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C. MUNIMBAZI AND L.B. BULLERMAN. 1998. Antifungal metabolites produced by Bacillus pumilus
in Potato Dextrose Broth (PDB) were isolated from culture supernatant fluid by precipitation
with ammonium sulphate. The antifungal metabolites inhibited mycelial growth of many
species of Aspergillus, Penicillium and Fusarium. They also inhibited production of aflatoxins,
cyclopiazonic acid, ochratoxin A and patulin. The metabolites were heat-stable and remained
active after sterilization at 121 °C for 15 min. Their activity was stable over a wide range of
pH (2–10). The metabolites were resistant to hydrolysis by various proteases, peptidases and
other enzymes. They were also resistant to denaturation by many protein-denaturing
detergents except Nonidet P-40. The metabolites were soluble in water and relatively polar
organic solvents. Chromatographic bioassay revealed that a crude precipitate of the
metabolites contained only one compound with antifungal activity. The active compound did
not form a fluorescent derivative with fluorescamine suggesting that the compound is either
a cyclic polypeptide or a non-peptidic compound.

INTRODUCTION

In recent years public concern over pesticide residues in the
environment, foods and feeds has led to a limitation and/or
reduction of availability of some chemical fungicides com-
monly used to control plant pathogens and post-harvest dis-
eases (Anon. 1987). Consequently, alternative methods of
controlling these pathogens and diseases are needed. Some
investigators have suggested that biological control (Pusey
and Wilson 1984; Utkhede and Sholberg 1986; Rytter et al.
1989; Lemanceau and Alabouvette 1991) or use of microbial
fungicides (Potera 1994) may be an alternative strategy to
chemical fungicides.

Several Bacillus species produce various antibiotics some
of which have antifungal activity (Katz and Demain 1977;
Korzybski et al. 1978). These antifungal antibiotics play a
major role in biological control of plant pathogens (McKeen
et al. 1986; Fravel 1988; Phae et al. 1990; Potera 1994; Leifert
et al. 1995) and post-harvest spoilage fungi (Klich et al. 1994).
Many of these antifungal substances have been characterized.
Most of them are polypeptides composed entirely of amino
acids, but some may contain other residues. For example,
fungicin M-4 produced by Bacillus licheniformis M-4 is com-
posed of 34 amino acid residues of seven types (Lebbadi et al.
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1994) whereas rhizocticin A produced by B. subtilis ATCC
6633 is a phosphono-oligopeptide (Kluger et al. 1990). Many
of these antifungal polypeptides are cyclic compounds. How-
ever, a few are linear. Thus, mycosubtilins which are pro-
duced by B. subtilis are cyclic (Besson and Michel 1990)
whereas rhizocticins are linear (Kluger et al. 1990). These
antifungal polypeptides frequently contain amino acid resi-
dues which are unique and not commonly found in proteins.
For example, peptide moieties of bacillomycin D and
plipastatin B1 contain D-amino acid residues in addition to L-
amino acid residues (Peypoux et al. 1981; Tsuge et al. 1995).
Fungicin M-4 (Lebbadi et al. 1994) and plipastatin B1 (Tsuge
et al. 1995) contain the unusual amino acid residue ornithine.
Most of these antifungal polypeptides are fairly resistant to
hydrolysis by proteases, peptidases and many other enzymes.
Thus, fungicin M-4 is resistant to proteinase K, trypsin,
carboxypeptidase A and lipase (Lebbadi et al. 1994). This
study reports on some characteristics of antifungal metab-
olites produced by B. pumilus.

MATERIALS AND METHODS

Bacterial strain, production and isolation of antifungal
metabolites

The bacterial strain was isolated from a sample of dried
Ndagala fish (a mixture of Limnothrissa miodon and
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Stolothrissa tanganicae) from Burundi. It was identified as B.
pumilus at the Veterinary Diagnostic Center, University of
Nebraska-Lincoln, USA. The strain was maintained on
Nutrient Agar (Difco Laboratories, Detroit, MI, USA) and
stored at 5 °C. The inoculum for production of antifungal
metabolites was prepared by growing the strain in 5ml of
Potato Dextrose Broth (PDB, Difco Laboratories) at 30 °C
for 24 h. The production medium was 1 litre of PDB which
was inoculated with 1ml of inoculum containing approxi-
mately 106 colony forming units (cfu) ml−1. Cultures were
incubated at 30 °C and 100 rev min−1 for 48 h on a shaker
incubator. At the end of the incubation period, a cell-free
supernatant fluid was obtained by centrifuging the culture at
23 990 g and 5 °C for 15min. Antifungal metabolites were
isolated from the cell-free supernatant fluid by precipitation
using solid ammonium sulphate (Mallinckrodt Chemical,
Inc., Paris, KY, USA) which was gradually added to the
supernatant fluid to achieve a 40% concentration (w/v). The
mixture was slowly stirred at 5 °C for 1 h and left to stand
overnight at 5 °C. This resulted in the formation of a pre-
cipitate which was removed after centrifugation at 23 990 g
for 15min at 5 °C. The precipitate was dissolved in distilled
water. Traces of ammonium sulphate were removed from the
solution by exhaustive dialysis in a tubular cellulose mem-
brane (SpectraPor; 1000 dalton MWCO, Fisher Scientific,
Pittsburgh, PA, USA) against distilled water. Insoluble resi-
dues were removed by centrifugation at 43 546 g and 5 °C for
15min. Finally, the solution was freeze-dried at −50 °C.
The resultant solid residue was stored at −20 °C pending
characterization.

