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The bacterial strain MM-B16, which showed strong antifungal and antioomycete activity against some plant
pathogens, was isolated from a mountain forest soil in Korea. Based on the physiological and biochemical
characteristics and 16S ribosomal DNA sequence analysis, the bacterial strain MM-B16 was identical to
Pseudomonas fluorescens. An antibiotic active against Colletotrichum orbiculare and Phytophthora capsici in vitro
and in vivo was isolated from the culture filtrates of P. fluorescens strain MM-B16 using various chromato-
graphic procedures. The molecular formula of the antibiotic was deduced to be C10H11NO2S (M�, m/z
209.0513) by analysis of electron impact mass spectral data. Based on the nuclear magnetic resonance and
infrared spectral data, the antibiotic was confirmed to have the structure of a thiazoline derivative, aerugine
[4-hydroxymethyl-2-(2-hydroxyphenyl)-2-thiazoline]. C. orbiculare, P. capsici, and Pythium ultimum were most
sensitive to aerugine (MICs for these organisms were approximately 10 �g ml�1). However, no antimicrobial
activity was found against yeasts and bacteria even at concentrations of more than 100 �g ml�1. Treatment
with aerugine exhibited a significantly high protective activity against development of phytophthora disease on
pepper and anthracnose on cucumber. However, the control efficacy of aerugine against the diseases was in
general somewhat less than that of the commercial fungicides metalaxyl and chlorothalonil. This is the first
study to isolate aerugine from P. fluorescens and demonstrate its in vitro and in vivo antifungal and antioo-
mycete activities against C. orbiculare and P. capsici.

Chemical fungicides not only may pollute the atmosphere
but also can be environmentally harmful, as the chemicals
spread out in the air and accumulate in the soil (40). Further-
more, the repeated use of such chemicals has encouraged the
development of chemical resistance in the target organisms
(9). Despite the undesirable problems caused by the use of
synthetic fungicides, fungicides will be increasingly applied in
agriculture in the near future, provided that safer and ecolog-
ically friendly fungicides become available. The requirements
for the fungicides to be practically used in fields are excellent
potency against a variety of plant pathogens and safety, not
only for humans, animals, and host plants but also for the
ecosystems. These concerns highlight the need for selective
fungicides with higher degradability in nature. Fungicides of
microbial origin, which are synthesized biologically, have been
demonstrated to be not only specifically effective on the target
organisms but also inherently biodegradable (62). Microbial
products are so complex in their chemical structures that one
compound may have two or more totally different chemical
moieties which can interact with different receptors (31). The
complexity in their structures may make natural products
chemically and biologically diverse. However, the use of mi-
crobial products as fungicides has limitations. One disadvan-
tage is that they may suffer from the emergence of natural
resistance in plant pathogens due to their highly specific mech-
anisms of action (62).

Since the first success in the use of streptomycin for the

control of pear fire blight caused by Erwinia amylovora in the
United States (62), many attempts have been made to find
microbial products available only for plant disease control.
Eventually, an epoch-making substance, named blasticidin S,
active against rice blast disease, was discovered in Japan (55).
Since a variety of antibiotics have been screened from micro-
bial metabolites, some have been put into practical use in
agriculture for the control of fungal plant diseases. For in-
stance, kasugamycin (57), polyoxins (20), and validamycin A
(21) and mildiomycin (12) have been commercially used for
control of rice blast, rice sheath blight, and powdery mildew of
rose, respectively. Strong in vitro antifungal activities have
recently been discovered from the microbial metabolites. Go-
palamicin (37), tubercidin (17), a manumycin-type antibiotic
(16), oligomycin A (25), streptimidone (24), daunomycin (26),
rhamnolipid B (23), and phenylacetic acid (18) were also found
to have a potent antifungal or antioomycete activity for control
of economically important plant diseases.

Some pseudomonads have been recognized as antagonists of
plant fungal pathogens and antibiotic producers (44). This is
probably due to the abundance of this diverse group of bacteria
and their obvious importance in the soils (5). A single strain of
Pseudomonas can produce several different antibiotics. A sim-
ilar spectrum of antibiotic production has been described in
different strains (5). For instance, Pseudomonas fluorescens
strain Pf-5 has been demonstrated to synthesize different an-
tibiotics such as 2,4-diacetylphloroglucinol, pyoluteorin, and
hydrogen cyanide (42). The P. fluorescens strain CHA0 has also
been known to produce pyrrolnitrin, pyoluteorin, and 2,4-di-
acetylphloroglucinol (47). Antifungal antibiotics produced by
Pseudomonas spp. include pyrrolnitrin (3), phenazines (56),
pyoluteorin (14), 2, 4-diacetylphloroglucinol (50), rhamnolip-
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ids (23), oomycin A (15), cepaciamide A (22), and ecomycins
(36). In particular, the pseudomonad product pyrrolnitrin
serves as a lead compound for new fungicides fenpiclonil and
fludioxonil (43). Antibacterial antibiotics pseudomonic acid (8)
and azomycin (52), antitumor antibiotics FR901463 (39) and
cepafungins (51), and antiviral antibiotic karalicin (30) have
also been isolated from Pseudomonas spp.

