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The mycoparasite Humicola fuscoatra NRRL 22980 was isolated from a sclerotium of Aspergillus flavus that
had been buried in a cornfield near Tifton, Ga. When grown on autoclaved rice, this fungus produced the anti-
fungal metabolites monorden, monocillin IV, and a new monorden analog. Each metabolite produced a clear
zone of inhibition surrounding paper assay disks on agar plates seeded with conidia of A. flavus. Monorden was
twice as inhibitory to A. flavus mycelium extension (MIC > 28 pg/ml) as monocillin IV (MIC > 56 pg/ml).
Cerebrosides C and D, metabolites known to potentiate the activity of cell wall-active antibiotics, were sepa-
rated from the ethyl acetate extract but were not inhibitory to 4. flavus when tested as pure compounds. This
is the first report of natural products from H. fuscoatra.

The sclerotia of Aspergillus flavus Link: Fr. are an important
source of inoculum in the disease cycle of this aflatoxin-pro-
ducing fungus in maize (Zea mays L.) fields (24). Studies of the
survival of A. flavus sclerotia buried in sandy field soils in
Illinois and Georgia have revealed that they have numerous
fungal colonists, including known mycoparasites such as Pae-
cilomyces lilacinus (Thom) Samson (25). In a follow-up study
the mycoparasite Humicola fuscoatra Traaen NRRL 22980 was
isolated from an A. flavus sclerotium that had been buried for
3 years in a Georgia field planted to corn (26). Mycoparasites
negatively impact sclerotium-forming plant-pathogenic fungi
by infecting pathogen sclerotia in soil (12). H. fuscoatra para-
sitizes the oospores of Phytophthora megasperma f. sp. glycinea
in soil (19, 21) and has also been detected within, and isolated
from, the spores of arbuscular mycorrhizal fungi, such as Glo-
mus fasciculatum and Glomus versiforme, grown in greenhouse
pot cultures (5). Mycoparasite invasion of fungal sclerotia may
involve antibiosis (3), and therefore, mycoparasites and fungi-
colous fungi (9) are potentially useful sources of antifungal
agents (10, 11, 14). Subrahmanyam and Rao (20) reported that
Humicola fuscoatra var. nigra produces an unspecified cell-
bound antifungal substance that inhibits phytopathogenic fun-
gi. Our objective was to describe the isolation and character-
ization of antifungal metabolites produced by H. fuscoatra
which inhibit the growth of A. flavus.

MATERIALS AND METHODS

Fungal cultures and fermentation conditions. H. fuscoatra NRRL 22980 was
isolated by the procedure described by Wicklow et al. (25) from a sclerotium of
A. flavus that had been buried in soil for 3 years (1989 to 1991) in a Georgia
cornfield (Coastal Plains Research Station, Tifton, Ga.). The fungus was grown
on several slants of potato dextrose agar (PDA) for 14 days (25°C). A hyphal
fragment-spore suspension (propagule density, 10%ml of sterile distilled water)
prepared from the potato dextrose agar slants served as the inoculum. Fermen-
tations were carried out in duplicate 3-liter Fernbach flasks, each containing
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200 g of rice (Botan Brand; J.F.C. International). Distilled water (200 ml) was
added to each flask, and the contents were soaked overnight before being
autoclaved at 15 Ib/in? for 30 min. After the flasks had cooled to room temper-
ature, they were inoculated with 3 ml of the hyphal fragment-spore suspension
and incubated for 40 days at 25°C.

