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Abstract

Fungal biocontrol agents (BCAs) have been marketed for control of crop pests, weeds, and diseases. However, BCAs may produce
toxic metabolites, whose presence in the formulated products, in the crops and in the environment should be considered along with the
associated risk. Two invertebrate models, viz. Artemia salina and Daphnia magna were used to assess the acute toxicity of seven BCA
metabolites, characterized by different chemical nature and mode of action, namely alamethicin (ALA), paracelsin (PCS), antiamoebin
(AAM), gliotoxin (GTX), destruxin A (DA), oosporein (OOS), and elsinochrome A (EA). The two invertebrates were very sensitive to all
the metabolites examined, except OOS. The LC50s after 24 and 36 h exposures showed the following toxicity ranks: A. salina, DA >
ALA > EA > GTX > AAM > PCS (LC50s ranging from 9.78 to 40.84 lg/ml at 24 h and from 2.92 to 18.56 lg/ml at 36 h); D. magna,
DA > GTX = EA > ALA > PCS > AAM (LC50s ranging from 0.20 to 24.41 lg/ml at 24 h and from 0.16 to 11.98 lg/ml at 36 h).
LC50 of OOS to D. magna increased dramatically in 36 h exposure, compared to 24 h exposures (5.84 and 68.40 lg/ml, respectively).
A. salina and D. magna proved to be suitable models for rapid and inexpensive screening of toxicity of BCAs at an early stage of product
development.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

There is increasing interest in the exploitation of fungi
for the biological control of crop pests, weeds and diseases
(Butt et al., 2001). A number of biological pesticides (bio-
pesticides) containing fungi as the active ingredients are
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already marketed in Europe, USA, and developing coun-
tries (Copping, 1998), while many other biocontrol fungal
strains or formulations are expected to be placed on the
world market in the next few years. In 1999, the biopesti-
cide market was estimated to grow at a rate of 10% per year
vs. 1–2% for chemical pesticides (Hall and Menn, 1999).

Many fungi are known to produce bioactive secondary
metabolites, including toxins that may be harmful to
humans and animals (Cole and Cox, 1981; Cole and
Schweikert, 2003). In particular, some fungal biocontrol
agents (BCAs) have been reported to secrete compounds
with several different biological activities (Vey et al.,
2001). These metabolites serve different functions, depend-
ing on the ecological niche of the fungus. For instance,
metabolites may be antibiotics to protect the BCA against
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competing microorganisms, or phytotoxins that may be
part of the mechanism of action of plant pathogenic fungi
used as mycoherbicides for weed control. However, some
metabolites may also be toxic to animals, including mam-
mals. Hence, based on hazard characterization of BCA
metabolites, considerations must be made as for the possi-
ble presence of toxins in formulated products, in crops and
in the environment.

The crustacean Artemia salina (brine shrimp) and the
cladoceran Daphnia magna (water flea) are two inverte-
brate models that have been widely used for studies of eco-
toxicology, as well as of general toxicology of chemicals
(Lilius et al., 1995; Barahona and Sánchez-Fortún, 1999;
Cleuvers, 2003) and natural compounds (Solis et al.,
Table 1
Metabolites of fungal biocontrol agents (BCAs) used in this study

Metabolite Producing BCA(s) Chemical nature Toxicit

Alamethicin(s) Trichoderma viridea Polypeptide Antiba
Human
Human
Human
Lepido
Mice, o

Paracelsin(s) Trichoderma spp.a Polypeptide Antiba
PC12 c
Human
Mice, i
LD50 =

Antiamoebin(s) Gliocladium

catenulatuma
Polypeptide Antipr

Human
CC50 =

Gliotoxin Gliocladium virensa Epidithiodiketo-
piperazine

Antiba
Mice, i
LD50 =
Lepido
CC50 =
Human
IC50 =
Human
CC50 =
Human
CC50 =
Artemi

16 h =

Destruxin A Metarhizium anisopliaeb Cyclodepsipeptide Mice, i
LD50 =
Silkwo
LC50 a