In the present study, we isolated the bacterial antagonist
MM-B16 of plant pathogenic fungi and oomycetes from the
soil of a mountain forest in Korea. The bacterial strain MM-
B16 that showed significant antifungal and antioomycete ac-
tivity against Colletotrichum orbiculare and Phytophthora cap-
sici was identified to be P. fluorescens. An antibiotic was purely
isolated from the culture filtrates of P. fluorescens strain MM-
B16 using various purification procedures. The chemical struc-
ture of the antibiotic was determined and identified to be
aerugine, based on spectroscopic and physicochemical analy-
ses. The in vitro and in vivo antifungal and antioomycete ac-
tivities of aerugine were also evaluated against some plant
diseases. The isolation of an antifungal and antioomycete thia-
zoline derivative, aerugine, from P. fluorescens is reported for
the first time in the present study.

MATERIALS AND METHODS

Isolation of antibiotic-producing bacterial strain MM-B16. The bacterial
strain MM-B16, which showed strong in vitro antifungal and antioomycete ac-
tivity against some plant pathogens such as Alternaria mali, Colletotrichum gloeo-
sporioides, Fusarium oxysporum f. sp. cucumerinum, Magnaporthe grisea, P. cap-
sici, and Rhizoctonia solani, was isolated from the forest soil of the mountain
Man-jul, Chun-an, Korea. The strain MM-B16 was selected for identification and
production of antifungal and antioomycete antibiotic substances. The strain
MM-B16 was cultured in nutrient agar at 28 � 2°C. For long-term maintenance,
strain MM-B16 was preserved in nutrient broth containing 15% (vol/vol) glycerol
at �70°C.

Identification of bacterial strain MM-B16. The physiological and biochemical
characteristics of the antagonistic bacterial strain MM-B16 were examined using
the methods of Lanyi (32), Palleroni (45), and Smibert and Krieg (54). The
morphological features of the strain MM-B16, including shape, size, or type of
flagella, were examined by transmission electron microscopy of the bacterial cells
from exponentially growing cultures on tryptic soy agar (Difco) for 24 h at 28°C
(2). The cells of strain MM-B16 were negatively stained with 1% (wt/vol) phos-
photungstic acid and were examined after the grids were air dried. Identification
of the strain MM-B16 was also conducted using the Biolog system (Biolog Inc.,
Hayward, Calif.), based on the 95 different carbon source utilization profiles of
the strain MM-B16. For the determination of 16S ribosomal DNA (rDNA)
sequences of the strain MM-B16, chromosomal DNA was isolated using a
method of Pospiech and Neumann (46). The 16 rRNA genes were amplified
using PCR with the universal primers fD1 (5�-AGAGT TTGAT CCTGG CT-
CAG-3�) and rP2 (5�-ACGGC TACCT TGTTA CGACTT-3�) (59). Thermal
cycling was performed with the GeneAmp PCR system (model 2400; Perkin-
Elmer). The thermal profile used was 35 cycles consisting of 1 min of denatur-
ation at 95°C, 1 min of annealing at 58°C, and 2 min of extension at 72°C. A final
extension step consisting of 8 min at 72°C was included. Amplified 16S rDNA
was purified from agarose gel by using the method of Wu et al. (61). Purified
rDNA was ligated into the pCR2.1-TOPO T vector (Invitrogen Co., Carlsbad,
Calif.) according to the manufacturer’s instructions. Ligated plasmid was then
transformed into Escherichia coli TOP10 cell (Invitrogen Co.) by electropora-
tion. The transformants were selected on the basis of the blue-white screening
procedure (48). Plasmids containing 16S rDNA were isolated using the Wizard
plus SV Minipreps DNA purification system (Promega Co., Madison, Wis.).
These RNA genes were sequenced on an AB1310 DNA sequencer (Applied
Biosystems) using a Big Dye Terminator cycle sequencing ready reaction kit (PE
Applied Biosystems, Foster City, Calif.). The 16S rDNA sequence of the strain
MM-B16 was aligned with reference sequences obtained from the databases of
GenBank (National Center for Biotechnology Information, Bethesda, Md.) us-
ing a Clustal method (DNASTAR Inc., Madison, Wis.). A phylogenetic tree was

constructed based on the percentage of difference in the genetic relationships
between the strains.