Isolation and characterization of fungal metabolites. A portion (2 g) of the
ethyl acetate extract was dissolved in 80:20 H,O-methanol, and the resulting
solution was extracted sequentially with hexane and CHCl; (50 ml; two times
each). The CHCI; fractions were combined and evaporated to afford a residue
(212 mg), which was subjected to fractionation on a Sephadex LH-20 column (42
by 1.5 cm) by eluting it successively with 4:1 CH,Cl,-hexane, 4:1 CH,Cl,-acetone,
3:2 CH,Cl,-acetone, and 4:1 acetone-CH,Cl, (100 ml each), followed by a 100%
methanol wash. The fraction eluting with 4:1 acetone-CH,Cl, (26 mg) was
purified by semipreparative reversed-phase high-performance liquid chromatog-
raphy (HPLC) (Dynamax 5-pm-particle-size C;g column; 40 to 60% CH;CN in
0.1% HCOOH-H,O0 in 25 min) to give monorden analog 1 (4.2 mg; retention
time [R,], 13 min). The structure of compound 1 was determined by analysis of
'H nuclear magnetic resonance (NMR), *C NMR, two-dimensional NMR, and
mass spectral data. Compound 1 has the following characteristics: it is a colorless
oil; [a]p = —137° (¢ = 0.5 mg/ml; CHCl;; 24°C); negative ion electrospray
ionization mass spectrometry, pseudomolecular ion at m/z 365 {(M-H)~; 100%
relative intensity}. "H NMR (multiplicity; J in hertz; assignment): 6.61 (s; H-15),
6.10 (dd; 10.8, 10.8; H-6), 6.02 (m; H-7), 5.76 (ddd; 15.0, 6.6, 6.6; H-8), 5.27 (dd;
9.6, 9.6; H-5), 4.84 (m; H-2), 4.81 (d; 18; H-11a), 4.64 (m; H-4), 3.81 (d; 18;
H-11b), 3.27 (dd; 14.4, 6.6; H-9a), 2.93 (dd; 14.4, 6.6; H-9b), 2.18 (ddd, 12.9, 11.1,
3.6; H-3a), 1.59 (ddd; 12.9, 10.2, 2.4; H-3b), 1.35 (d; 6.0; H3-19). 1°C NMR: 203.0
(C-10), 167.1 (C-18), 156.6 (C-14), 135.5 (C-12), 134.5 (C-5), 129.0 (C-6), 128.2
(C-7), 127.8 (C-8), 116.0 (C-17), 114.1 (C-13), 103.8 (C-15), 71.0 (C-2), 64.5
(C-4), 44.6 (C-9), 43.8 (C-11), 43.4 (C-3), 20.4 (C-19). Heteronuclear multiple-
bond correlations (H no.—C no.): H-2—C-3, 18, 19; H-3a—C-2, 4, 5;
H-3b—C-4, 5; H-5—C-3, 7; H-6—C-4, 8; H-7—C-9; H-8—C6, 9; H-9a—C-8, 10;
H-9b—C-8, 10; H-11a—C-10, 12, 13, 17; H-11b—C-10, 12, 13, 17; H-15—C-16,
17; H3-19—C-2, 3.

The remainder of the ethyl acetate extract (7 g) was purified on a silica gel
(Fluka no. 60765) vacuum liquid chromatography column (6 by 5 cm) eluting
with 1:9 hexane-CH,Cl, (1,500 ml), followed by a step gradient of methanol-
CH,Cl, in the following ratios and volumes: 1:99 (2,000 ml), 2:99 (1,000 ml), 3:97
(750 ml), 4:96 (500 ml), 8:92 (500 ml), 15:85 (500 ml), and 30:70 (500 ml). The
fractions eluting with 1:99 methanol-CH,Cl, were combined on the basis of their
thin-layer chromatography behavior, with 3:2:1 hexane-CHCl;-methanol as the
eluent. These combined fractions (1.8 g) were further fractionated on a column
of silica gel (Fisher no. D22661264-01; 60 to 200 ) with a step gradient of 5:95
ethyl acetate-CH,Cl, (100 ml), 20:80 ethyl acetate-CH,Cl, (100 ml), 40:60 ethyl
acetate-CH,Cl, (100 ml), 20:80 ethyl acetate-CH,Cl, (200 ml), 1:99 methanol-
CH,CIl, (100 ml), and 10:90 methanol-CH,Cl, (200 ml). The fractions eluting
with 20:80 and 40:60 ethyl acetate-CH,Cl, were combined (1,040 mg [wet
weight]), and 70 mg of the resulting material was purified by semipreparative
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reversed-phase HPLC (Dynamax 5-wm-particle-size C,g column; 40 to 80%
acetonitrile in 0.1% HCOOH in 20 min) to produce monorden (compound 2; 40
mg; R,, 11.2 min) and monocillin IV (compound 3; 40 mg; R,, 11.2 min). Monor-
den (compound 2) and monocillin IV (compound 3) were identified by compar-
ison of their '"H and '*C NMR chemical shifts and mass spectral data with
published values (1, 16).