Characterization of antifungal metabolites

The metabolites were characterized with respect to antifungal
and antimycotoxigenic activity, thermal and pH stability,
susceptibility to denaturation by enzymes and protein-dena-
turing detergents, solubility in organic solvents and active
components.

Antifungal activity

An agar diffusion assay was used to determine qualitatively
the ability of the metabolites to inhibit mycelial growth of
various species of Aspergillus, Penicillium and Fusarium. The
inoculum of Aspergillus and Penicillium species was prepared
by growing moulds on Potato Dextrose Agar (PDA) slants
until well sporulated (approximately 7 d). The inoculum of
Fusarium species was produced on Carnation Leaf Agar
(Fisher et al. 1982). Spores were harvested in peptone water
solution (0·1% w/v) to give a concentration of approximately
106–107 spores ml−1. Then, the inoculum (0·1ml) was added
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to 5ml of soft PDA (PDB¦ 1·0% agar) and overlaid on pre-
poured 10ml of PDA. Plates were allowed to dry for 30min
before sterilized paper discs (6·35mm diameter, Schleicher
& Schuell Inc., Keene, NH, USA) containing 20ml of a sterile
solution of metabolites were placed on agar surfaces. The
solution of metabolites contained 20mg freeze-dried meta-
bolites ml−1 distilled water and was sterilized by filtration
through a 0·45mm pore-size nylon membrane (Fisher Scien-
tific, Pittsburgh, PA, USA). The control consisted of 20ml
of filter-sterilized distilled water. Plates were kept at 5 °C for
24 h, then incubated at 25 °C for 2 d. They were examined
for the presence of a clear inhibition zone around the discs
and results were reported as diameter of inhibition zone.
Three plates with one measurement per plate were used for
each fungal species.

Antimycotoxigenic activity

The ability of the metabolites to inhibit aflatoxin production
by Aspergillus parasiticus NRRL 2999 was studied by growing
the mould on 25ml of yeast extract (2%) sucrose (20%)
(YES) broth. Autoclaved YES (25ml) was dispensed in 125
ml Erlenmeyer flasks and supplemented with 0·25ml of filter-
sterilized solution of metabolites to give concentrations of
0·1, 0·3 and 0·6mg metabolites ml−1 growth medium. Three
flasks per concentration of metabolites were prepared. Then,
each flask was inoculated with 0·1ml of a spore suspension
containing approximately 106–107 spores ml−1 (refer to pre-
vious paragraph). Cultures were incubated at 25 °C for 10 d.
Aflatoxins in the broth and mycelium were extracted twice
with 25ml of chloroform. Extracts were dehydrated over
granular anhydrous sodium sulphate and evaporated to dry-
ness at 60 °C in a water-bath. Residues were redissolved in
chloroform and analysed for aflatoxins on channelled pre-
coated silica gel thin-layer chromatography (TLC) plates.
The developing solvent was chloroform/acetone (9/1). Afla-
toxins were quantified by measurement of fluorescence of
spots with Rf values and colours similar to those of aflatoxin
standards. A CAMAG TLC II Scanner with CATS 3 soft-
ware (Muttenz, Switzerland) interfaced with an IBM Model
50 computer was used for fluorescence measurements. Stan-
dard aflatoxins were obtained from Sigma Chemical Co. (St
Louis, MO, USA). Mycelial growth was expressed as the
dry weight of the mycelial mass collected after extraction of
aflatoxins and drying at 100 °C for approximately 12 h.