Production and isolation of antibiotic. The 5-ml inoculum of P. fluorescens
strain MM-B16 precultured in nutrient broth for 24 h at 28°C was transferred
into 500 ml of modified King’s medium B (KB) (30 g of glycerol, 10 g of proteose
peptone, 0.5 g of K2HPO4, 0.5 g of MgSO4 � 7H2O, 1 liter of H2O [pH 7.6]),
which was optimal for production of antibiotic substances. The fermentation was
carried out for 6 days at 28°C on a rotary shaker at 150 rpm. A total of 50 liters
of cultures of P. fluorescens strain MM-B16 was obtained for further isolation of
antibiotics. The cells of P. fluorescens strain MM-B16 were removed from the
culture broth (50 liters) by centrifugation at 30,000 � g. The culture filtrates were
combined and applied to a column packed with Diaion HP-20 (Mitsubishi Chem-
icals, Tokyo, Japan) (5 liters), a hydrophobic, polyaromatic adsorption resin. The
column was washed three times with 5 liters of H2O and then eluted with
stepwise gradients of aqueous methanol (0, 20, 40, 60, 80, and 100%, vol/vol).
Each fraction (10 liters) of the eluates was concentrated, and the antifungal
activity of each fraction against C. orbiculare, P. capsici, and R. solani was
evaluated using the paper disk-agar diffusion method. The concentrated crude
antibiotics (5 liters) in aqueous layers were extracted three times with an equal
volume of ethyl acetate. The concentrated ethyl acetate layers were pooled and
purified using C18 reversed-phase flash chromatography. The column packed
with C18 resin (Lichroprep RP-18 [40 to 63 �m mesh]; Merck) was washed three
times with 3 liters of H2O and then eluted with stepwise gradients of aqueous
methanol (0, 20, 40, 60, 80, and 100%, vol/vol). Each fraction (3 liters) of the
eluates was concentrated and bioassayed for antifungal activity. The fractions
with antifungal activity obtained from C18 reversed-phase flash chromatography
were subjected to preparative silica gel thin-layer chromatography (TLC) plates
(60F254 [20 by 20 cm, 2 mm thick]; Merck). The TLC plates were developed with
a solvent system of chloroform-methanol (90:10, vol/vol). Each band on the
plates was scrapped and extracted with methanol. The methanol extracts were
concentrated under reduced pressure, followed by evaluation of the antifungal
activity. The antifungal substances obtained by preparative TLC were further
purified by gel-filtration chromatography using Sephadex LH-20 resin (Pharma-
cia). The Sephadex LH-20 column (26 by 950 mm) was eluted with methanol at
a flow rate of 0.15 ml min�1. The 2 ml of each fraction was harvested using a
fraction collector (RediFrac; Pharmacia), and all the fractions were bioassayed
for antifungal activity. The putative antibiotic substances purified by Sephadex
LH-20 column chromatography were subjected to high-pressure liquid chroma-
tography (HPLC) using a C18 reversed-phase column (SymmetryPrep C18 [7 �m
thick; 7.8 by 300 mm]; Waters). The HPLC was performed on a Gilson (Middle-
ton, Wis.) system with a linear gradient from 50% to 100% methanol at a flow
rate of 1.5 ml min�1. The eluates of each peak were collected at 248 nm by a 118
UV/VIS detector (Gilson). Finally, 41.0 mg of the pure antibiotic substance was
obtained from a single peak with the retention time of 21.88 min at 248 nm.

Structure elucidation of antibiotic. Nuclear magnetic resonance (NMR) spec-
tra were recorded on a Bruker (Billerica, Mass.) AMX 500 NMR spectrometer.
The 1H NMR spectrum was measured in deuterated methanol. Chemical shifts
are given in � values (parts per million) referenced to the methyl group of
solvent, with 3.30 ppm as an internal standard. The 13C NMR spectrum was
recorded in deuterated methanol using the broad-band proton decoupling. The
distortionless enhancement by polarization transfer (DEPT) spectrum was mea-
sured in deuterated methanol with a pulse width, �, of 90° and 135°. Chemical
shifts of the 13C NMR and DEPT spectra are given in � values (ppm) referenced
to the methyl group of solvent at 49.9 ppm in deuterated methanol. The 1H-1H
correlation spectroscopy (COSY) spectrum was recorded in a phase-sensitive,
double-quantum mode using the standard pulse sequence in deuterated metha-
nol. Heteronuclear correlations via multiple bond connectivities (HMBC) and
heteronuclear multiple quantum coherence (HMQC) spectroscopies were per-
formed on a Bruker AMX 500 NMR spectrometer. The low-resolution mass
spectra were recorded on a VG70-VSEQ mass spectrometer (VG Analytical,
Manchester, United Kingdom) using the electron impact (EI) and fast atom
bombardment (FAB) electron ionization method. The high-resolution EI and
FAB mass spectra were recorded on a JEOL (Peabody, Mass.) JMS-HX110/
110A tandem mass spectrometer. Fourier transform (FT) infrared (IR) spec-
troscopy was done on a Bio-Rad (Randolph, Mass.) instrument with the antibi-
otic embedded in a matrix of anhydrous KBr and pressed into a pellet. The UV
absorption spectrum was measured with a model DU650 spectrophotometer
(Beckman Instruments Inc., Fullerton, Calif.).

