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Dicarboximide fungicides iprodione, vinclozolin, and procymidone were examined for their capacity
to inhibit mycelial growth, to cause cellular leakage, and to cause lipid peroxidation on Botrytis
cinerea isolate BC2. All three fungicides effectively inhibited the mycelial growth of the fungi. The
IC50 values were found to be about 2 µM for all three fungicides, indicating that the fungicidal
activity of the individual fungicides was almost the same. The fungicides caused significant cellular
leakage and lipid peroxidation on the fungi in a concentration-dependent manner. Fungicidal activity
of the three individual fungicides on inhibiting mycelial growth of the fungi correlated positively
well with both cellular leakage and lipid peroxidation that were caused by the respective fungicides.
Positive correlations were also found between the degree of cellular leakage and lipid peroxidation
following treatment with the fungicides. Our results support the view that dicarboximide fungicides
exert their fungicidal activity mainly through membrane lipid peroxidation and subsequent cellular
leakage from the treated fungi.
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INTRODUCTION

Dicarboximide fungicides are widely used to control
a number of fungi, especially Botrytis cinerea, patho-
genic to vegetables, soft fruits, vines, and flower crops
(Leroux and Fritz, 1984; Pommer and Lorenz, 1995).
Although their common structure is an N-3,5-dichlo-
rophenyl cyclic imide, they can be divided into three
groups according to their cyclic amide component:
hydantoins, oxazolidinediones, and succinimides (Ler-
oux and Fritz, 1984; Edlich and Lyr, 1992; Pommer and
Lorenz, 1995). The dicarboximide fungicides exert their
fungicidal effects by causing rapid collapse or burst of
treated fungal hyphae (Edlich and Lyr, 1992, 1995).
They are known to have more inhibitory effect on
mycelial growth than on spore germination (Hisada and
Kawase, 1977; Pappas and Fisher, 1979; Choi et al.,
1996). In addition, they rapidly disintegrate the mito-
chondrial inner membranes of treated fungi (Edlich and
Lyr, 1995).
Membrane lipid peroxidation triggered by active

oxygen species has been suggested to be a major cause
for the fungitoxic effect of the dicarboximide fungicides
(Edlich et al., 1988; Edlich and Lyr, 1992, 1995; Steel
and Nair, 1993). We have also demonstrated that the
dicarboximide fungicide vinclozolin causes significant
lipid peroxidation in a dicarboximide-susceptible isolate
of B. cinerea (Choi et al., 1996). The fungicide caused
lipid peroxidation on the fungi in a concentration-
dependent manner, but little or no lipid peroxidation
occurred in a dicarboximide-resistant isolate of the
fungus treated with the fungicide. Furthermore, R-to-

copherol, a naturally occurring antioxidant in biological
systems, prevented lipid peroxidation in the susceptible
isolate. However, the precise mechanism of action of
the dicarboximide fungicides is still ambiguous. The
source(s) of active oxygen species which initiate the lipid
peroxidation remains to be determined unequivocally.
No comprehensive study has been published to dem-

onstrate the capacity of dicarboximide fungicides to
cause lipid peroxidation in B. cinerea. Furthermore,
little information is available to show a relationship
between lipid peroxidation and fungal death following
the treatment of the dicarboximide fungicides. In this
study, we report that the dicarboximide fungicides
iprodione, vinclozolin, and procymidone all cause sig-
nificant lipid peroxidation and subsequent cellular
leakage from a dicarboximide-susceptible isolate of B.
cinerea and that their ability to cause lipid peroxidation
correlates well with their fungicidal activity.

MATERIALS AND METHODS

Chemicals. Technical grade dicarboximide fungicides ip-
rodione [3-(3,5-dichlorophenyl)-N-isopropyl-2,4-dioxoimidazo-
lidine-1-carboxamide (1)], vinclozolin [3-(3,5-dichlorophenyl)-
5-methyl-5-vinyl-1,3-oxazolidine-2,4-dione (2)], and procymidone
[N-(3,5-dichlorophenyl)-1,2-dimethylcyclopropane-1,2-dicarbox-
imide (3)] depicted in Figure 1 were generous gifts from Korea
Samkong Co., Ltd. (Seoul, Korea). Potato dextrose broth
(PDB) was obtained from Difco Laboratories (Detroit, MI). All
biochemicals were purchased from Sigma Chemical Co. (St.
Louis, MO). Organic solvents were obtained from Oriental
Chemical Co. (Seoul, Korea).
Fungal Cultures. B. cinerea isolate BC2 which was