The fraction eluting from the vacuum liquid chromatography column with
15:85 methanol-CH,Cl, (367 mg) was fractionated on a silica gel column (Fisher
no. D22661264-01; 60 to 200 p; 38 by 2.2 cm) with a step gradient of methanol-
CH,Cl, in the following ratios and volumes: 1:99 (700 ml), 2:99 (250 ml), 3:97
(200 ml), 5:95 (500 ml), 10:90 (250 ml), 12:88 (400 ml), 15:85 (200 ml), and 50:50
(200 ml). The fraction eluting with 15:85 methanol-CH,Cl, (85 mg) on tritura-
tion with acetone gave an acetone-insoluble portion (38 mg), which was then
purified by semipreparative reversed-phase HPLC (Hamilton 10-um-particle-
size PRP-1 column; 50 to 100% CH;CN in 0.1% HCOOH-H,O in 20 min) to
produce cerebrosides C (compound 4) and D (compound 5). Cerebroside C (6.1
mg; R, 24.4 min) and cerebroside D (6.8 mg; R,, 24.8 min), obtained by pro-
cessing 30 mg of the acetone-insoluble material, were identified by comparison of
their '"H NMR, '*C NMR, and mass spectral data with published values (18).

Bioassay of extractable residue. Following incubation, the fermented rice
substrate in each Fernbach flask was first fragmented with a large spatula and
then extracted three times with ethyl acetate (200 ml each time). The combined
ethyl acetate extracts were filtered and evaporated. Following evaporation of the
ethyl acetate, approximately 6 mg of the residue was redissolved in ethyl acetate
for antifungal activity assays. The remaining dried extract was stored at —20°C.

One- and 0.5-mg equivalents of extractable residue, dissolved in methanol,
were pipetted onto individual analytical-grade filter paper disks (13.0-mm diam-
eter) in individual Petri dish lids and dried for 30 min in a laminar flow hood. Up
to four disks were placed equidistant from one another on the surface of fresh
yeast malt agar (23) containing 22% glycerol, as modified by Nout (15). This agar
was seeded with 4. flavus (NRRL 6541) conidia to give a final conidial suspen-
sion of approximately 100 spores per ml. The bioassay plates were incubated for
4 days at 25°C and examined for the presence of a zone of inhibition surrounding
a disk, which is evidence of the inhibition of germination and a measure of
fungistatic activity. This bioassay procedure was used to guide the isolation of
those H. fuscoatra metabolites which accounted for the antifungal activity. Pure
compounds were evaluated for antifungal activity by placing 0.25 mg onto indi-
vidual paper disks.

To determine if these H. fuscoatra metabolites might also function to prevent
insects feeding on the organism or as toxins, the compounds monorden (com-
pound 2), monocillin IV (compound 3), and cerebroside D (compound 5) were
incorporated into a pinto bean-based diet according to previously described
methods (6). Briefly, the compounds were dissolved in 125 pl of acetone. The
solution was blended into a liquid diet preparation with a vortex mixer. The diet
mixtures were allowed to solidify, and the solvent was removed in a fume hood.
The final concentrations of the compounds in the diet mixture were 100 ppm.
The diet mixture for each treatment was sectioned into 20 pieces, and each piece
was placed in an individual well of a tissue culture plate. A newly hatched corn
earworm [Helicoverpa zea (Boddie)] larva was placed on each piece of the diet
mixture, the plates were sealed, and larva mortality was determined after 7 days.
All surviving larvae were individually weighed.

RESULTS

Bioassay for antifungal activity. The ethyl acetate extract of
fermented-rice cultures inoculated with H. fuscoatra NRRL
22980 displayed potent antifungal activity in conventional pa-
per disk assays on agar plates seeded with conidia of A. flavus.
Three of the major components, when added to each disk at
250 ppm, showed potent activity, as measured by the zone of
inhibition surrounding each disk (diameters: compound 1, 5
mm; compound 2, 13 mm; compound 3, 13 mm), while com-
pounds 4 and 5 were not inhibitory to A. flavus in this bioassay
(Fig. 1). The activities of monorden and monocillin IV against
A. flavus were also assessed by the application of 5 to 200 pg of
metabolite (5.6 to 224 pg of metabolite ml of agar ') in
HPLC-grade methanol to yeast malt glycerol agar blocks of
known volume (0.8908 ml) by the method described by Morris
et al. (14). Monorden was twice as inhibitory to A. flavus
mycelium extension (MIC > 28 pg/ml) as monocillin TV
(MIC > 56 pg/ml). Compounds 4 and 5 (identified below)
were known metabolites that potentiate the activity of cell
wall-active antibiotics (17). The monordens and monocillins do
not account for all of the antifungal activity in the initial ethyl
acetate extract, and further studies of this extract have identi-
fied new antifungal compounds that will be the subject of
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FIG. 1. Structures of new monorden analog (compound 1), monorden (com-
pound 2), monocillin IV (compound 3), cerebroside C (compound 4), and ce-
rebroside D (compound 5).