Detection of in vitro antimicrobial activity. MICs of aerugine against fungi,
oomycetes, yeasts, and bacteria were determined in a 24-well microtiter dish
(Cell Wells; Corning Glass Works, Corning, N.Y.) using a modified method from
Nair et al. (38). The inocula used in this test were a mycelial suspension of R.
solani; spore suspensions (105 spores ml�1) of the other fungi and oomycetes,
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such as A. mali, Aspergillus niger, Botrytis cinerea, Cladosporium cucumerinum, C.
orbiculare, Cylindrocarpon destructans, Didymella bryoniae, F. oxysporum f. sp.
lycopersici, M. grisea, P. capsici, Pythium ultimum, and Sclerotinia sclerotiorum;
and cell suspensions (104 CFU ml�1) of Candida albicans, Saccharomyces cer-
evisiae, Bacillus subtilis, Erwinia carotovora subsp. carotovora, Ralstonia so-
lanacearum, and Xanthomonas campestris pv. vesicatoria. A 10-�l suspension was
added to each well containing 1 ml of potato dextrose broth (Difco) supple-
mented with aerugine in the range of 0 to 100 �g ml�1. The lowest concentra-
tions of aerugine that completely inhibited mycelial, yeast, and bacterial growth
were considered to be MICs.

In vivo evaluation of antifungal and antioomycete activity. The control efficacy
of aerugine against P. capsici infection on pepper plants was tested in a growth
room. Pepper plants were raised in a growth room at 28 � 2°C with approxi-
mately 80 �mol of photons m�2 s�1 (white fluorescent lamps) for 16 h per day.
The commercial fungicide metalaxyl was used to compare the antioomycete
activity with aerugine. Aerugine and metalaxyl both dissolved in methanol were
diluted to give concentrations of 1, 10, 50, 100, and 500 �g ml�1. Each of the
chemical solutions was sprayed on the surface of a pepper plant at the first-
branch stage 1 day before inoculation with P. capsici. The pepper plants treated
with aerugine and metalaxyl were wounded by making 1-cm longitudinal slits on
the stems 1 cm from the soil surface. The zoospore suspension was prepared as
described previously (27). The sterile cotton dipped in zoospore suspension (105

zoospores ml�1) was placed on the wounded sites of stem. The inoculated sites
were covered with plastic tape to maintain moisture. Disease severity on pepper
plants was rated daily after inoculation based on a scale from 0 to 5 as follows:
0, no visible disease symptoms; 1, leaves slightly wilted with brownish lesions
beginning to appear on stems; 2, 30 to 50% of entire plant diseased; 3, 50 to 70%
of entire plant diseased; 4, 70 to 90% of entire plant diseased; or 5, plant dead.
Data are the means of results for six plants per treatment. The protective efficacy
of aerugine on cucumber (Cucumis sativus L. cv. Baekrokdadaki) plants against
foliar necrotic anthracnose caused by C. orbiculare was evaluated in a growth
room at 28 � 2°C with approximately 80 �mol of photons m�2 s�1 (white
fluorescent lamps) for 16 h per day. Aerugine and the commercial fungicide
chlorothalonil dissolved in methanol and water, respectively, were diluted with
0.05% (vol/vol) Tween 20 solution to give concentrations of 10, 50, 100, and 500
�g ml�1. Each of the chemical solutions was sprayed on the primary and sec-
ondary leaves of cucumber plants 1 day before inoculation with C. orbiculare at
the third-leaf stage. Conidial suspensions (106 spores ml�1) of 14-day-old C.
orbiculare, cultured on potato dextrose agar at 28°C, in 0.05% (vol/vol) Tween 20
solution were sprayed on the leaves of cucumber plants. The inoculated plants
were placed in a dew chamber to maintain approximately 100% humidity at 28

� 1°C for 24 h and then transferred to the growth room for further incubation.
Lesions on the primary or secondary leaves of cucumber plants were counted 6
days after inoculation. Data are the means of lesion numbers per square centi-
meter of leaf area of six plants.

Statistical analysis. Statistical analyses were conducted with the Statistical
Analysis System for personal computers (SAS Institute, Cary, N.C.). Fisher’s
protected least significant difference at P 	 0.05 was applied to determine
whether differences between treatments were significant.

Nucleotide sequence accession number. The nucleotide sequence of 16S
rDNA of strain MM-B16 has been deposited in the EMBL/GenBank database
under the accession number AY196702.

