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Summary

A search for bioactive compounds, inhibitors of Paenibacillus larvae, the causal agent of American foulbrood, a
honeybees’ disease, was carried on. Extracts of two fungal strains, Alternaria brassicicola and Alternaria raphani,
isolated from pollen collected from beehives, exhibited a specific inhibitory activity against this bacterium. From
these extracts and by means of chromatographic steps and bioassay-guided fractionation, three tetramic acids were
isolated. The compounds were identified by spectroscopic methods and the absolute stereochemistry was chemically
determined. L-Tenuazonic acid was shown to be responsible for the antibiotic activity. This compound showed a
MIC of 32 lg/ml, comparable with that of oxytetracycline, an antibiotic currently used for the prevention of
American foulbrood.

Introduction

American foulbrood (AFB) is a disease very difficult to
control, affecting the larvae and pupae of honeybees,
and caused by the bacterium Paenibacillus larvae. Due
to the lack of effective treatments to prevent the disease,
beekeepers use the antibiotic oxytetracycline in a
routine way in sublethal concentrations. As a conse-
quence of this, the bacterium is capable of acquiring
resistance mechanisms to that drug in a very short time.
Many new resistant strains are reported everyday.
Besides the failure to control disease, this procedure
produces contamination of beehives and residual anti-
biotics are transferred to the honey and other products
for human use, generating resistant clinical bacteria
with the consequent risk for public health. For the
above reasons we began a search for specific antibiotics
against Paenibacillus larvae produced by fungal cul-
tures. Herewith, we report the isolation and identifica-
tion of L-Tenuazonic acid from Alternaria raphani
and A. brassicicola cultures, as inhibitor of P. larvae.
D-allo-Tenuazonic acid, not previously reported as a
natural product, and the corresponding tetramic acid of
valine were also isolated, but showed no significant
activity.

Materials and methods

General

FTIR spectra were recorded on a Nicolet Magna-IR 550
instrument. The u.v. spectra were taken on a Hewlett-
Packard 8451A diode-array spectrophotometer. Optical
rotations were measured on a Perkin Elmer 343 polar-
imeter. NMR spectra were recorded on a Bruker AC-200
instrument at 200.1MHz for 1H and on a Bruker AM-
500 instrument at 125.13MHz for 13C NMR. EIMS were
obtained on a Trio-2 quadrupole mass spectrometer (VG
Biotech) and the FABMS spectrum was recorded at the
Washington University Resource for Biomedical and
Bio-organic Mass Spectrometry.

Fungal strains

Alternaria brassicicola (Schw.) Wiltshire and A. raphani
Groves & Skolko were isolated from pollen and
classified, according to the taxonomic criteria by Ellis
(Ellis 1971), by Dr Nora Peña, Universidad de Mar del
Plata, Argentina, and deposited at the BAFC culture
collection (Facultad de Ciencias Exactas y Naturales,
Universidad de Buenos Aires). The pollen was collected
from beehives of the apiary of Unidad Integrada INTA
(Balcarce, Buenos Aires) – Facultad de Ciencias Agra-
rias, (Universidad de Mar del Plata), Argentina, andqDedicated to the memory of Dra Alicia M. Seldes.
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diluted with a sterile physiological solution. Dilutions
were seeded on agar malt Petri dishes, from which
individual colonies were isolated. A Meopta microscope
was used for culture observations. The main morpho-
logical characteristics were as follows:
Alternaria brassicicola: conidiophores arising singly or

branched, isolated or in groups, septate, pale to mid
olivaceous, smooth walls, up to 70 lm long and 5–8 lm
thick. Conidia mostly in chains of up to 20, some times
branched, straight, obclavate, basal cell rounded, apical
cell being more or less rectangular with 6–9 transverse
septa and up to 6 longitudinal septa, slightly constricted
at the septa, pale to dark olivaceous brown, smooth
walls, 25–90 lm long, 10–20 lm thick.
Alternaria raphani: conidiophores simple or branched,

septate, olivaceous brown, up to 150 lm long and 3–
7 lm thick. Conidia generally in chains of 2 or 3, straight
or slightly curved, obclavate or ellipsoidal, generally
with a short apical beak with 3–7 transverse septa and
up to 6 longitudinal or oblique septa, constricted at the
septa, golden brown, smooth walls minutely verrucu-
lose, 50–70 lm long and 12–20 lm thick.