Oosporein Beauveria brongniartiib Hydroxybenzoquinone Antiba
Mice a
LD50 =
Day-ol
LD50 =

Elsinochrome A Stagonospora spp.c Perylenequinone Monke
CC50 a
Human
CC50 a

a BCA(s) of fungal plant diseases (Meyer and Reusser, 1967; Solfrizzo et al.
b BCA of insects (Kodaira, 1961; Strasser et al., 2000).
c BCAs of weeds (Nicolet and Tabacchi, 1999).
1993; Caldwell et al., 2003), including mycotoxins
(Schmidt, 1989; Hartl and Humpf, 2000). In the present
study, these two organisms were used to assess the acute
toxicity of bioactive metabolites produced by BCAs in
short-term assays. For this purpose, seven metabolites
(Table 1), displaying different structural nature and mode
of action and produced by mycoparasitic, entomopatho-
genic or phytopathogenic fungi (used for biological control
of fungal plant diseases, pests or weeds respectively) were
utilized.

Three of these metabolites, viz. alamethicin (ALA),
paracelsin (PCS) and antiamoebin (AAM), belong to the
family of peptaibols. The peptaibols are short-chain linear
peptides, typically made of 15–20 residues, which are
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produced by a number of fungal genera, including Tricho-

derma, Gliocladium, Acremonium, Paecilomyces, and Emer-

icellopsis (Degenkolb et al., 2003). These peptides are
characterized by a high proportion of non-proteinogenic
amino acids (mostly a, aminoisobutyric acid and isovaline),
a C-terminal amino alcohol and an acylated N-terminal
group. A most characteristic feature of peptaibols is their
pronounced microheterogeneity, which results from a
non-ribosomal biosynthesis via the so-called ‘‘thio-tem-
plate mechanism’’. The single and multiple exchange of
amino acids leads to a complex pattern of closely related
sequence analogues. The biological activity of peptaibols
is due to their ability to form voltage gated ion channel
in lipid membranes. The pores so formed are able to con-
duct ionic species and this conductance leads to the loss
of osmotic balance. In addition, by modifying membrane
structures, they uncouple the oxidative phosphorylation
and the associated effects ultimately result in cell death
(Boheim et al., 1978).

Gliotoxin (GTX) is a member of the epipolythiodioxo-
piperazine family, a class of biologically active fungal
metabolites characterized by the presence of a bridged
disulphide ring that is essential for activity. GTX has been
shown to have immunomodulating effects and induce
apoptotic cell death. Beside BCAs belonging to the genus
Gliocladium, GTX is produced by a number of moulds,
including Aspergillus fumigatus, a well-known agent of pul-
monary diseases in immunosuppressed patients. GTX may
be produced in vivo during the course of the infection and
contribute to the pathogenesis of the disease. GTX appears
to act via covalent interaction with proteins through mixed
disulphide formation. In addition, GTX was shown to inhi-
bit a number of thiol-requiring enzymes (Waring and
Beaver, 1996).

Destruxins are cyclic hexadepsipeptides, composed of
an a-hydroxy acid and five amino acid residues. To date,
28 different but structurally-related destruxins have been
identified from three different fungal sources, the great
majority of which were isolated from cultures of Metarhiz-

ium anisopliae, a pathogen of diverse insect species. In
particular, this species produces the two most active
forms, namely destruxin A (DA) and E. Destruxins are
related to enniatins and to beauvericin, two mycotoxins
with insecticidal, phytotoxic and antimicrobial activities
and, like them, their biological activity is linked to iono-
phoric properties (Pedras et al., 2002; Hinaje et al.,
2002), that is the capability to form complexes with cat-
ions and induce selective membrane permeability for the
complexed ions.

The red-colored dibenzoquinone oosporein (OOS) is
produced by a large number of soil fungi and the entomog-
enous fungi belonging to the genus Beauveria (Strasser
et al., 2000). OOS is thought to react with proteins and
amino acids through redox reactions by altering the SH
groups, resulting in enzyme malfunction (Wilson, 1971).
In addition, OOS was shown to inhibit the erythrocyte
membrane ATPase activity, especially that of Ca2+-depen-
dent ATPases, in a dose-dependent manner (Jeffs and Kha-
chatourians, 1997).