RESULTS AND DISCUSSION

Identification of bacterial strain MM-B16. Under the trans-
mission electron microscope, the cells of strain MM-B16 were
ascertained to be rod shaped and have polar lophotrichous
flagella (Fig. 1). The cell size of strain MM-B16 was found to
be 0.4 to 0.6 �m by 1.7 to 2.1 �m. Strain MM-B16 was iden-
tified as an aerobic, motile, non-spore-forming, gram-negative
bacterium. The strain MM-B16 produced a diffusible, fluores-
cent light green pigment on KB, but did not accumulate poly-

-hydroxybutyrate within the cells. The strain MM-B16 exhibited
catalase, oxidase, urease, lecithinase, and arginine dihydrolase
activity. Nitrate reduction to nitrite was not found, but oxida-
tive response was detected in the oxidative/fermentative test.
Indole, levan, or hydrogen sulfide was not produced. The re-
actions of methyl red and Voges-Proskauer were negative. The
strain MM-B16 utilized citrate. Casein, gelatin, and Tween 80
were hydrolyzed. No hydrolysis of esculin and starch was ob-
served. Strain MM-B16 grew optimally at pH 5 to 10 but was
inhibited at pHs less than 5.0. Strain MM-B16 also grew at 4 to
37°C but not at temperatures above 40°C. Strain MM-B16
tolerated well up to 5% NaCl in the basal medium. The strain
MM-B16 utilized N-acetyl-D-glucosamine, D-alanine, L-arabi-

FIG. 1. Transmission electron micrograph of bacterial strain MM-B16 grown on tryptic soy agar for 24 h. Bar 	 1 �m.
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nose, L-arginine, D-fructose, D-glucose, meso-inositol, D-man-
nitol, D-mannose, trehalose, and L-valine but did not utilize
adonitol, D-arabinose, D-cellobiose, D-galactose, lactose, mal-
tose, L-rhamnose, D-sorbitol, sucrose, D,L-tartrate, and D-xy-
lose. The similarity of strain MM-B16 with P. fluorescens in the
95 carbon source utilization profiles was found to be 0.923,
which was the highest of the other microorganisms (data not
shown), indicating that strain MM-B16 matched best with P.
fluorescens. These results were obviously confirmed by the 16S
rDNA sequence analysis of the strain MM-B16. The phyloge-
netic tree determined by the Clustal method showed that P.
fluorescens was most closely related to the strain MM-B16 (Fig.
2). Among the 1,488 16S rDNA nucleotides of strain MM-B16
(GenBank accession number AY196702), 1,486 were identical
to those of P. fluorescens ATCC 17386 (GenBank accession
number AF094726), indicating that the sequence similarity of
the 16S rDNA of the two bacteria was 99.9%. Based on the
data of the physiological and biochemical characteristics and
the 16S rDNA sequence analysis in the present study, the
bacterial strain MM-B16 was identical to P. fluorescens.

Fluorescent pseudomonads have been known to produce a
variety of metabolites, such as peptides, phenazines, pyocom-
pounds, pyroles, and pterines (33), many of which are inhibi-
tory to microorganisms and some of which are implicated in
the biological control of plant diseases (5). Among the Pseudo-
monas spp., P. fluorescens has been well demonstrated to pro-
duce important antifungal metabolites, such as phenazine-1-
carboxylic acid (56), phloroglucinol (50), pyoluteorin (14),
pyrrolnitrin (3), and hydrogen cyanide (HCN) (58). In recent
years, several antifungal antibiotics active against plant patho-
gens have been isolated from P. fluorescens and evaluated for
efficacy of control of plant diseases. For instance, the cyclic
peptide antibiotic tensin (41) exhibited strong antifungal activ-
ity against R. solani. The phenolic antibiotic 2-acetamidophe-
nol (53) showed antifungal activity against take-all disease of
wheat. The antifungal activity of sulfur-containing antibiotics
N-mercapto-4-formylcarbostyril (6) against Fusarium sp. was
also detected.

Production and purification of antibiotic. Among the tested
media having different carbon and nitrogen sources, the crude
extracts from the culture filtrates of P. fluorescens strain MM-
B16 in a modified KB exhibited the highest inhibitory effects
on the mycelial growth of C. orbiculare, P. capsici, and R.

solani. Carbon and nitrogen sources in culture media have
been suggested to affect the types and levels of the antibiotics
produced (5). In the present study, addition of the glycerol and
proteose peptone, as carbon and nitrogen sources in modified
KB, remarkably accelerated the production of antibiotic sub-
stances from the cultures of the strain MM-B16. Production of
the antibiotic substances active against C. orbiculare, P. capsici,
and R. solani gradually increased in modified KB 2 days after
inoculation of P. fluorescens strain MM-B16 and reached a
maximum level at 6 days, which indicates that the strain MM-
B16 requires a relatively long period to produce antibiotic
substances in modified KB compared to other media. The
growth of strain MM-B16 reached a stationary phase 5 days
after inoculation. Many secondary metabolites, including anti-
biotics, begin to be produced by microorganisms at the station-
ary phase when cell multiplication ceases (60). It seems likely
that involvement of glycerol in modified KB may limit the
vegetative growth of the strain MM-B16 but significantly ac-
celerate the biosynthesis of antibiotic substances.