Fermentation

A well grown agar slant of each fungus was used to
inoculate 250ml Erlenmeyer flasks containing 75ml of
malt extract medium containing malt extract 30 g and
peptone 5 g per liter. After a week, each of the above-
mentioned media was employed to inoculate 1 l of the
same media in 4 · 4 l Erlenmeyer flasks. The fermenta-
tion was carried out at 25 �C for 15 days (stationary
phase) under static conditions. The optimal fermenta-
tion and harvest conditions were determined in previous
small scale experiments and agreed with reported
knowledge about secondary metabolite production
(Calvo et al. 2002).

Extraction and isolation

The cultures of A. brassicicola and A. raphani were
filtered and the culture media were extracted with ethyl
acetate (3 · 500ml l)1 of culture). The extracts were
independently subjected to fractionation on a Sephadex
LH-20 column (MeOH, phase: 80 cm h · 3.5 cm J),
collecting fractions of 200ml each, and the active
fractions (only one per extract) were evaporated and
chromatographed on HPLC (Column: YMC C 18, 5 lm,
22.5 · 2.5 cm; Eluent: MeOH–H2O 65:35, 5mlmin)1),
yielding compounds 1 (2mg l)1), 2 (65mg l)1) and 3

(60mg l)1) from A. brassicicola and 1 (1mg l)1) and 3

(49mg l)1) from A. raphani. Compound 3, and 1 and 2 in
much lesser extent, were the only active components. No
activity was lost during the isolation steps.

Antibiotic activity

The antibiotic activity against P. larvae was determined
by the agar diffusion method (Vanden & Vlietinck

1991), using MPYGP-thiamine 0.01% medium, in the
bioassay-guided fractionation. The antibiotic activity of
the pure compounds was determined by the agar
diffusion method as described above and by the agar
dilution method (Vanden & Vlietinck 1991) employing
Columbia blood agar. The incubations were carried out
at 37 �C in 10% CO2 and a concentration of 108

bacteria/ml was used in all cases. Three replications were
made in each case.
All the strains of Paenibacillus larvae used in this

work, strains A, C and I–IV, were isolated from
different beehives at the province of Buenos Aires,
Argentina, and classified and maintained at the Labo-
ratorio de bacteriologı́a, Departamento de Producción
Animal, INTA, EEA Balcarce, Argentina. Their mor-
phological and biochemical descriptions will be pub-
lished in a separate paper.
The antibiotic activity of the crude extracts were also

determined against Bacillus subtilis ATCC 6633, Staph-
ylococcus aureus ATCC 25923 and Escherichia coli
ATCC 25922 and Candida albicans ATCC 18804, by
the agar diffusion method using 100 lg of sample/disk.
Both extracts were inactive in these assays.

Absolute configuration determination of compounds 1–3

One milligram of each compound was dissolved in
acetone and oxidized with Jones reagent (Bowers et al.
1953). All the crude product was transferred to a solid
phase extraction cartridge, eluted with Cl2CH2–MeOH
8:2 and evaporated in vacuum; 0.3ml of 6M HCl was
added to the residue, heated at 120 �C for 8 h and
evaporated to dryness. Identification of the amino acids
was accomplished by gas chromatography after deriv-
atization (Bodo et al. 1985). Retention times of the
N-trifluoroacetyl isopropyl ester derivatives were com-
pared with those of standards.
The GC analyses of N-trifluoroacetyl isopropyl ester

derivatives were carried out on a Hewlett Packard 5890
gas chromatograph on a Chirasil-Val capillary column
(Alltech, 25m length, 0.25mm i.d.) with N2 as carrier
gas and a temperature programme: 90–180 �C, 4 �C/min.
Retention times (min): L-Val (5.55), D-Val (6.24),
D-allo-Ile (7.75), D-Ile (8.11), L-allo-Ile (8.19), L-Ile
(8.44), 1 (5.55), 2 (7.75) and 3 (8.44). Co-injections were
realized to confirm the identities.
Compound 1. Oil. aD ¼ )100 (MeOH, c ¼ 0.13). 1H