Perylenequinones are photosensitive pigments wide-
spread in nature, which have been isolated from fungi, as
well as other organisms (Nicolet and Tabacchi, 1999).
The lipid-soluble 4,9-dihydroxy-3,10-perylenequinone
derivatives, including the fungal metabolite elsinochrome
A (EA), are efficient producers of singlet oxygen (1O2) in
visible light. Due to their excellent photosensitive proper-
ties, they are expected to be developed as new photothera-
peutic medicines (Chen et al., 1999).

The aims of the present study were: (i) to evaluate the
sensitivity of A. salina and D. magna to bioactive metabo-
lites produced by fungal BCAs in the perspective of their
possible use for preliminary toxicological screenings of fun-
gal BCAs and biopesticides; (ii) to generate toxicological
data useful for risk assessment of BCA metabolites possi-
bly produced on the crop and released in the environment.
The dose–response curve and the median lethal concentra-
tion (LC50) of each compound to A. salina and D. magna

were determined.
2. Materials and methods

2.1. Sources of metabolites

ALA (mixture of alamethicin homologs, purity 99.1%), AAM (purity
95%), and GTX (purity 98%), were purchased from Sigma-Aldrich
chemicals (St. Louis, MO, USA). PCS (mixture of paracelsin homologs,
purity 88.4%) was purchased from Fluka-Chemie (Buchs, CH). Samples of
DA (purity > 98%), EA (purity > 97%) and OOS (purity 98%) were sup-
plied by Dr. A. Skrobek, University of Wales, Swansea, Dr. M. Mau-
rhofer, Swiss Federal Institute of Technology, Zürich, and Drs. H.
Strasser and C. Seger, Leopold-Franzens-Universität, Innsbruck,
respectively.
2.2. A. salina acute toxicity test

Stock solutions of metabolites were prepared by dissolving pure
compounds in methanol (ALA, AAM, PCS, and OOS), ethanol (GTX),
methanol:acetonitrile (1:1) (DA), or acetonitrile:tetrahydrofurane (9:1)
(EA), to a final concentration of 3.0 mM for ALA, PCS, and AAM,
12.0 mM for GTX, 10.0 mM for DA, and 20.0 mM for EA and OOS.
Then, serial twofold dilutions of each compound were made in the same
solvent used for the mother solution.

Brine shrimp eggs were obtained from a local pet shop and hatched in
Petri dishes containing artificial sea water (3.3% (wt/vol) marine salts in
distilled water) and incubated in the dark at 26 ± 1 �C for 36–48 h. Sub-
sequently, the newly hatched brine shrimps (nauplii) were separated from
the shells and the remaining cysts, transferred to fresh sea water with a
Pasteur pipette and immediately used for bioassays. Assays were per-
formed in 24-well culture plates (Corning, NY, USA). Each well contained
30–40 larvae in 500 ll of marine water. Five microliters of each dilution of
the toxins was transferred to the wells to obtain a final solvent concen-
tration of 1% (vol/vol) and compound concentrations in the range of 0.7–
70 lg/ml, except EA that was tested at concentrations ranging from 0.4 to
100 lg/ml. The EA solutions were activated by exposure to white light
(1600 lux) for 1 h prior to testing. Untreated control and 1% solvent
control were assayed along with compound tests. Tests were performed in
quadruplicate. In the absence of specific information about the stability in
the light of the BCA metabolites under study, the bioassays were carried
out in the dark to prevent any possible photodegradation, while the assays
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with EA were carried out under continuous white light in order to allow
photoactivation. The percentage of larval mortality was determined after
exposure to the metabolites for 24 and 36 h at 26 ± 1 �C in the dark. The
mortality endpoint for this bioassay was defined as the absence of forward
motion of shrimps.