another report. Assays of fungal compounds 2, 3, and 5 in
insect dietary tests showed that, relative to the solvent control,
there was no significant mortality and the weights of larvae fed
diets containing cerebroside D, monocillin IV, and monorden
were reduced by 47, 16, and 0.2%, respectively.

DISCUSSION

The occurrence of monordens (compounds 1 and 2) and
monocillin IV (compound 3) as major constituents of the fer-
mentation extracts of H. fuscoatra provides an intriguing par-
allel to their occurrence in Monocillium nordinii (Bourchier)
W. Gams, a destructive mycoparasite of pine stem rusts (1).
Ayer et al. suggest that monorden may play a key role in the
mycoparasitic action of M. nordinii on rust sori. Mycoparasitic
fungi in unrelated fungal taxa could benefit from the same
classes of antifungal metabolites, and one might anticipate
finding evolutionary convergence in pathways leading to their
biosynthesis.

M. nordinii has also been isolated from the rhizomorph of
Armillariella mellea (8). Another monorden-producing fungus,
Cylindrocarpon radicicola Wr. [= Cylindrocarpon destructans
(Zinssm.) Scholten], was isolated from mycorrhizal tuberous
roots of the saprophytic orchid Dipodium punctatum R. Br.
(22). Evans and White (7) reported that radicicol (i.e., monor-
den) was inhibitory to the growth of numerous fungal strains,
including Aspergillus niger van Tiegh. and Eurotium repens De
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Bary. Cerebrosides C (compound 4) and D (compound 5) were
first described from an unidentified species of Pachybasium sp.
(= Trichoderma sp. Section Pachybasium [2]) and potentiated
the activity of the cell wall-active antibiotic aculeacin against
Candida albicans (18). Sitrin et al. also reported that no sig-
nificant chitin synthetase inhibition occurred in the absence of
aculeacin. We have not determined if cerebrosides C and D
potentiate the activity of H. fuscoatra-coproduced antifungal
metabolites, monordens, or monocillin IV. Assays of monor-
den and monocillin IV in insect dietary tests against Humicola
zea at 100 ppm showed little or no activity. The fungi shown to
produce monordens or monocillins are recognized as myco-
parasites or antagonists of other fungi (e.g., C. destructans,
H. fuscoatra, and M. nordinii), while Neocosmospora tenuicris-
tata Ueda et Udagawa was isolated from marine sludge (4).
These fungal taxa are not recognized as having any negative
interactions with insects.

The best-known mycoparasitic fungi (e.g., Coniothyrium
minutans Campbell, Gliocladium virens J. H. Miller et al., Tala-
romyces flavus (Klocker) Stolk & Samson, Trichoderma harzia-
num Rifai, and Verticillium biguttatum Gams) are those which
have been used, or at least proposed, as agents for biocontrol
of soilborne plant-pathogenic fungi because of their antifungal
effects on hosts (12). A few of these fungi are known to pro-
duce antifungal agents (10, 11, 14). While the general concept
that mycoparasites may produce antifungal agents is not new,
the number of cases investigated from a chemical standpoint is
surprisingly small. We have shown that H. fuscoatra, a myco-
parasite of A. flavus sclerotia, produces several antifungal
agents effective against A. flavus.

Opportunistic fungal infections of humans (including inva-
sive pulmonary aspergillosis caused by Aspergillus fumigatus
Fresenius and A. flavus) have become increasingly common in
recent years (17). Unfortunately, only a relatively small num-
ber of antifungal therapeutic drugs are available, and all of
them suffer from serious limitations and/or cause significant
side effects (13). We suggest that screening mycoparasites and
other fungal colonists of A. flavus sclerotia for antifungal ac-
tivity could lead to the identification of novel and quite useful
compounds.
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