NMR (CD3OD): 3.77 d (3.3), H-5; 2.41 s, H-7; 2.13 m,
H-1¢; 1.02 d (7.3), H-2¢; 0.82 d (6.6), H-3¢.
Compound 2. Oil. aD ¼ +93 (MeOH, c ¼ 0.65). UV

(CH2Cl2) kmax (log e): 275 nm (4.30). FTIR (KBr) mmax

3300 (OH), 2966 (CH), 2930 (CH), 2880 (CH), 1654
(CO), 1626 (CO), 1469, 1384, 1227 cm)1. EIMS 70 eV m/
z (rel. int.): 197 [M]+• (1), 182 (1), 168 (3), 141 (100), 123
(19), 43 (92). EIMS (CI, CH4) m/z (rel. int.): 198
[M+H]+ (52), 41 (100). FABMS (NaI/Gly): 242 (M+2
Na-1)+. 1H NMR (CD3OD): 3.91 d (2.9), H-5; 2.41 s,
H-7; 1.92 m, H-1¢; 1.28–1.57 m, H-2¢; 0.96 t (7.3), H-3¢;
0.76 d (6.6), H-4¢. 13C NMR (CD3OD): 199.9, C-4;
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187.8, C-6; 176.1, C-2; 104.0, C-3; 66.3, C-5; 38.0, C-1¢;
27.6, C-2¢; 20.4, C-7; 13.3, C-4¢; 12.1, C-3¢. 1H NMR
(CDCl3): 6.34 bs, NHM; 6.17 bs, NHm; 4.03 d (3.2), H-
5m; 3.86 d (3.0), H-5M; 2.51 s, H-7m; 2.46 s, H-7M; 2.03
m, H-1¢; 1.42 m, H-2¢a; 1.33 m, H-2¢b; 0.97 t (7.3), H-
3¢m; 0.96 t (7.5), H-3¢M; 0.82 d (6.9), H-4¢m; 0.79 d (6.9)
H-4¢M. 13C NMR (CDCl3): 195.7, C-4; 188.9, C-6m;
184.6, C-6M; 175.6, C-2; 107.6, C-3m; 102.4, C-3M; 65.8,
C-5M; 62.6, C-5m; 36.4, C-1¢; 26.9, C-2¢M; 26.6, C-2¢m;
20.6, C-7m; 19.5, C-7M; 13.1, C-4¢m; 12.9, C-4¢M; 11.7, C-
3¢. M: major tautomer, m: minor tautomer.
Compound 3. Oil. aD ¼ )99 (MeOH, c ¼ 0.44). UV

(CH2Cl2) kmax (log e): 276 nm (3.96). FTIR (KBr) mmax

3322 (OH), 2966 (CH), 2930 (CH), 2880 (CH), 1661
(CO), 1619 (CO), 1455, 1234 cm)1. EIMS 70 eV m/z (rel.
int.): 197 [M]+• (1), 182 (2), 168 (3), 141 (100), 123 (25),
43 (73). 1H NMR (CD3OD): 3.84 d (3.3), H-5; 2.42 s, H-
7; 1.90 m, H-1¢; 1.19–1.43 m, H-2¢; 0.99 d (7.3), H-3¢;
0.90 t (7.3), H-4¢. 13C NMR (CD3OD): 198.7, C-4;
187.8, C-6; 175.8, C-2; 104.0, C-3; 67.4, C-5; 38.4, C-1¢;
24.8, C-2¢; 20.7, C-7; 15.9, C-4¢; 12.2, C-3¢.

Results and discussion

A search for specific antibacterial fungal extracts against
the bee-pathogenic bacterium Paenibacillus larvae was
carried on. Fungal strains were isolated from pollen
collected from beehives, under the assumption that most
of this natural population would be non-toxic for bees.
If so, the isolated strains could be used as fungal
biocontrol agents. The extracts of two Alternaria fungal
strains, A. brassicicola and A. raphani, inhibited the
growth of P. larvae and were inactive against the
bacterial strains Bacillus subtilis, Staphylococcus aureus
and Escherichia coli. Bioassay-guided fractionation of
larger scale extracts by several chromatographic tech-
niques yielded the tetramic acids 1–3, compound 3 being
the responsible for the activity (Figure 1). Compounds 1
and 2 were only slightly active, with in vitro MICs larger
than 100 lg per disk.
The analysis of the NMR spectra of compounds 1 and