2.3. D. magna acute toxicity test

The D. magna bioassays were carried out using dormant eggs (ephip-
pia) and the salts for preparation of standard freshwater (ISO formula)
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Fig. 1. Dose–mortality curves of brine shrimp (A. salina) larvae exposed to AL
percent mortalities corrected for the natural mortality, as described in materia
GTX) or 3 (DA and EA) independent experiments, each with four replicates. A
significant differences between 36 and 24 h mortality values (paired Student’s
contained in the ‘‘Daphtoxkit FTM’’ (Creasel BVBA, Deinze, Belgium).
Hatching of ephippia and preparation of standard freshwater were per-
formed according to the manufacturer instructions, while the bioassay
procedure was modified in order to minimize the amount of compounds
needed. The content of vials with D. magna ephippia was poured into a
microsieve and rinsed with tap water to eliminate all traces of the storage
medium. The ephippia were transferred to hatching Petri dishes (10 cm
diameter) with 50 ml pre-aerated standard freshwater. The hatching Petri
dishes were covered and incubated for 72 h, at 20–22 �C under continuous
illumination of 6000 lux. Subsequently, the daphnids were transferred to
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fresh standard water with a Pasteur pipette and immediately used for
bioassays.

Mother solutions and serial twofold dilutions of ALA, AAM, PCS,
OOS, GLT, DA, and EA were prepared as described for the A. salina

bioassay, with the exception of OOS, whose concentration in the mother
solution was 40.0 mM. In some cases, after preliminary experiments it was
necessary to prepare further intermediate dilutions in order to refine the
dose–response curve. Assays were carried out in 24-well plates. In each
well, 195 ll of standard water plus 5 ll of test compound solution were
pipetted. By using a micropipette, daphnids were aspired with 60 ll of
standard water and transferred in the wells. In the end, each well con-
tained five daphnids in 500 ll of standard solution with 1% (vol/vol) of
test compound solution. Freshwater controls and 1% solvent blanks were
included in every test. Tests were performed in quadruplicate. The plates
were covered and incubated at 20 �C, in the dark, except EA, whose
bioassays were incubated under continuous white light (1600 lux). After
24 h and 36 h incubation, the number of dead and immobilized neonates
vs that of the actively swimming daphnids was recorded and the percent
mortality was calculated.

2.4. Data analysis

Mortality data from 3 to 6 independent experiments were used to
construct the dose/response curves and determine the LC50 of each com-
pound to A. salina and D. magna.

In dose/response curves, the concentrations tested were plotted against
the averaged percent mortalities corrected for the natural mortal-
ity ± standard error (SE). After arcsine transformation of the mortality
values, the unpaired Student’s t-test was used to determine the significance
of differences between controls and treatments, while the paired t-test
was used for comparison between 36 and 24 h mortality values, with
P < 0.05.

The LC50 with 95% confidence limits of each of the BCAs metabolites
was calculated by using probit analysis (Finney, 1971), performed with the
computer program POLO-PC (LeOra Software, 1987). Percentage mor-
talities were corrected for the mortality observed in the solvent controls
according to Bliss (1935). The number of individuals used in a particular
test were multiplied by the proportion alive in the control, to give the net
number of organisms actually exposed. The number of surviving indi-
viduals was subtracted from the net number of exposed individuals and
the result (multiplied by 100) was divided by the net number of exposed
individuals to give the percentage killed.
Table 2
LC50 of fungal BCA toxins to brine shrimps (A. salina)

Compound MW Exposure (h) LC50 (95

Alamethicin 1960 24 5.32 (4.
36 1.96 (1.

Paracelsin 1921 24 21.26 (16
36 9.66 (7.

Antiamoebin 1671 24 19.79 (15
36 8.25 (6.

Gliotoxin 326 24 39.49 (27
36 20.44 (17

Destruxin A 578 24 16.92 (13
36 5.05 (3.

Oosporein 306 24 NDa

36 NDa

Elsinochrome A 544 24 20.18 (18
36 15.26b

a Not determined. The maximal concentration tested (200 lM = 61.2 lg/ml)
b Inferred from dose–mortality curve (see text).
3. Results

3.1. A. salina acute toxicity test

The results of the bioassays performed in the A. salina

model with pure bioactive metabolites produced by fungal
BCAs are shown in Fig. 1 and Table 2.