The effect of the metabolites on cyclopiazonic acid (CPA)
production was studied by culturing Aspergillus flavus NRRL
1290 on 25ml of autoclaved liquid medium (Trucksess et al.
1987) containing 0·2mg metabolites ml−1 growth medium.
Metabolites were dissolved in distilled water (20mg ml−1

water), filter-sterilized and added to the growth medium.
Inoculum preparation and inoculation were conducted as
described for aflatoxin production. Three flasks were
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prepared. Cultures were incubated at 25 °C for 10 d. Cyclo-
piazonic acid in the liquid medium and mycelial mass was
extracted twice with 25ml of chloroform. Extracts were evap-
orated to dryness at 60 °C in a water-bath and reconstituted
in methanol. A colorimetric method, described by Chang-
Yen and Bidasee (1990), was used for CPA determination
with the following modifications: 2ml of fresh p-dimethyl-
aminobenzaldehyde (5mg ml−1 absolute ethanol) were
added to 10ml of CPA extract, followed by 3ml of con-
centrated hydrochloric acid and mixed thoroughly. The
resultant purple colour was allowed to develop for 1min
before measuring absorbance at 560 nm in a u.v./vis spec-
trophotometer. Quantities of CPA were calculated from a
standard curve. Cyclopiazonic acid standard was obtained
from Sigma Chemical Co. Mycelial growth was determined
as described previously for Aspergillus parasiticus NRRL 2999.

Aspergillus ochraceus NRRL 3174 and Penicillium cyclopium
NRRL 6065 were used to study the effect of the metabolites
on production of ochratoxin A (OA). Moulds were grown in
triplicate on 25ml of YES broth containing 0·2mg metab-
olites ml−1 YES. Cultures were incubated at 25 °C for 14 d.
Ochratoxin A in the broth and mycelial mass was extracted
twice with 25ml of chloroform. Extracts were evaporated
at 65 °C in a flash evaporator and residues redissolved in
benzene/acetic acid (99/1). Ochratoxin A was determined by
TLC on precoated silica gel TLC plates with toluene/
ethyl acetate/88% formic acid (5/4/1) as developing solvent.
Ochratoxin A appeared as a blue fluorescent spot under long-
wave u.v. light. A CAMAG TLC II scanner with CATS 3
software was used to compare intensity of fluorescence of the
samples with that of standard OA. Standard OA was obtained
from Sigma Chemical Co. Mycelial growth was determined
as described previously.

The effect of the metabolites on patulin production was
determined by culturing Penicillium expansum NRRL 2304 on
25ml of sterilized commercial apple juice containing 0·2mg
metabolites ml−1 apple juice. Apple juice was autoclaved, and
then supplemented with filter-sterilized antifungal meta-
bolites. Cultures were incubated at 25 °C for 14 d. Patulin in
the juice and mycelial mass was extracted twice with 25ml of
ethyl acetate. Extracts were evaporated at 60 °C under a
stream of nitrogen. Residues were redissolved in chloroform
and analysed for patulin by TLC on precoated silica gel
plates. The developing solvent was toluene/ethyl acetate/
88% formic acid (5/4/1). Patulin was quantified after plates
were sprayed with a 0·5% aqueous solution of MBTH (3-
methyl-2-benzothiazolinone hydrazone hydrochloride; East-
man Kodak Co., Rochester, NY, USA) and dried at 135 °C
for 15min. Patulin appeared as a yellow spot. The intensity
of the colour of samples was visually compared with that of
standard patulin. Patulin standard was obtained from Sigma
Chemical Co. Mycelial growth was determined as described
previously.
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Thermal stability

The thermal stability of antifungal metabolites was deter-
mined by autoclaving a solution of metabolites (20mg ml−1

distilled water) at 121 °C for 15min. The autoclaved solution
was quickly cooled under running tap water and aseptically
added to autoclaved PDB to give a concentration of 0·2mg
metabolites ml−1 PDB. Then, residual antifungal activity of
the metabolites in 25ml of PDB was evaluated against myce-
lial growth and aflatoxin production of A. parasiticus NRRL
2999. Mycelial growth and aflatoxin production were deter-
mined as described previously. The control consisted of filter-
sterilized solution of antifungal metabolites added to PDB.

pH and thermal stability

Antifungal metabolites were dissolved in distilled water at a
concentration of 20mg metabolites ml−1 solution and final
pH of 2, 4, 6, 8 and 10. Solutions were kept at 25 °C for
3 h, autoclaved at 121 °C for 15min and tested for residual
antifungal activity against mycelial growth and aflatoxin pro-
duction of A. parasiticus NRRL 2999 on 25ml of PDB as
described previously. Sterilized antifungal metabolites were
aseptically added to sterile PDB to give a concentration of
0·2mg metabolites ml−1 PDB. Distilled water with pH
adjusted to 2, 4, 6, 8 and 10 was used as control treatments.