collected from tomato fields in Korea was used in the experi-
ments. The isolate has previously been found to be susceptible
to the dicarboximide fungicides (Kim et al., 1993; Choi et al.,
1996). Spores from the isolate were inoculated on PDB media
at a concentration of 1.3 × 106 spores/mL and then incubated
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under white light conditions (35 µmol/m2/s) with agitation (200
oscillations/min) at 25 °C for 2 days. The fungal cultures in
the logarithmic phase of growth were harvested by centrifuga-
tion at 5000g for 10 min and washed twice in 3-(N-morpholi-
no)propanesulfonic acid (MOPS; 1 mM, pH 7.0) using the same
volume as the fungi were originally cultured in. The resus-
pended mycelia in MOPS buffer (1 mM, pH 7.0), with a volume
of 20 mL, were dispensed into each fresh conical flask.
Fungicide Treatments. The fungal cultures were treated

with iprodione, vinclozolin, or procymidone at various concen-
trations ranging from 0 to 33 µM and then incubated with
shaking at 25 °C for 48 h. The fungicides were dissolved in
acetone and added to the treatment culture. A control
contained the same amount of acetone without the fungicides.
The final concentration of acetone in the culture was less than
1 vol %. No detrimental effects of acetone alone on the fungi
were detected (data not shown). Three replicates were used
for each treatment.
Mycelial Growth Inhibition. Fungicide inhibition of

mycelial growth, measured as a dry weight relative to the
control, was determined at 48 h after incubation in PDBmedia
with different concentrations of the fungicides. The mycelia
in control cultures have a dry weight of 120 mg. The fungal
cultures were treated with the fungicides at a concentration
range from 0 to 33 µM at 6 h after incubation of the spores.
Almost all spores were found to have germinated by the
incubation stage. The treated mycelia were incubated under
the same conditions used in the fungal cultures.
Cellular Leakage. The fungi washed with MOPS buffer

(1 mM, pH 7.0) were treated with the individual fungicides at
the same concentration range used under the above incubation
conditions. Cellular leakage from the fungal tissues was
measured by the detection of electrolyte leakage into the
incubation medium with a conductivity meter (Denki Kagaku
Keiki Co., Ltd., Japan) following the method of Lee et al.
(1995). The measurements were made after incubating the
fungal mycelia with the fungicides for 48 h, since no further
cellular leakage has previously been observed beyond 48 h with
vinclozolin (Choi et al., 1996). Because of differences in
background conductivity of the different treatment solutions,
results are expressed as changes in conductivity from the
initial measurement.
Lipid Peroxidation. The degree of lipid peroxidation was

estimated by the rate of malondialdehyde (MDA) production
using a slight modification of the thiobarbituric acid (TBA)
method as previously described (Buege and Aust, 1978; Slater,
1984). The fungi were treated with the fungicides and
incubated in the same manner as used for the cellular leakage
measurement. The MDA concentrations were determined
from the incubation media as well as from the fungal mycelia.
The treated fungi were collected by centrifugation at 5000g

for 10 min. The fungal mycelia were pulverized in a mortar
and pestle using liquid nitrogen and then resuspended with 5
mL of a solution of 0.5% TBA in 20% trichloroacetic acid (TCA).

The suspension was centrifuged at 20000g for 15 min, and
supernatants were collected. The supernatants were heated
in a boiling water bath for 25 min and allowed to cool in an
ice bath. Following the centrifugation at 20000g for 15 min,
the resulting supernatants were used for determination of
MDA. The aliquots of the liquid incubation media were also
subjected to the same procedure used for the fungal mycelia,
after 2 mL of a solution of 0.5% TBA in 20% TCA was added
to 5 mL of the aliquot as before (Choi et al., 1996). Absorbance
at 532 nm for each sample was recorded and corrected for
nonspecific turbidity at 600 nm using a Beckman DU-65
spectrophotometer. MDA concentration was calculated using
a molar extinction coefficient of 156 mM-1 cm-1 (Buege and
Aust, 1978). The MDA concentrations as a function of protein
concentration from both fractions of the fungi and the liquid
medium were pooled and then regarded as the total MDA
produced by the fungi (Choi et al., 1996). Protein concentra-
tion was determined by the method of Bradford (1976) with
bovine serum albumin as a standard.