A. salina proved to be sensitive to all the toxins exam-
ined, with the exception of OOS (which was tested in a
range of concentrations from 0.78 to 200 lM, equal to
0.2–61.2 lg/ml), regardless of the chemical nature of the
compound. Dose–response experiments indicated that
brine shrimp sensitivity to BCA metabolites was dose-
and time-dependent. In most cases, the data of 36 h expo-
sure assays showed a lower variability compared to data
from the 24 h exposure experiments, resulting in a nar-
rower 95% confidence interval. The most toxic compounds
were ALA, GTX, and DA, which showed an LC50 at 36 h
around 5 lg/ml, followed by EA (LC50 > 5 < 10 lg/ml)
and AAM and PCS (LC50 = 13.8 and 18.6 lg/ml, respec-
tively). Among the peptaibols, PCS and AAM were 4–5
times less toxic than ALA. In the case of EA, it was not
possible to calculate the LC50 at 36 h by using probit anal-
ysis, since the heterogeneity factor exceeded 100, indicating
that the dose–mortality curve did not fit the probit analysis
model (Finney, 1971). In fact, in brine shrimps exposed to
EA for 36 h, a steep increase in mortality (from 1.6% to
91.6%) was observed between the concentrations of 3.4
and 13.6 lg/ml. This made the data deviate from a sigmoid
distribution. Nevertheless, it was possible to infer the LC50

at 36 h of EA from the dose–mortality curve, yielding an
estimate of 8.3 lg/ml. The highest concentration of OOS
tested affected 1.32% of larvae at 24 h and 32.58% at
36 h. Consequently, the LC50 values of this toxin were
not determined.
% confidence) (lM) Slope LC50 (lg/ml)

19–6.87) 1.697 10.43
53–2.46) 1.678 3.84

.53–29.58) 1.603 40.84
63–12.73) 1.675 18.56

.49–27.31) 1.954 33.07
14–11.67) 1.806 13.79

.96–61.90) 1.990 12.87

.28–24.44) 1.874 6.66

.40–21.67) 1.597 9.78
87–6.61) 2.459 2.92

– NDa

– NDa

.81–21.64) 3.705 10.98
8.30b

was not toxic at 24 h and gave 32.58 ± 1.6% mortality at 36 h.
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Fig. 2a. Dose–mortality curves of water flea (D. magna) neonates exposed to ALA, PCS, AAM, and GTX for 24 (m) and 36 h (s). Values are the
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3.2. D. magna acute toxicity test

The results of the toxicity tests with D. magna are shown
in Figs. 2a and 2b, and Table 3. The standard protocol of
D. magna acute toxicity test, as prescribed by various inter-
national organizations (e.g. OECD guideline 202 or ISO
EN UNI 6341) for water pollutants, is carried out in
10 ml of water containing five daphnids. In our study, the
bioassay protocol was modified in order to spare pure com-
pounds that were available only in limited amounts. The
bioassays were performed in a 0.5 ml volume containing
different concentrations of metabolite and 1% of solvent.
Preliminary experiments, carried out with the reference
toxicant potassium dichromate (K2Cr2O7) using the dilu-
tion series 3.2, 1.8, 1.0, 0.56, 0.32 mg/l, showed that the
reduced test volume did not affect the bioassay over a
36 h observation. In addition, the natural mortality that
was determined in either freshwater or solvent controls
was usually 0%, and never exceed 5%.

D. magna was very sensitive to all the toxins examined,
including OOS. Differences in mortalities caused by AAM
and GTX at 24 and 36 h were less conspicuous than those
found in A. salina, while no statistically significant differ-
ences were found between 24 and 36 h exposures to PCS.
However, a dramatic increase in mortality at 36 h com-
pared to 24 h was observed with OOS. Moreover, the toxic
effects of OOS at 36 h occurred in a rather restricted con-
centration range, since neonate mortality was minimal
(0%) at 1.9 lg/ml but already 77.5% at 7.7 lg/ml, as
indicated by the steep profile of the dose–response curve
(Fig. 2b). DA, GTX and EA proved to be the most
toxic compounds (LC50 = 0.20, 0.28 and 0.29 lg/ml at
24 h and 0.16, 0.16 and 0.22 lg/ml at 36 h, respectively).
ALA was confirmed as the most toxic among the peptaibol
toxins, while PCS and AAM were 6 to 10 times less
toxic.