Susceptibility to denaturation by enzymes

The sensitivity of antifungal metabolites to denaturation by
enzymes was tested using the following commercial enzyme
preparations: a-chymotrypsin (pH 7·5), trypsin (pH 8·1),
pepsin (pH 2·1), subtilopeptidase A (pH 7·5), carboxypep-
tidase A (pH 7·5), proteinase K (pH8·5), lysozyme (pH 6·1),
a-amylase (pH 6·1), dextranase (pH 6·1) and lipase A
(pH 7·0). All enzymes were obtained from Sigma Chemical
Co. and were dissolved in distilled water at a concentration
of 1mg ml−1, except carboxypeptidase A which was used at
a concentration of 20ml ml−1 water. The pH of distilled water
was adjusted to pH values indicated for optimum activity of
each enzyme. Antifungal metabolites were added to enzyme
solutions at a concentration of 20mg metabolites ml−1 enzyme
solution and incubated at 37 °C for 2 h. Then, the mixture of
antifungal metabolites and enzyme was autoclaved for 15min
to inactivate enzymes before assaying for residual antifungal
activity against mycelial growth and aflatoxin production of
A. parasiticus NRRL 2999 as described previously. Antifungal
metabolites treated with enzymes were added to PDB at
a concentration of 0·2mg ml−1 PDB. Control treatments
consisted of enzyme solutions without mixed antifungal
metabolites.
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Susceptibility to protein-denaturing detergents

Susceptibility to denaturation by protein-denaturing deter-
gents was studied by treating the metabolites with nonionic
(Triton X-100, Tween-20, Tween-80, Nonidet P-40), anionic
(sodium dodecyl sulphate, deoxycholic acid), cationic (hexa-
decyltrimethyl ammonium bromide) and dipolar ionic (N-
hexadecyl-N, N-dimethyl-3-ammonio-1-propanesulphonate)
detergents. Detergents were obtained from Sigma
Chemical Co. and were added to antifungal metabolites at
concentrations of 0·1ml or 0·01 g of detergent ml−1 antifungal
solutions containing 20mg dried metabolites ml−1 distilled
water. These preparations were incubated at 30 °C for 6 h,
sterilized at 121 °C for 15min and qualitatively assayed for
antifungal activity against mycelial growth of A. sydowi. An
agar diffusion assay was used as previously described. Deter-
gents added to distilled water were used as control treatments.

Solubility in organic solvents

Antifungal metabolites were dissolved in diluted (75%) solu-
tions of organic solvents (acetone, acetonitrile, ethanol, meth-
anol and 2-propanol) at a concentration of 20mg metabolites
ml−1 solvent. Solutions were kept at 25 °C for 1 h. One ml of
each solution was centrifuged at 11 429 g and room tem-
perature for 15min to remove the insoluble fraction. The
solution was then evaporated to dryness at 60 °C in a water-
bath. Dried residues were reconstituted with 1ml of distilled
water and qualitatively assayed for antifungal activity against
mycelial growth of A. sydowi. The agar diffusion test was
used as described previously. A water solution of antifungal
metabolites was used as control.

Antifungal metabolite components

A chromatographic bioassay (Leifert et al. 1995) was used
to determine if the metabolites contained more than one
antifungal component. Briefly, 20mg dried metabolites were
dissolved in 1ml of methanol/water (75/25). The solution
was then applied as a band on a silica gel prechannelled
TLC plate. The plate was developed with 1-butanol/acetic
acid/water (3/1/1). After development, the plate was dried
overnight in a laminar flow cabinet and then at 70 °C for 5 h
in a drying oven to remove acetic acid residues. To detect
antifungal activity on the plate, soft, molten PDA
(PDB¦ 1% agar) seeded with spores of A. sydowi was poured
on a portion of the plate. After the agar medium had solidified,
the plate was incubated at 25 °C for 2–3 d and checked daily
for mycelial growth and zones of inhibition.

RESULTS

Isolation, antifungal and antimycotoxigenic activity

Antifungal metabolites produced by B. pumilus were suc-
cessfully isolated from a cell-free supernatant culture fluid by
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precipitation with 40% ammonium sulphate. On average,
0·35 g of freeze-dried bacterial metabolites was precipitated
from 1 litre of cell-free supernatant fluid. Use of more than
40% ammonium sulphate did not increase the yield. Data
presented in Tables 1–3 indicate that the metabolites
inhibited mycelial growth of many Aspergillus, Penicillium
and Fusarium species. Aspergillus flavus, A. oryzae and A.
parasiticus–which are members of Aspergillus Section Flavi
(Gams et al. 1985)–were not sensitive to the metabolites under
conditions used in this study. Aspergillus terreus was also
resistant to the metabolites. Pencillum citrinum was the only
species of Penicillium not sensitive to the metabolites. All
species of Fusarium tested in this study were sensitive to the
metabolites.