Individual antibiotics active against plant pathogenic fungi
and oomycetes were purified from the culture filtrates (50
liters) of P. fluorescens strain MM-B16 using different chroma-
tography procedures. The eluates of 60 and 80% methanol on
a Diaion HP-20 column were most effective in inhibiting the
plant pathogens C. orbiculare, P. capsici, and R. solani (data not
shown). The fractions were combined and extracted with ethyl
acetate. The concentrated ethyl acetate extracts were purified
by a reversed-phase C18 flash column chromatography with
stepwise gradients of methanol and water. The fractions eluted
with 40 and 60% methanol that significantly reduced the my-
celial growth of C. orbiculare, P. capsici, and R. solani were
concentrated to a small volume and subjected to preparative
silica gel TLC plates. The bands at the position of Rf 0.75 on
the TLC plates exhibited strong antifungal activity against C.
orbiculare and P. capsici. The antibiotics purified by prepara-
tive TLC were chromatographed on a Sephadex LH-20 col-
umn. Antifungal and antioomycete activities against C. orbicu-
lare and P. capsici were found in fractions 34 to 61 (Fig. 3).
These fractions were pooled and subjected to a preparative
HPLC for further purification of antibiotic substances. An
antibiotic which showed significant activities against C. orbicu-
lare and P. capsici was finally obtained from a single peak at the
retention time of 21.88 min at 248 nm. A total of 41.0 mg of the

FIG. 2. Phylogenetic location of bacterial strain MM-B16 based on 16S rDNA sequences. The phylogenetic tree was constructed based on the
percent difference in the genetic relationships between the allied strains. The length of each pair of branches represents the distance between
sequence pairs, while the units at the bottom of the tree indicate the number of substitution events.
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antibiotic was yielded from 50 liters of culture extracts of P.
fluorescens strain MM-B16. The antibiotic, obtained as a pale
brownish white powder, was soluble in most of the organic
solvents, such as methanol, ethanol, chloroform, ethyl acetate,
and dimethyl sulfoxide, but was poorly soluble in water. The
maximum UV adsorption of the antibiotic was shown at 248
and 313 nm in methanol.

Structure elucidation of antibiotic. The structure of the an-
tibiotic was determined by NMR, IR, and mass spectral anal-
yses. The EI mass spectrum of the antibiotic confirmed its
molecular weight to be 209 (Fig. 4). The major peak at m/z 178

in the mass spectrum reflects the molecular ion split out of a
hydroxymethyl fragment. An ion with m/z 178 in the mass
spectrum of the deuterium analogue of the antibiotic was
shifted by one mass unit (data not shown). The molecular
formula of the antibiotic was deduced as C10H11NO2S based
on the analysis of high-resolution EI mass spectral data show-
ing a molecular ion peak at m/z 209.0513 (M�) (calculated
209.0511), which is in accordance with the molecular compo-
sition (C10H11NO2S) (data not shown). The IR spectrum
showed the following major absorption bands: 1,525 (CAC),
1,566, 1,606, 1,625, 3,010 (aromatic proton), and 3,335 (OH)
cm�1 (Fig. 5). The structure of the antibiotic was further elu-
cidated by 1H NMR and 13C NMR spectroscopy, DEPT ex-
periments, and various two-dimension NMR spectral studies,

FIG. 3. Sephadex LH-20 column chromatogram of active fractions
from the eluates of preparative TLC. The Sephadex LH-20 column (26
by 950 mm) was eluted with methanol at a flow rate of 0.15 ml min�1.
All fractions were bioassayed for the antifungal and antioomycete
activity against C. orbiculare and P. capsici using the paper disk-agar
diffusion method.

FIG. 4. EI mass spectrum of the antibiotic aerugine.

FIG. 5. FT-IR spectrum of the antibiotic aerugine.
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including 1H-1H COSY, HMBC, HMQC, nuclear Overhauser
effect spectroscopy (ROESY), and rotating frame nuclear
Overhauser effect spectroscopy (NOESY). The proton and
carbon counts from 1H and 13C NMR spectra and the DEPT
experiment indicated that the 11 protons and 10 carbons are
present in its structure, thus supporting the molecular formula
of the antibiotic.

The 1H and 13C NMR spectral data of the antibiotic and
their assignments are shown in Table 1. The 1H NMR spec-
trum indicated the presence of methine groups at � 6.87, 6.92,
and 7.41. From the 13C NMR spectrum, the presence of aro-
matic carbons was confirmed at positions � 117.6, 117.8, 120.0,
131.6, and 134.1. The 13C NMR spectrum also indicated the
presence of a hydroxyl carbon at � 160.1. These results suggest
that the structure of the antibiotic contained an aromatic
group attached with a hydroxy moiety. The carbonyl-like moi-
ety (C'N) was detected at position � 173.7 of the 13C NMR
spectrum. The proton resonance at � 3.29 and 3.45, corre-
sponding to a methylene group, was attributed to a sulfur-
bearing carbon atom, which was confirmed at position � 33.8 of
the 13C NMR spectrum. By analysis of the 13C NMR spectrum,
the presence of a nitrogen-bearing carbon atom was confirmed
at � 79.4. The hydroxymethyl group was detected at positions �
3.77 and 3.80 of the 1H NMR spectrum and � 64.3 of the 13C
NMR spectrum of the antibiotic. By the HMBC spectral anal-
ysis, the correlations of carbonyl-like carbon (� 173.7, C-2�)
with methylene protons (� 3.29 and 3.45, H-5�) and a proton (�
4.81, H-4�) attached with a carbon-bearing nitrogen were con-
firmed (Fig. 6A). These results indicate the presence of a
thiazoline ring in the structure of the antibiotic. The HMBC
spectrum also showed the correlations of the carbonyl-like
carbon (� 173.7, C-2�) with the aromatic proton (� 7.41, H-6).
The correlations of hydroxymethyl carbon (� 64.3, C-2�) with a
proton (� 4.81, H-4�) attached with a carbon-bearing nitrogen
were ascertained by HMBC spectral analysis. These NMR and
mass spectral results suggest that the antibiotic could be a
thiazoline derivative containing a hydroxyphenyl and a hy-
droxymethyl group. In light of all the spectral data, the struc-
ture of the antibiotic was determined to be aerugine [4-hy-
droxymethyl-2-(2-hydroxyphenyl)-2-thiazoline] (molecular
formula: C10H11NO2S) (Fig. 6B). The spectral data of the