4. Discussion

Recent years have seen the development of a number of
toxicity tests in which the response has been measured in
invertebrates. These tests have the virtue of being inexpen-
sive, reproducible, easy to carry out, and environmentally
relevant (Calow, 1993). Invertebrates are already used in
tests that are required by some regulatory authorities for
the environmental risk assessment of pesticides, chemicals
and pollutants (Commission of the European Communi-
ties, 1991, 1992; United States Environment Protection
Agency, 2002). In this study, the acute toxicity of seven
different bioactive metabolites produced by BCAs and
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Fig. 2b. Dose–mortality curves of water flea (D. magna) neonates exposed to DA, EA, and OOS for 24 (m) and 36 h (s). Values are the means ± SE of 4
(EA) or 3 (DA, and OOS) independent experiments, each with four replicates. All the data shown are statistically different from controls; asterisks indicate
significant differences between 36 and 24 h mortality values (paired Student’s t-test, P < 0.05).

Table 3
LC50 of fungal BCA toxins to water flea (D. magna)

Compound MW Exposure (h) LC50 (95% confidence) (lM) Slope LC50 (lg/ml)

Alamethicin 1960 24 1.19 (1.08–1.30) 4.854 2.33
36 0.99 (0.84–1.15) 3.753 1.94

Paracelsin 1921 24 7.70 (6.83–8.77) 4.516 14.79
36 5.60 (4.72–6.77) 3.933 10.76

Antiamoebin 1671 24 14.61 (11.96–19.33) 3.246 24.41
36 7.17 (6.43–8.02) 3.613 11.98

Gliotoxin 326 24 0.85 (0.67–1.06) 2.104 0.28
36 0.50 (0.39–0.62) 3.535 0.16

Destruxin A 578 24 0.35 (0.31–0.38) 9.103 0.20
36 0.27 (0.25–0.29) 9.472 0.16

Oosporein 306 24 223.54 (166.30–357.93) 1.985 68.40
36 19.10 (11.51–27.40) 2.745 5.84

Elsinochrome A 544 24 0.53 (0.42–0.69) 3.978 0.29
36 0.40 (0.33–0.49) 4.620 0.22
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characterized by diverse chemical nature and modes of
action were investigated by means of the A. salina and D.

magna short-term bioassays. LC50s of BCA metabolites
were determined for 24 and 36 h exposures. Determination
of LC50 at 36 h was preferred over LC50 at 48 h since Art-
emia mortality assessment at 48 h is affected by higher
variability in both treatments and controls, possibly as a
consequence of starvation of nauplii.

Both the organisms utilized were sensitive to BCA
metabolites. Generally, sensitivity of D. magna was higher
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and, in some cases (GTX, OOS), much higher than A. sal-

ina. Moreover, in D. magna bioassays a lower variability
in mortality response and less marked differences between
24 h and 36 h responses were observed, compared to A. sal-

ina. This is probably due to the use of more standardized
materials for the D. magna assay. Since test animals hatch-
ing from ephippia are of similar age, genotype and physio-
logical conditions, test variability is greatly reduced. On the
other hand, A. salina cysts are easily available commercially
and inexpensive and hence this assay may be useful in situa-
tions where rapidity and low cost make it practical to test
large number of samples for preliminary toxicity screening.

In both test organisms, a delayed toxic effect of OOS was
observed, resulting in a low LC50 at 24 h, followed by a dra-
matic increase in mortality of the 36 h observations. There-
fore, for the evaluation of the ecotoxicological risks of this
toxin, long exposure times are perhaps advisable.