The antifungal metabolites inhibited production of afla-
toxins, CPA, OA and patulin (Table 4). A concentration of
0·1mg metabolites ml−1 YES inhibited aflatoxin and
mycelium production of A. parasiticus NRRL 2999 by 84%
and 37%, respectively. Increasing the concentration to 0·3mg
ml−1 YES inhibited aflatoxin and mycelium production by
93% and 38%, respectively. At a higher concentration
(0·6mg metabolites ml−1 YES) aflatoxins were not detected
in the growth medium and the mould grew very poorly. A
concentration of 0·2mg metabolites ml−1 growth medium
inhibited CPA and mycelium production of A. flavus NRRL
1290 by approximately 44% and 19%, respectively. The same
concentration inhibited OA and mycelium production of A.
ochraceus NRRL 3174 by 71% and 76%, respectively. Ochra-
toxin A production of P. cyclopium NRRL 6065 was com-

Table 1 Inhibition of mycelial growth of Aspergillus species by
antifungal metabolites* produced by Bacillus pumilus
—–––––––––––––––––––––––––––––––––––––––––––––––––––––

Aspergillus species Inhibition zone† (mm)
—–––––––––––––––––––––––––––––––––––––––––––––––––––––
Aspergillus candidus 19
Aspergillus clavatus QM 8360 32
Aspergillus flavus NRRL 1290 0
Aspergillus nidulans NRRL 187 20
Aspergillus niger WDC31 27
Aspergillus ochraceus NRRL 3174 25
Aspergillus oryzae NRRL 3488 0
Aspergillus parasiticus NRRL 2999 0
Aspergillus petrakii WDC 23 24
Aspergillus repens NRRL 13 26
Aspergillus restrictus NRRL 154 38
Aspergillus sulphureus NRRL 4077 30
Aspergillus sydowi 30
Aspergillus terreus WDC 6 0
Aspergillus versicolour FDA-M 1069 27
—–––––––––––––––––––––––––––––––––––––––––––––––––––––

* 400 mg dried metabolites per disc in agar diffusion assay.
† Each value represents the average of three measurements.
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Table 2 Inhibition of mycelial growth of Penicillium species by
antifungal metabolites* produced by Bacillus pumilus
—–––––––––––––––––––––––––––––––––––––––––––––––––––––

Penicillium species Inhibition zone† (mm)
—–––––––––––––––––––––––––––––––––––––––––––––––––––––
Penicillium camembertii 19
Penicillium citrinum NRRL 1843 0
Penicillium corylophilum WDC 46 28
Penicillium crustosum 23
Penicillium cyclopium NRRL 6065 22
Penicillium digitatum WSQ 1 23
Penicillium funiculosum NRRL 2304 23
Penicillium expansum NRRL 2304 23
Penicillium implicatum WDC 15 25
Penicillium islandicum FDA 22
Penicillium italicum WDC 16 25
Penicillium lanosum WDC 50 25
Penicillium martensii NRRL 1843 25
Penicillium oxalicum NRRL 5209 25
Penicillium puberulum NRRL 1889 30
Penicillium roqueforti WDC 10 30
Penicillium urticae NRRL 1953 23
Penicillium viridicatum NRRL 3260 25
—–––––––––––––––––––––––––––––––––––––––––––––––––––––

* 400 mg dried metabolites per disc in agar diffusion assay.
† Each value represents the average of three measurements.

Table 3 Inhibition of mycelial growth of Fusarium species by
antifungal metabolites* produced by Bacillus pumilus
—–––––––––––––––––––––––––––––––––––––––––––––––––––––

Fusarium species Inhibition zone† (mm)
—–––––––––––––––––––––––––––––––––––––––––––––––––––––
Fusarium culmorum R-449 24
Fusarium culmorum R-5209 23
Fusarium equiseti R-8758 25
Fusarium moniliforme M-2552 20
Fusarium moniliforme M-6131 21
Fusarium oxysporum O-693 23
Fusarium oxysporum O-1077 23
Fusarium poae T-457 25
Fusarium proliferatum M-1429 20
Fusarium proliferatum M-5991 18
Fusarium semitectum R-7835 27
Fusarium sporotrichioides T-723 27
Fusarium subglutinans M-3940 25
Fusarium subglutinans M-3834 23
—–––––––––––––––––––––––––––––––––––––––––––––––––––––

* 400 mg dried metabolites per disc in agar diffusion assay.
† Each value represents the average of three measurements.

pletely inhibited and the mould grew very poorly. Patulin
and mycelium production of P. expansum NRRL 2304 were
inhibited by 96% and 89%, respectively. Overall, these data
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indicate that the metabolites inhibited more mycotoxin than
mycelium production.

Thermal and pH stability

The antifungal metabolites were heat stable. Autoclaved
metabolites (121 °C, 15min) retained full inhibitory activity
against mycelial growth and aflatoxin production of A. para-
siticus NRRL 2999 (Table 5). There was no difference
between amounts of aflatoxins inhibited by autoclaved and
filter-sterilized solutions of metabolites; both solutions
inhibited aflatoxin production by 93%. Inhibition rates of
mycelial growth were very low (13–19%). Antifungal activity
of both autoclaved and filter-sterilized solutions of meta-
bolites against mycelial growth of A. sydowi was also deter-
mined. There was no difference between diameters of
inhibition zones caused by autoclaved or filter-sterilized solu-
tions of metabolites (18mm).