RESULTS

Fungicidal Activity. Iprodione, vinclozolin, and
procymidone all significantly inhibited mycelial growth
of B. cinerea isolate BC2 (Figure 2). Dose-response
curves for the inhibition of mycelial growth by the
individual fungicides were almost the same (Figure 2).
The mycelial growth was completely inhibited by con-
centrations higher than 3 µM. The IC50 values of all
three fungicides were approximately 2 µM.
Cellular Leakage. All fungicides caused electrolyte

leakage from the fungal mycelia depending on the
fungicide concentrations (Figure 3). The capacity of the
individual fungicides to cause cellular leakage was not
significantly different, although vinclozolin appeared to
be slightly less effective than the other two fungicides.
The cellular leakage increased with increasing concen-
trations of all the fungicides up to 10 µM, but further
cellular leakage at higher concentrations occurred only
with procymidone.
Lipid Peroxidation. All fungicides caused signifi-

cant lipid peroxidation, as measured by MDA produc-
tion, on the fungi in a concentration-dependent manner
(Figure 4). With 33 µM fungicides, for example, levels
of MDA were approximately 3-fold higher than in
control. There was a general pseudolinear increase with
a logarithmic increment of the fungicide concentration.

Figure 1. Chemical structures of dicarboximide fungicides
iprodione (1), vinclozolin (2), and procymidone (3).

Figure 2. Effects of (O) iprodione, (b) vinclozolin, and (0)
procymidone on mycelial growth of B. cinerea isolate BC2.
Fungicide inhibition of mycelial growth, measured as a dry
weight relative to the control, was determined 48 h after
incubation of the fungi with the individual fungicides. Error
bars are (1 SE of the means. In some cases the error bar is
obscured by the symbol.
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Correlations of Cellular Leakage and Lipid Per-
oxidation with Fungicidal Activity. Mycelial growth
inhibition correlated positively with the degree of cel-
lular leakage observed for the respective fungicides
(Figure 5). Similar relationships were found between
fungicidal activity of iprodione and vinclozolin and MDA
production caused by the respective fungicides (Figure
6A,B). In procymidone-treated fungi, however, the
correlation was poorer (Figure 6C). Cellular leakage
also increased with the level of MDA produced by the
treatment of the fungicides (Figure 7).

DISCUSSION

Dicarboximide fungicides iprodione, vinclozolin, and
procymidone effectively inhibited mycelial growth of B.
cinerea isolate BC2, with similar IC50 values for all three
fungicides. Since the dicarboximide fungicides are
known to have a less inhibitory effect on spore germina-
tion than on mycelial growth of many fungi including
B. cinerea (Hisada and Kawase, 1977; Pappas and
Fisher, 1979; Choi et al., 1996), the inhibition of spore
germination by the three fungicides was not examined
in this study.

The involvement of lipid peroxidation in the mecha-
nism of dicarboximide fungicides has been hypothesized
(Lyr and Edlich, 1986; Edlich et al., 1988; Lyr, 1988;
Edlich and Lyr, 1992, 1995; Steel and Nair, 1993; Choi
et al., 1996), although other effects of the fungicides,
such as inhibition of cell division (Georgopoulos et al.,
1979), DNA synthesis (Hisada and Kawase, 1977;
Pappas and Fisher, 1979), and fatty acid synthesis
(Pappas and Fisher, 1979), have also been proposed as
possible mechanisms of action. The increases of MDA
observed with increasing fungicide concentrations in the
present work confirm the previous findings demonstrat-
ing that the dicarboximide fungicides cause membrane
lipid peroxidation in Mucor mucedo (Lyr and Edlich,
1986; Lyr, 1988), Ustilago maydis (Lyr, 1988), and B.
cinerea (Choi et al., 1996). The cellular leakage caused
by the fungicides appeared to result from the lipid
peroxidation process, as suggested by Choi et al. (1996).
It is reinforced by the fact that relationships between
cellular leakage and MDA production from the fungal
mycelia were sigmoidal (Figure 7), implying that lipid
peroxidation precedes cellular leakage. Furthermore,

Figure 3. Effects of (O) iprodione, (b) vinclozolin, and (0)
procymidone on cellular leakage from B. cinerea isolate BC2.
Cellular leakage from fungal tissues was determined 48 h after
incubation with the individual fungicides. Values are the
difference between treated and control tissues. Error bars are
(1 SE of the means. In some cases the error bar is obscured
by the symbol.

Figure 4. Effects of (O) iprodione, (b) vinclozolin, and (0)
procymidone on MDA production from B. cinerea isolate BC2.
The levels of MDA were determined 48 h after incubation of
the fungi with the fungicides. Error bars are (1 SE of the
means. In some cases the error bar is obscured by the symbol.

