations (MICs) of
4-Phenyl-3-Butenoic Acid (PBA) from Streptomyces koyangensis Strain
VK-A60 against Various Microorganisms Including Plant Pathogenic
Fungi and Oomycetes, As Determined by the Microtiter Broth Dilution
Method

microorganism MIC (ug/mL)?

Alternaria mali 30
Botrytis cinerea >100°
Cladosporium cucumerinum 30
Colletotrichum orbiculare 3
Cylindrocarpon destructans 30
Fusarium oxysporum f.sp. lycopersici >100
Magnaporthe grisea 10
Phytophthora capsici 30
Pythium ultimum 0.5
Rhizoctonia solani 30
Sclerotinia sclerotiorum >100
Candida albicans >100
Saccharomyces cerevisiae >100
Bacillus subtilis subsp. subtilis 3
Pectobacterium carotovorum subsp. carotovorum 1
Ralstonia solanacearum 0.5
Xanthomonas vesicatoria 10

2The lowest concentration of PBA required for complete inhibition of microbial
growth. b The value of >100 represents that growth of the microorganisms was
not completely inhibited at 100 x«g/mL of PBA.
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Figure 1. Effects of 4-phenyl-3-butenocic acid and the commercial
fungicides chlorothalonil and tricyclazole on the development of (A)
anthracnose caused by Colletotrichum orbiculare and (B) blast diseases
caused by Magnaporthe grisea on the cucumber and rice leaves,
respectively. Solutions of each compound were sprayed on the cucumber
and rice plants 1 day before inoculation. Numbers of lesions on the second
leaves of cucumber plants were rated on day 6 after inoculation. Numbers
of lesion on the leaves of rice plants at the 7-leaf stage also were rated
on day 5 after inoculation. Means at each concentration followed by the
same letters are not significantly different (P = 0.05) according to the
least significant difference test.

PBA and the commercial fungicide chlorothalonil were

compared in the control of anthracnose development on leaves

of cucumber plants (Figure 1A). At the 2-leaf stage, treatment
of cucumber leaves with 16g/mL of PBA and chlorothalonil

did not inhibit anthracnose development. However, the develop-

ment of C. orbiculare on cucumber leaves was greatly sup-
pressed by PBA at 10pg/mL. A few typical lesions ofC.

orbiculare appeared on the cucumber leaves treated with the

two chemicals at 50@g/mL. The in vivo efficacy of PBA for

the control of leaf blast in rice plants at the 8-leaf stage was (12) Hwang

evaluated under the greenhouse conditidfigure 1B). The

typical symptoms of the rice blast began to appear on rice leaves

4 days after inoculation. As the concentration of PBA and
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commercial fungicide tricyclazole increasédl, griseainfection

was inhibited on the rice leaves. Treatment withi/fImL of
PBA and tricyclazole reduced lesion development on rice plants.
Protective activity of PBA againgtl. griseainfection was in
general similar to that of trycyclazole. PBA showed significantly
protective activity against infection byl. griseaon rice leaves
treated with 50Q:g/mL.

The in vivo assay of PBA on plants is the most accurate
means of predicting the potential antifungal activity in the fields,
which reflect the intrinsic potency of the antibiotics, its chemical
and physical properties, and stability in agricultural environment
and distribution in host plants. Taken together, we conclude
that 4-phenyl-3-butenoic acid from a no&lkoyangensistrain
VK-A60 has not only potent in vitro antifungal and antioo-
mycete activities against some plant pathogens but also is very
effective for control of plant diseases, such as the cucumber
anthracnose and rice blast diseases. For practical applications,
further detailed study is required for evaluation of disease control
efficacy in the field and the design of application strategies.
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