Metabolites added to distilled water to give final pH values
in the range of 2–10 before sterilization (121 °C, 15min) and
then assayed for antifungal activity inhibited mycelial growth
and aflatoxin production of A. parasiticus NRRL 2999
(Table 6). Inhibition of aflatoxin production ranged from
92% (at pH 4 and 6) to 99% (at pH 2). The metabolites also
inhibited mycelial growth of A. sydowi in the agar diffusion
assay. There was no difference in diameters of inhibition
zones (22mm) caused by the metabolites treated at different
pH values. However, the metabolites tended to precipitate at
pH 2.

Sensitivity to enzymes and protein-denaturing
detergents

None of the enzymes used in this study had an effect on
aflatoxin production (control treatments) and none modified
the antiaflatoxigenic activity of the antifungal metabolites
(Table 7). Metabolites treated with enzymes inhibited afla-
toxin production by 94–98%. Inhibition caused by non-
treated extract was 97%. None of the enzymes inhibited
mycelial growth of A. sydowi in the agar diffusion assay while
metabolites treated with enzymes caused a 22 mm inhibition
zone.

Detergent controls such as sodium dodecyl sulphate, hexa-
decyltrimethyl ammonium bromide and N-hexadecyl-N,N-
dimethyl-3-ammonio-1-propanesulphonate inhibited myce-
lial growth of A. sydowi (Table 8). The effect of these deter-
gents on the stability of antifungal metabolites could not be
established. No loss of antifungal activity was observed when
the metabolites were treated with Triton X-100, Tween-
20 or deoxycholic acid. On the other hand, Nonidet P-40
completely destroyed the antifungal activity. Tween-80 was
slightly destructive, reducing the inhibitory activity by almost
20%.
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Table 4 Inhibition of aflatoxins, cyclopiazonic acid, ochratoxin A and patulin production by antifungal metabolites* produced by
Bacillus pumilus
—––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Fungal species Mycotoxin Mycotoxin (mg) Mycelium (mg) mg Mycotoxin per mg mycelium
— — —–––––––––––––––––– –––––––––––––––––– ––––––––––––––––––––––––––––
Control Treated Control Treated Control Treated

—––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Aspergillus parasiticus NRRL 2999 Aflatoxins 1134 176† 60 38† 18·9 4·6

80‡ 37‡ 2·2
n.d.§ traces§ N.A.**

Aspergillus flavus NRRL 1290 CPA 163 91 158 128 1·0 0·7
Aspergillus ochraceus NRRL 3174 OA 1761 508 1045 254 1·7 2·0
Penicillium cyclopium NRRL 6065 OA 259 n.d. 1007 traces 0·3 N.A.
Penicillium expansum NRRL 2304 Patulin 6257 249 1103 121 5·7 2·1
—––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

* 0·2 mg dried metabolites ml−1 growth medium (unless otherwise stated). † 0·1 mg dried metabolites ml−1 growth medium.
‡ 0·3 mg dried metabolites ml−1 growth medium. § 0·3 mg dried metabolites ml−1 growth medium. ** N.A.: not applicable.

Table 5 Inhibition of aflatoxin and mycelium production of Aspergillus parasiticus NRRL 2999 by heat-treated antifungal metabolites*
of Bacillus pumilus
—––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Treatment AFB1† AFB2 AFG1 AFG2 Tot. Afl. Mycel.‡ mg AF per mg mycelium
—––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Control 532 14 669 21 1236 107 11·6
121 °C/15 min 47 n.d. 40 n.d. 87 93 0·9
Filtered 46 n.d. 40 n.d. 86 87 1·0
—––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

* 0·2 mg dried metabolites ml−1 growth medium.
† Values of aflatoxins are in mg and represent an average of three measurements.
‡ Values of mycelium are in mg and represent an average of three measurements.

Solubility in organic solvents and antifungal
components

Antifungal metabolites were soluble in dilute polar solvents.
Based on inhibition of radial growth of A. sydowi there was
no difference between solubility in distilled water (diameter
of inhibition zone: 22mm) and in polar solvents (diameters
of inhibition zones: 22–23mm). Chromatographic bioassay
yielded only one large zone of inhibition of A. sydowi
(approximately 40mm between Rf 0·48 and 0·74). Due to the
size of the inhibition zone it was not possible to conclude that
only one active compound was present in the solution of
antifungal metabolites. In fact, more than one compound may
have diffused and mixed in the agar medium, thus giving the
large inhibition zone.