Figure 5. Relationships between effects of (A) iprodione, (B)
vinclozolin, and (C) procymidone on cellular leakage from B.
cinerea isolate BC2 and their inhibitory effects on mycelial
growth. Lines are trinomial regressions with r of 0.98, 0.94,
and 0.90 for A, B, and C, respectively.
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both the cellular leakage and MDA production cor-
related with the fungicidal activity of the three fungi-
cides, respectively (Figures 5, 6). However, the corre-
lations between fungicidal activity and lipid peroxidation
were poor when the level of lipid peroxidation was high
(Figure 6), suggesting that lipid peroxidation at a
certain level is sufficient to cause fungal death.
Contradictory reports showing no lipid peroxidation

in the dicarboximide fungicide-treated U. maydis mi-
crosomal membranes (Orth et al., 1992) and B. cinerea
mycelia (Steel and Nair, 1993) have also been published.
Even in these cases, interestingly, the protective effects
of R-tocopherol from the fungicides have usually been
observed. Thus, two different interpretations might be
possible on this contradiction. One is that R-tocopherol
protects the dicarboximide fungicide-treated fungi by its
hydrophobic nature rather than its antioxidant activity.
The other is that the measurement of lipid peroxidation
using MDA as an indicator varies with the system
employed.
Orth et al. (1993) reported that R-tocopherol could

form hydrophobic micelles with the aromatic hydrocar-

bon fungicide tolclofos-methyl, lowering the actual
concentration of the fungicide within the cell and
thereby protecting the fungicide-treated U. maydis.
Supposing that R-tocopherol is not hydrophobic, how-
ever, it may not reach membranes of cells and or-
ganelles. Thus, the hydrophobic nature of the R-toco-
pherol may be necessary for its action as an antioxidant
in situ. Burton et al. (1983) speculated that the long-
chain phytyl group on R-tocopherol allows the compound
to partition into hydrophobic membranes of cells and
organelles, where it presumably exerts its antioxidant
activity in the prevention of lipid peroxidation. In
addition, we are not aware of any reports providing the
evidence that R-tocopherol protects the fungi from the
dicarboximide fungicides by forming hydrophobic mi-
celles with the fungicides.
On the other hand, the second interpretation seems

more plausible, since reported levels of MDA production
by the dicarboximide fungicides have been quite low and
variable (Lyr, 1988; Edlich and Lyr, 1992, 1995; Orth
et al., 1992; Steel and Nair, 1993). For example, the
MDA levels in M. mucedo have been reported to range

Figure 6. Relationships between effects of (A) iprodione, (B)
vinclozolin, and (C) procymidone on MDA production in B.
cinerea isolate BC2 and their inhibitory effects on mycelial
growth. Lines are trinomial regressions with r of 0.93, 0.96,
and 0.87 for A, B, and C, respectively.

Figure 7. Relationships between effects of (A) iprodione, (B)
vinclozolin, and (C) procymidone on cellular leakage from B.
cinerea isolate BC2 and MDA production. Lines are trinomial
regressions with r of 0.97, 0.91, and 0.95 for A, B, and C,
respectively.
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from 152% to 336% of control with vincolzolin treatment
at the same concentration of 5 mg/L (Lyr, 1988; Edlich
and Lyr, 1992) and thus have not correlated with the
growth inhibition. However, we have recently observed
a sufficient level of MDA production in vinclozolin-
treated B. cinerea with a more refined MDA measuring
system than the others employed (Choi et al., 1996).
Samples for the MDA measurements should be taken
from both the fungicide-treated mycelia and the aliquots
in which the fungal mycelia were incubated, since the
MDA molecules are readily leached out from the fungal
mycelia into the incubation media when the fungal
plasma membranes are damaged (Choi et al., 1996).
Strong positive correlations were found between lipid
peroxidation caused by the dicarboximide fungicides and
their fungicidal activity on inhibiting mycelial growth
of B. cinerea as shown in Figure 6. This result along
with our previous findings (Choi et al., 1996) imply that
lipid peroxidation is obviously related to fungal death.
In summary, our results show that dicarboximide

fungicides iprodione, vinclozolin, and procymidone are
all effective to inhibit mycelial growth, to cause cellular
leakage, and to cause lipid peroxidation on B. cinerea
isolate BC2. They also demonstrate that the fungicidal
activity of the three fungicides correlates well with their
capacity to cause cellular leakage and lipid peroxidation.
Thus, they support the hypothesis that the mechanism
of action of dicarboximide fungicides is associated with
membrane lipid peroxidation.
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