antibiotic were identical to those of aerugine presented by
Zunnundzhanov et al. (64).

Thiazolines have constituted a family of compounds known
for their application in pharmaceutical and flavor chemistry
(7). Many thiazoline derivatives have been chemically synthe-
sized, while more than 30 thiazoline structures have been iden-
tified from natural sources such as bacteria (1) and actinomy-
cetes (49). The thiazoline compounds have shown various
biological activities such as antifungal activity (4), antibacterial
activity (49), antitumor activity (34), antiviral activity (13) and
anthelminthic activity (35). Recently, antimycoplasma activity
(19) and antituberculosis activity (10) of the synthesized thia-
zoline derivatives have also been demonstrated. A variety of
thiazoline compounds, such as curacin D (34), thiangazole
(29), and watasemycins (49) have been isolated and character-
ized from the cyanobacterium Lyngbya majuscula, the myxo-
bacterium Polyangium sp., and Streptomyces sp., respectively.
Some thiazoline derivatives, 
-methoxyacrylates melithiazols
(1) produced by myxobacteria, and chemically synthesized
quinazolones (11) have shown strong antifungal activity. In the
present study, we isolated an antibiotic, identified as aerugine,
4-hydroxymethyl-2-(2-hydroxyphenyl)-2-thiazoline, from the
culture filtrates of P. fluorescens strain MM-B16, which showed
a high antifungal and antioomycete activity.

In vitro and in vivo antifungal and antioomycete activities of
aerugine. In most cases, antibiotics showing in vitro activity are
generally active in vivo against plant diseases. The evaluation
of in vitro antifungal activity of an antibiotic is the prerequisite
for in vivo evaluation of its antifungal activity. In the present
study, we ascertained not only in vitro antifungal and antioo-
mycete activities of aerugine, against some plant pathogens,
but also its in vivo antifungal and antioomycete activity in host
plants. C. orbiculare, P. capsici, and P. ultimum were shown to
be most sensitive to aerugine (the MICs for these organisms
were approximately 10 �g ml�1) (Table 2). Aerugine also
completely inhibited the mycelial growth of A. mali, B. cinerea,
C. cucumerinum, C. destructans, D. bryoniae, and M. grisea,
even at concentrations less than 50 �g ml�1. However, the
growth of A. niger, F. oxysporum f. sp. lycopersici, R. solani, S.
sclerotiorum, yeasts, and bacteria was not affected even at con-
centrations greater than 100 �g ml�1. These data indicated
that aerugine was strongly inhibitory to plant pathogenic fungi
and oomycetes, such as C. orbiculare, P. capsici, and P. ulti-
mum, but did not exhibit antiyeast and antibacterial activities.

In vivo efficacy of aerugine and the commercial fungicide

FIG. 6. (A). Correlations of partial structures of the antibiotic
aerugine from HMBC spectra; (B) structure of the antibiotic aerugine
isolated from P. fluorescens strain MM-B16.

TABLE 1. 1H and 13C NMR spectral data of the antibiotic
aerugine in CD3OD

Carbon no. 13C �a 1H �b (mc, J in Hz)

1 117.6
2 160.1
3 117.8 6.92 (br d, 1.0, 8.3)
4 134.1 7.33 (dt, 1.6, 7.5, 8.3)
5 120.0 6.87 (br t, 1.0, 7.5, 7.8)
6 131.6 7.41 (dd, 1.6, 7.8)
2� 173.7
4� 79.4 4.81 (m)
5� 33.8 3.29 (dd, 11.0, 7.8)

3.45 (dd, 11.0, 8.8)
2� 64.3 3.77 (dd, 11.2, 6.0)