When a portion of the plate was exposed to 366 nm u.v.
light, two dark blue bands with very low fluorescence inten-
sity and a third band fluorescing blue were seen in the area
within the Rf values of the inhibition zone. The third band
(upper band) was the most fluorescent while the middle band
was the least fluorescent. When the plate was scanned at
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366 nm with a CAMAG TLC scanner II with CATS 3
software, it was found that only three peaks corresponding to
the three well separated bands were present in the bacterial
metabolites and absorbed at 366 nm u.v. light (Fig. 1). The
area of the upper band accounted for 52–57% of the area of
the three bands. The area of each of the other two bands
varied between 20% and 26% of the total area. When sprayed
with a fluorescamine solution (0·05% w/v in acetone), colour
and intensity of the third band did not change, while other
bands turned from dark blue to bright yellowish under
366 nm u.v. light. Fluorescence and absorbance intensity of
these two bands was greatly increased (Fig. 2). A bioassay test
conducted with both silica powder scraped from each of the
three bands and extracts from the silica powder revealed
that only the compound present in the third band inhibited
mycelial growth of A. sydowi.

DISCUSSION

Bacillus pumilus produced extracellular antifungal metabolites
which inhibited mycelial growth of many species of
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Table 6 Inhibition of aflatoxin and
mycelium production of
Aspergillus parasiticus NRRL 299 by
antifungal metabolites* of
Bacillus pumilus treated at different
pH values

—–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

pH AFB1† AFB2 AFG1 AFG2 Tot. Afl. Mycel.‡ mg AF per mg
mycelium

—–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Control§
2 548 18 405 11 982 65 15·1
4 566 18 701 15 1300 92 14·1
6 557 17 676 14 1264 94 13·4
8 552 18 656 15 1241 108 11·5

10 611 17 684 13 1325 107 12·4

Treated¶
2 9 n.d. 5 n.d. 14 37 0.4
4 44 1 47 n.d. 91 79 1·2
6 46 1 53 n.d. 99 77 1·3
8 35 n.d. 30 n.d. 65 73 0·9

10 40 1 36 n.d. 76 89 0·9
—–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

* 0·2 mg dried metabolites ml−1 growth medium.
† Values of aflatoxins are in mg and represent an average of three measurements.
‡ Values of mycelium are in mg and represent an average of three measurements.
§ No metabolites added to the growth medium.
¶ Metabolites added to the growth medium.

Table 7 Inhibition of aflatoxin and mycelium production of Aspergillus parasiticus NRRL 2999 by antifungal metabolites* of Bacillus
pumilus treated with different enzymes
—––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Enzyme AFB1† AFB2 AFG1 AFG2 Tot. Afl. Mycel.‡ mg AF per mg mycelium
—––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Control 470 33 644 80 1227 77 15·9
Trypsin 19 1 22 2 44 87 0·5
a-chymotryspin 24 1 26 2 53 27 2·0
Proteinase K 17 1 18 1 37 26 1·4
Pepsin 19 1 18 1 39 29 1·4
Lysozyme 37 2 38 3 80 31 2·6
Carboxypetidase A 15 1 19 1 36 27 1·3
Subtilopeptidase A 17 1 28 1 37 27 1·4
a-amylase 17 1 16 1 35 33 1·1
Dextranase 15 1 14 1 32 23 1·4
Lipase A 14 1 15 1 31 27 1·1
No enzyme 15 1 14 1 31 31 1·0
—––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

* 0·2 mg dried metabolites ml−1 growth medium.
† Values of aflatoxins are in mg and represent an average of three measurements.
‡ Values of mycelium are in mg and represent an average of three measurements.

Aspergillus, Penicillium and Fusarium. The effect of antifungal
metabolites produced by bacilli on growth of Aspergillus, Peni-
cillium and Fusarium species has not been investigated exten-
sively. However, Klich et al. (1991) reported that A. parasiticus
and P. citrinum were not very sensitive to iturin A, a strongly
active antifungal metabolite (Delcambe et al. 1977) produced
by B. subtilis. In this study, plates of sensitive Aspergillus,
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Penicillium and Fusarium species were kept for more than 1
week and observed for changes in inhibition zones. No changes
in size of inhibition zones were found and no spore germination
was observed under the microscope. These observations sug-
gest that the activity of the antifungal metabolites was long-
lasting. The effect of the metabolites on spore germination of
these moulds needs to be studied in detail.
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Table 8 Inhibition of mycelial growth of Aspergillus sydowi by
antifungal metabolites* of Bacillus pumilus treated with
different protein-denaturing detergents
—–––––––––––––––––––––––––––––––––––––––––––––––––––––