There has been some success in relating the toxicity data
for certain invertebrates to toxicity in vertebrates in the
case of a number of compounds. For instance, Lagarto
Parra et al. (2001) found a good correlation between the
in vivo tests of various plant extracts in mice and in vitro
tests with A. salina (r = 0.85, P < 0.05). They concluded
that A. salina bioassay was an useful tool for predicting
oral acute toxicity of plant extracts. A good correlation
has been shown between toxicity to Daphnia and toxicity
to fish for a group of 42 industrial chemicals (Walker
et al., 1991). Also, a strong correlation between the acute
toxicity of 54 different compounds to D. magna and rats
was found by Guilhermino et al. (2000). In several
instances, good correlations were found also with cytotox-
icity. McLaughlin et al. (1993) were able to determine a
positive correlation between brine shrimp lethality by plant
extracts and cytotoxicity towards 9KB cells. Solis et al.
(1993) found the A. salina test predictive of KB cell
cytotoxicity, except for compounds requiring metabolic
activation, since brine shrimps lack the necessary cyto-
chrome P-450 enzyme. Logrieco et al. (1996) reported that
the median cytotoxic concentration (CC50) of the fungal
toxin fusaproliferin to the human B-lymphocyte cell line
IARC/LCL 171 and the insect cell line SF-9 were approx-
imately the same as the LC50 found in A. salina assay. A
comparison of our results with cytotoxicity data of some
BCAs metabolites retrieved from the literature (see Table
1) corroborates the above findings. In particular, even if
different cell lines may exhibit different sensitivity to one
particular metabolite, CC50 of ALA PCS, and GTX in
the SF-9 cell line model, are in the same order of magnitude
as the LC50 to A. salina or D. magna. Interestingly, the two
human cell lines HL-60 and U-937, appear much less sen-
sitive to GTX than invertebrates (Macchia et al., 2003).
LC50s at 24 h of the tested metabolites to A. salina were
in the range of 10–40 lg/ml. Compared with some fungal
toxins found as contaminants of foods and feeds, such as
aflatoxins, fumonisins and trichothecenes, these metabo-
lites appear to have low toxicity (Harwig and Scott, 1971;
Schmidt, 1989; Hartl and Humpf, 2000). However, their
toxicity is in the same order of magnitude of the fungal
nephrotoxin ochratoxin A and the recently discovered
fusaproliferin (Harwig and Scott, 1971; Logrieco et al.,
1996).

Risk assessment procedures are necessary for the intro-
duction and use of BCAs (Blum et al., 2003). In Europe,
the Council Directive 91/414/EEC and its successive
amendments identify the requirements to be submitted by
an applicant for the authorization of production and mar-
keting of pesticides, including those whose active substance
is a BCA (Commission of the European Communities,
2004). In particular, the Directive requires the provision
of information on short-term toxicity, as well as ecotoxic-
ity, of any relevant metabolites (i.e. metabolites of toxico-
logical, ecotoxicological, and/or environmental concern)
formed by the candidate BCA. The study presented herein
provides toxicological data that are of importance to assess
the ecotoxicological relevance of the seven investigated
BCA metabolites, but also points out the possible use of
invertebrate bioassays for testing the toxigenicity of BCAs
and for the preliminary evaluation of the general toxicity of
their metabolites. In fact, BCA strains are able to synthe-
size a plethora of bioactive metabolites with different struc-
tures and modes of action (Taylor, 1986), some of which
may be still unknown. Moreover these metabolites may
have additive or synergistic toxic effects. Therefore, it is
conceivable that the toxicological risk associated to a par-
ticular BCA would be better foreseen by assaying mixtures
of metabolites, like those in crude culture extracts, on test
organisms characterized by sensitivity to a large spectrum
of different molecules, instead of assessing the toxicity of
single metabolites. Based on this approach, A. salina or
D. magna bioassays could be used by the industry for inex-
pensive and rapid screening of new candidate BCAs at an
early stage of development. If appreciable toxicity is found,
it might be considered not to proceed with the development
of a BCA before any toxicity testing is carried out in appro-
priate vertebrate models. Based on the findings presented
herein, D. magna appears to be a more sensitive and repro-
ducible invertebrate model for testing BCA toxins than A.

salina, and therefore it may be preferable for regulatory
purposes.
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