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Strain JAU4234, identified as Streptomyces padanus, was isolated from soil collected in Jiangxi Province, China. It produced acti-
nomycin X2, fungichromin, and a new polyene macrolide compound with antifungal activity, antifungalmycin 702. Antifungal-
mycin 702 had good general antifungal activity and may have potential future agricultural and/or clinical applications.

Antibiotic discovery for the treatment of pathogen infections is
one of the greatest public health achievements of the 20th

century. However, pathogenic microbes are rapidly adapting to
the antibiotics, making them ineffective and leading to the emer-
gence of resistance (18). Of particular concern are multiple-drug-
resistant pathogens such as New Delhi metallo-beta-lactamase 1
(NDM-1)-positive bacteria (6). Despite this threat and ever in-
creasing public awareness regarding “superbug” infections, treat-
ment options, unfortunately, continue to be limited. One direct
course of action to treat drug-resistant pathogenic infections and
avoid an epidemic is to discover new antibiotics or to modify the
structures of known antibiotics as drug leads.

The Streptomyces genus is a remarkably rich source of natural
products, accounting for the production of two-thirds of the com-
mercially available antibiotics (1). It is noteworthy that this genus
still produces a larger number and a wider variety of new antibi-
otics than the members of any other genus (e.g., meroparamycin,
oligomycins, neopeptins, and salaceyin A) and seems to be an
almost inexhaustible reservoir of novel antibiotics (2). In the
course of our screening program for new antibiotics, strain
JAU4234 was isolated from a soil sample collected at the campus
of Jiangxi Agricultural University (Nanchang, Jiangxi province,
China), where two new antibiotics, nanchangmycin and meiling-
mycin, have been discovered in “Streptomyces nanchangensis”
NS3226 (14–16). Screening showed that strain JAU4234 possessed
antimicrobial activity against Gram-positive and Gram-negative
bacteria (Escherichia coli, Staphylococcus aureus, Bacillus subtilis,
Bacillus cereus, Bacillus thuringiensis, Bacillus mycoides), yeasts
(Saccharomyces cerevisiae, Candida utilis, Candida albicans), and
molds (Penicillium citrinum, Trichoderma viride, Mucor sufu,
Aspergillus niger, Aspergillus oryzae, Aspergillus flavus, Rhizopus
nigricans, Absidia orchidis, Geotrichum candidum) (data not
shown). 16S rRNA gene sequence analysis (GenBank accession
number JF701605) indicated that this strain is a member of the
genus Streptomyces and closely related to Streptomyces padanus
(Fig. 1). Strain JAU4234 has the same culture and phenotypic
characteristics as S. padanus MITKK-103 (see Fig. S1 in the sup-
plemental material for the morphological characteristics of strain
JAU4234 observed by optical and scanning electron microscopy)
(7). Therefore, strain JAU4234 was identified as S. padanus
JAU4234. Other strains of this species have been widely used as
biocontrol agents in China and Taiwan (12) and are known to

produce fungichromin (an antifungal antibiotic) and actinomy-
cin X2 (an antitumor antibiotic) (7, 12).

To identify antimicrobially bioactive compounds produced by
this strain, 200 liters of fermentation broth was separated into
filtrate and mycelium by centrifugation. For the medium and cul-
ture conditions used in this work, see the supplemental material.
Antimicrobial activity was observed only in the mycelia extract.
Figure 2 depicts the separation and purification scheme of bioac-
tive compounds from S. padanus JAU4234. Bioactivity-guided
purification resulted in bioactive compounds 1 (800 mg), 2 (350
mg), and 3 (150 mg), obtained from the mycelium. Compound 1
showed strong activity against bacteria but no activity against
fungi. Compound 2 and compound 3 exhibited marked antifun-
gal activity but no antibacterial activity.

The chemical structures of compounds 1, 2, and 3 were eluci-
dated (Fig. 3) on the basis of spectroscopic data from fast atom
bombardment mass spectrometry (FAB-MS), infrared (IR), UV,
1H nuclear magnetic resonance (NMR), 13C NMR, and two-
dimensional (2D) NMR analyses. The UV spectrum of compound
1 had a typical actinomycin class pattern with an absorption max-
imum at 444 nm. The spectral patterns of compounds 2 and 3 are
characteristic of polyene macrolides (compound 2, �max 356, 340,
337, and 320 nm; compound 3, �max 318, 303, 290, and 211 nm)
(see Fig. S2 in the supplemental material).

High-resolution FAB-MS analysis suggested their molecular
masses to be 1,269.65 (compound 1), 670.83 (compound 2), and
704.39 (compound 3) Da and revealed their molecular formulas
to be C62H84N12O17, C35H58O12, and C35H60O14, according to the
1H,13C NMR, and distortionless enhancement by polarization
transfer spectral data. A search of the SciFinder database (Ameri-
can Chemical Society) showed that seven congeners of actinomy-
cin are known to have a mass of 1,269 Da, elizabethin and fun-
gichromin are the only known polyene antibiotics with a mass of
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670, and no known polyene antibiotics have a mass of 704. There-
fore, compound 3 could be a new compound.