3.80 (dd, 11.2, 5.2)

a 125 MHz, chemical shift in parts per million.
b 500 MHz, chemical shift in parts per million.
c Abbreviations of signal multiplicity: dd, doublet of doublets, dt, doublet of

tiplets; brd, broad doublet; br t, broad triplet; m, multiplet.
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metalaxyl against phytophthora blight development in pepper
plants is presented in Fig. 7A. As the concentration of the two
compounds increased, phytophthora disease was gradually in-
hibited on the pepper plants at the first-branch stage. Treat-
ments with aerugine and metalaxyl at 100 or 500 �g ml�1

exhibited a significantly high level of protective activity against
P. capsici infection. The control efficacy against phytophthora

blight was in general somewhat less than that of metalaxyl on
pepper plants. Aerugine did not induce any phytotoxic symp-
toms on pepper plants even when they were treated with con-
centrations of 500 �g ml�1. These data suggest that aerugine
from P. fluorescens may have a fungicidal potential against the
oomycete pathogens. In vivo efficacy of aerugine and the com-
mercial fungicide chlorothalonil for the control of anthracnose
disease on cucumber plants was evaluated under greenhouse
conditions. Treatments with the two compounds significantly
reduced the C. orbiculare infection on cucumber leaves. Aerug-
ine began to show protective activity against C. orbiculare in-
fection at a concentration of 10 �g ml�1 (Fig. 7B). A few
anthracnose lesions were produced on the cucumber leaves
treated with aerugine at 500 �g ml�1. Chlorothalonil was more
effective than aerugine in controlling the anthracnose disease
on cucumber leaves. No disease symptoms were found on the
cucumber leaves treated with chlorothalonil at 100 �g ml�1.
Aerugine did not show any phytotoxicity on cucumber plants
even when they were treated with concentrations of 500 �g
ml�1.

Aerugine, a sulfur-containing thiazoline compound, the
structure of which was established as 4-hydroxymethyl-2-(2-
hydroxyphenyl)-2-thiazoline, was first discovered from culture
filtrates of Pseudomonas aeruginosa strain 590 (64). More re-
cently, aerugine has been synthesized by the oxidation of the
siderophore pyochelin, which is structurally similar to aerugine
(63). Carmi and Carmeli (4) isolated an analogous compound
of aerugine, (�)-(S)-dihydroaeruginoic acid, from cultures of
P. fluorescens strain PFM2, which exhibited its antimicrobial
activity against some plant pathogenic fungi and bacteria.
However, there is little information about the isolation and
biological activities of aerugine and its analogues from other

FIG. 7. In vivo efficacy of aerugine for control of plant diseases in host plants. (A) Effects of aerugine and metalaxyl on disease development
in pepper plants inoculated with P. capsici at the first-branch stage. Disease severity is based on a scale from 0 to 5, where 0 indicates no visible
symptoms and 5 indicates a dead plant. (B) Effects of aerugine and chlorothalonil on anthracnose development on cucumber leaves inoculated with
C. orbiculare. Numbers of lesions on the leaves of cucumber plants were rated on day 6 after inoculation. Means at each concentration labeled with
the same letter are not significantly different (P 	 0.05) according to the least significant difference test.

TABLE 2. MICs of aerugine from P. fluorescens strain MM-B16 as
determined by the microtiter broth dilution method

Microorganismc MIC
(�g ml�1)a

Alternaria mali .............................................................................. 50b

Aspergillus niger............................................................................. �100
Botrytis cinerea .............................................................................. 30
Cladosporium cucumerinum ........................................................ 30
Colletotrichum orbiculare ............................................................. 10
Cylindrocarpon destructans .......................................................... 50
Didymella bryoniae ....................................................................... 50
Fusarium oxysporum f. sp. lycopersici......................................... �100
Magnaporthe grisea ....................................................................... 30
Phytophthora capsici ..................................................................... 10
Pythium ultimum .......................................................................... 10
Rhizoctonia solani......................................................................... �100
Sclerotinia sclerotiorum ................................................................ �100
Candida albicans .......................................................................... �100
Saccharomyces cerevisiae ............................................................. �100
Bacillus subtilis.............................................................................. �100
Erwinia carotovora subsp. carotovora......................................... �100
Ralstonia solanacearum ............................................................... �100
Xanthomonas campestris pv. vesicatoria..................................... �100

a The lowest concentration of aerugine required for complete inhibition of
microbial growth.

b The value �100 represents growth of the microorganisms that was not
completely inhibited by aerugine at a concentration of 100 �g ml�1.

c Microorganisms include plant pathogenic fungi and oomycetes.
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microorganisms. To our knowledge, this is the first study to
isolate aerugine from P. fluorescens and demonstrate its in vitro
and in vivo antifungal and antioomycete activities against C.
orbiculare and P. capsici.

Taken together, all these results led us to conclude that
aerugine produced by P. fluorescens strain MM-B16 has not
only potent in vitro antifungal and antioomycete activities
against some plant pathogens but also in vivo control efficacy
against Phytophthora disease on pepper plants and anthracnose
development on cucumber plants. However, further evaluation
of the effectiveness of aerugine for disease control and the
design of aerugine formulations and applications should be
done in the field.
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