3 allowed their identification as 5-isopropyl-3-(1-hy-
droxyethylidene)-pyrrolidine-2,4-dione and tenuazonic
acid respectively, by comparison with literature data
(Nolte et al. 1980; Poncet et al. 1990).
In order to determine their absolute configuration,

both compounds were oxidized with Jones reagent and
hydrolysed with 6M HCl to obtain the corresponding
amino acids, which were analyzed by GC as a
N-trifluoroacetyl isopropyl ester derivative in a Chira-
sil-val column. These results determined the L-isoleucine
configuration for the amino acid moiety of compound 3

and L-valine for that of compound 1.
The 1H NMR spectrum in CD3OD of compound 2

was very similar to that of compound 3, the main
differences being the signals of H-5, H-3¢ and H-4¢. A
doublet at d 3.91, a triplet at d 0.96 and a doublet at d
0.76 were observed respectively for these protons. The

mass spectrum revealed a molecular weight of 197,
similar to that of compound 3, confirmed by chemical
ionization and fast atom bombardment. These results
would indicate that both compounds were diasteromer-
ic. The 13C NMR and DEPT spectra, and a COLOC
experiment allowed us to confirm, with the aid of
literature (Laatsch 2000), the skeleton of compound 2 to
be same as 3, 5-sec-butyl-3-(1-hydroxyethylidene)-pyr-
rolidine-2,4-dione. The D-allo-isoleucine configuration
for the amino acid moiety of compound 2 was deter-
mined in the same way as above, resulting this com-
pound being D-allo-tenuazonic acid. The antibiotic
activity was evaluated by the agar diffusion and agar
dilution methods, comparing the MIC values for
L-tenuazonic acid (3) with those of oxytetracycline and
gentamicine against six different strains of P. larvae. The
results are shown in Table 1. The inhibition halos by
agar diffusion were slightly smaller for L-tenuazonic
acid (3) and oxytetracycline, probably due to the lesser
diffusion of these compounds in the aqueous media.

L-Tenuazonic acid was previously isolated from
Alternaria tenuis (Rosset et al. 1957; Royles 1995),
Pyricularia oryzae (Nukina & Saito 1992) and an
Aspergillus sp. (Miller et al. 1963). This compound has
been reported to have antiviral activity (Miller et al.
1963) and an inhibitory effect on human adenocarci-
noma growth (Kazcka et al. 1964; Gitterman 1965).
L and synthetic D-allo-tenuazonic acids exhibited low
antibacterial activity against Bacillus megaterium
(Gitterman 1965), and were essentially inactive against
31 bacterial strains, 48 yeast strains and showed
moderate LD50 toxicities, when administered to male
mice (Miller et al. 1963).
Compound 2 has been synthesized (Poncet et al. 1990)

in a study of racemization during the synthesis of
tetramic acids but has not previously been reported as a
natural product.
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Figure 1. Compounds isolated from Alternaria strains from pollen.
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L-Tenuazonic acid (3) has proved to be a specific
antibiotic against P. larvae, as active as oxytetracycline
in vitro. The possibility of developing A. raphani as a
fungal biocontrol agent was discarded since it also
produced small amounts of altertoxins, which are
known mycotoxins (Stack et al. 1986). However, it is
noteworthy that since the fungal strains were isolated
from pollen collected from beehives, all the isolated
compounds may be naturally present in honey or other
apiculture products. Further studies on the in vivo
activity and formulation of L-tenuazonic acid are now
under way.
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Table 1. MIC values for L-tenuazonic (3) and commercial antibiotics against six Paenibacillus larvae strains.

Compound Strain

A C I II III IV

L-Tenuazonic (3)a 1.0 1.0 1.0 1.0 5.0 1.0

Oxytetracyclinea 0.5 0.5 0.5 0.5 0.5 0.5

Gentamicinea 0.5 0.5 0.5 0.5 0.5 0.5

L-Tenuazonic (3)b 32 32 32 32 32 32

Oxytetracyclineb 64 32 32 32 16 16

Gentamicineb 2 16 4 4 8 8

a MIC in lg disk)1 determined by the agar diffusion method.
b MIC in lg ml)1 determined by the agar dilution method.
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