2D NMR spectrum, including double-quantum filtered-
correlated spectroscopy, heteronuclear multiple-quantum corre-
lation, and heteronuclear multiple bond correlation indicated the
presence of proline and 4-oxoproline in compound 1. Only acti-
nomycin X2 has both proline and 4-oxoproline in the molecule,
suggesting that compound 1 is actinomycin X2 (8, 13). On the
basis of 1D and 2D NMR spectral data, the chemical shift of com-
pound 2 matched that of fungichromin, indicating that com-

pound 2 is likely fungichromin (5, 10, 12). Compound 3 had a
structure similar to that of compound 2, the main distinction
being the absence of two olefinic methine carbons and the pres-
ence of two oxygen-bearing carbons (one oxygen-bearing me-
thine and one oxygen-bearing quaternary carbon) in compound
3. 2D NMR data suggested that the two hydroxyl groups are lo-
cated at C-16 and C-25 and that an ester link exists between C-1
and C-27 (see Table S1 in the supplemental material). The puta-
tive structure of compound 3 (as elucidated in Fig. S3 in the sup-
plemental material) was compared with all known compounds
through a SciFinder database search. The search indicated that
compound 3 is a novel polyene macrolide antibiotic we designated
antifungalmycin 702.

Spectral data for the novel compound antifungalmycin 702
(compound 3, Fig. 3C) are as follows: C35H60O14, yellow powder;
mp 170 to 173.5 °C; [�]D

23 � �4.34° (c 0.1, MeOH), UV �max

(MeOH): 318, 303, 290, 211 nm; IR (KBr) �max: 3,506 (OH),
2,926, 2,855, 1,721, 1,637, 1,384, 1,241, 1,099 cm�1; negative
FAB-MS m/z (%): 703 [M-H]� (100); negative HR-FAB-MS m/z:
703.3903 ([M-H]�, calcd 703.3904). For 1H and 13C NMR spec-
tral data, see Table S1 in the supplemental material.

The in vitro antimicrobial activities of these three compounds
were evaluated by determining their MICs (12, 18). Although
compound 1 has been previously isolated and identified, MIC data
for the compound are not available. We therefore determined the
MICs at which it inhibited 50 and 90% of a selection of Gram-
positive and Gram-negative bacteria (MIC50 and MIC90, respec-
tively). Compound 1 had strong antibacterial activity against all of
the Gram-positive and Gram-negative bacteria examined (Table
1) and was especially effective against S. aureus (MIC50, 0.002
�g/ml), indicating that compound 1 could have expanded appli-

FIG 1 Neighbor-joining phylogenetic tree for Streptomyces sp. strain
JAU4234 based on the 16S rRNA gene sequences with Micromonospora
floridensis as the outgroup. Bootstrap values are based on 1,000 replicates. The
scale bar represents 1 base substitution per 100 bases.

FIG 2 Bioassay-guided separation and purification scheme of bioactive compounds from S. padanus JAU4234.
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cation as a potential candidate for the treatment of bacterial
pathogens such as methicillin-resistant S. aureus and NDM-1-
positive bacteria (11). It should, however, be noted that com-
pound 1 induces greater cytotoxicity in cultured human leukemia
cells (HL-60) than actinomycin D, through the stimulation of
apoptotic pathways (7). Compound 2, isolated in the 1950s, has
been well studied and is widely used as a fungicidal drug for infec-
tious vaginitis (3, 4, 17). Compound 3 exhibited a broad antifun-
gal activity on 8 plant pathogens at low MICs (Table 2) corre-
sponding to but slightly higher than the MICs of compound 2. In
preliminary experiments, compound 3 did not induce acute lethal
toxicity at 1,500 mg/kg by the intraperitoneal and oral routes of
administration in mice, suggesting low toxicity to mammal cells
(data not shown). This is in contrast to the median lethal dose of
compound 2, which is only 33.3 mg/kg on intraperitoneal admin-
istration to mice (data from SciFinder database). Hence, com-

pound 3 has significant potential as a new antifungal biopesticide
or drug lead for applications in the agricultural and medical fields.

Like the fungicidal activities of compound 2 and other polyene
macrolide antibiotics, that of compound 3 may involve binding to
cell membrane sterols, resulting in an altered cell membrane, leak-
age of cell constituents, and cell death (9). The members of the
polyene antibiotic family usually possess a macrocyclic lactone
ring formed from acetate and propionate by a polyketide pathway
(5). The structure shared by compounds 2 and 3 suggests that
compound 3 is no exception, likely being derived, as is compound
2, through the condensation of a propionate unit, an octanoate
unit, and multiple acetate units, as is typical of polyketide biosyn-
thesis (10). In summary, because of the encouraging results de-

TABLE 1 MICs of actinomycin X2 (compound 1) against bacteria

Bacterium MIC50 (�g/ml) MIC90 (�g/ml)

Staphylococcus aureus 0.002 0.017
Bacillus cereus 0.02 0.19
Bacillus megaterium 0.08 0.44
Shigella flexneri 0.17 1.87
Pseudomonas solanacearum 0.26 2.3
Escherichia coli 0.73 4.49
Xanthomonas citri 0.73 5.0
Xanthomonas oryzae 124 226

FIG 3 Chemical structures of actinomycin X2 (A), fungichromin (B), and antifungalmycin 702 (C).

TABLE 2 MICs of fungichromin and antifungalmycin 702 against plant
pathogens

Fungus

MIC50 (�g/ml) MIC90 (�g/ml)

Fungichromin Antifungalmycin Fungichromin Antifungalmycin

Rhizoctonia solani 1.47 6.20 41.02 15.94
Helminthosporium

sigmoideum Cav
2.53 11.05 18.49 26.72

Magnaporthe grisea 3.45 15.24 10.47 37.72
Penicillium notatum 1.33 18.24 3.88 66.48
Plantain head blight

fungus
3.17 23.40 10.65 94.66

Gibberella zeae 2.21 26.71 14.50 92.34
Mucor rouxianus 2.11 28.80 5.22 94.07
Ustilaginoidea virens 0.21 26.72 133.1 128.27
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scribed above, our future work will focus on elucidating the anti-
fungal action and biosynthetic pathway of compound 3.
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