Inhibition zone (mm)
—––––––––––––––––––––––––––––––

Detergent† No metabolites With metabolites
—–––––––––––––––––––––––––––––––––––––––––––––––––––––
Triton X-100 0 20
Tween-20 0 20
Tween-80 0 17
Nonidet P-40 0 0
Sodium dodecyl sulphate 14 20
Deoxycholic acid 0 20
Citrimide 8 18
Palmityl sulfobetaine 20 21
No detergent 0 21
—–––––––––––––––––––––––––––––––––––––––––––––––––––––

* 400 mg dried metabolites per disc in agar diffusion assay.
† Triton X-100: t-Octylphenoxypolyethoxyethanol.
Tween-20 � polyoxyethylene sorbitan monolaurate.
Tween-80 � polyoxyethylene sorbitan monooleate.
Citrimide � hexadecyltrimethylammonium bromide.
Palmityl sulfobetaine � N-hexadecyl-N,N-dimethyl-3-
ammonio-1-propanesulphonate.

Fig. 1 Thin-layer chromatogram (366 nm) of antifungal
metabolites produced by Bacillus pumilus

The antifungal metabolites inhibited production of afla-
toxins, CPA, OA and patulin. Kimura and Hirano (1988)
reported on inhibition of aflatoxin and mycelium production
of A. parasiticus NRRL 2999 and A. flavus NRRL 3357 by
unidentified compounds synthesized by strains of B. subtilis.
Later, Kimura and Ono (1988) found that only traces of
aflatoxins were produced on PDA or on sterilized seeds con-
taining 0·01% of iturin A. Klich et al. (1993) also reported
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Fig. 2 Thin-layer chromatogram (366 nm) of antifungal
metabolites of Bacillus pumilus after reaction with
fluorescamine

that iturin A at concentrations of 0·02 and 0·04mg ml−1

growth medium tended to reduce aflatoxin production of
many isolates of A. flavus and A. parasiticus. The efficacy of
iturin A as a potential fungicide on stored feed grains, lots of
corn, peanuts and cottonseed has been investigated. Sig-
nificant reductions in total mycoflora occurred in most seed
lots tested at iturin A concentrations of 2–20 g kg−1 (Klich
et al. 1994).

Antifungal metabolites produced by B. pumilus were very
heat stable and active over a wide range of pH. Antifungal
metabolites of Bacillus species resistant to and active under
both acid pH (as low as 2) and basic pH (as high as 9) have
been reported (Pusey and Wilson 1984; Phae et al. 1990;
Lebbadi et al. 1994).

Proteolytic enzymes (trypsin, a-chymotrypsin, proteinase
K, pepsin and lysozyme) failed to prove that the antifungal
metabolites were proteins, as none of these enzymes modified
the antifungal activity of the metabolites. However, failure
of proteolytic enzymes to inactivate antifungal metabolites
produced by Bacillus species or other bacteria is not unusual
(Katz and Demain 1977; Lebbadi et al. 1994; Potera 1994).
In fact, because of the frequent presence of unusual amino
acids in their structures, most antifungal metabolites pro-
duced by Bacillus species are resistant to proteolytic enzymes.
The metabolites were also resistant to carboxypeptidase A,
suggesting that they lack a free carboxyl terminal group.
Treatment with lipase A did not cause any loss of activity,
probably because of the absence of lipid moieties in the
metabolites. The antifungal metabolites were resistant to
subtilopeptidase A, a non-specific proteolytic enzyme. The
metabolites appeared to lack sugar residues since they were
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resistant to hydrolysis by a-amylase, dextranase and lyso-
zyme.

The positive reaction with fluorescamine indicated that
compounds corresponding to band 1 and band 2 had at least
one primary amine group in their structures, while the nega-
tive reaction with the compound in band 3 suggested the
absence of a primary amine terminus in the compound or the
presence of proline at the primary amine terminus. In fact,
fluorescamine is a non-fluorescent reagent that reacts readily
with amines, amino acids, peptides and proteins containing
no blocked terminal amino group or proline to form highly
fluorescent derivatives. It does not form fluorescent deriva-
tives with secondary, tertiary or quaternary amines, nor with
amide groups (Lai 1977). Therefore, the compound in band
3 could be either a proteinic/peptidic compound with blocked
primary amine or proline termini, or a non-proteinic/peptidic
compound. Assuming that this compound may have a pro-
teinic/peptidic structure but with blocked primary amine
terminal, and recalling that carboxypeptidase A did not mod-
ify the antifungal activity of the metabolites, it is possible
that the compound may have a cyclic structure. More studies
including further purification, mass spectra and NMR are
needed and in progress for confirmation of this suggestion.

In summary, B. pumilus produced antifungal compound(s)
inhibiting mycelial growth and mycotoxin production of var-
ious fungi. The compound(s) are heat-stable and active over
a wide range of pH values. The potential use of the com-
pound(s) as fungicide requires more investigations, including
inexpensive large-scale production, purification and charac-
terization, as well as evaluation for toxicity and degradation
in the environment.
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