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Abstract : The e†ect of phenylpyrroles on glycerol synthesis in Neurospora crassa
has been investigated and compared with the mode of action of vinclozolin (a
dicarboximide). The results indicated that fenpiclonil, Ñudioxonil and vinclozolin
at concentrations which inhibit growth by 50% induce accumulation of glycerol
in the mycelium of N. crassa. Furthermore a protein kinase (PK-III) possibly
involved in the regulation of the glycerol synthesis is inhibited by phenylpyrroles,
whereas vinclozolin is without e†ect. This implies that the target sites of
phenylpyrroles and dicarboximides in the osmosensing signal transmission
pathway are di†erent. Comparative experiments with enzymes from human and
animal sources revealed that PK-III could be a protein kinase Cd. It is suggested
that inhibition of PK-III activity may result in an increased concentration of a
non-phosphorylated regulatory protein which may activate a MAP-kinase
cascade of reactions resulting in increased glycerol synthesis.
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1 INTRODUCTION

Fenpiclonil and Ñudioxonil are novel phenylpyrrole
fungicides (Fig. 1).1,2 Biochemical studies revealed that
fenpiclonil, at concentrations which reduced growth by
about 50%, inhibited the transport of monosaccharides
in Fusarium sulphureum Schlecht.3,4 It also stimulates
the intracellular accumulation of neutral polyols, such
as glycerol and mannitol, whereas nuclear division, res-
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piration, chitin-, ergosterol-, phospholipids-, DNA- and
RNA-syntheses are not a†ected.4,5 A cascade of events
has been postulated which originates in the inhibition of
the transport-associated phosphorylation of glucose
and leads to the accumulation of polyols and cell
death.4 However, the primary target site of fenpiclonil
and the Ðnal cause of cell death remain unclear. A direct
e†ect on hexokinase is unlikely, since inhibition of cell-
free phosphorylation was not observed.4 Under labor-
atory conditions, both phenylpyrroles and
dicarboximides select for resistant mutants which are

Fig. 1. General structure of phenylpyrrole fungicides and structural formulae of fenpiclonil and Ñudioxonil.
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sensitive to osmotic stress and cross-resistant to both
types of fungicides.4,5 This suggests that osmoregulation
is either a common feature in the mechanism of resist-
ance to both fungicides or that phenylpyrroles and
dicarboximides interfere with the osmosensing signal
transduction pathway. The aim of the present work was
to establish the target site of phenylpyrroles in the
osmosensing glycerol synthesis regulatory pathway and
to compare it with the mode of action of vinclozolin.
Sugar transport and osmoregulatory glycerol synthesis
in Neurospora crassa Shear & Dodge are well docu-
mented.4,6 Therefore, this fungus was used in this study.

2 MATERIALS AND METHODS

2.1 Chemicals

4-(2,3-Dichloro-[U-14C]phenyl)-1H-pyrrole-3-carbon-
itrile (fenpiclonil ; sp. act. 0É462 GBq mmol~1), 4-(2,2-di-
Ñuor-1,3-benzodioxol-4-yl)-1H-[4-14C]pyrrole-3-carbo-
nitrile (Ñudioxonil ; sp. act. 0É506 GBq mmol~1) and their
non-radioactive forms were synthesized by Ciba
(structures are represented in Fig. 1). Radiolabelled 2-
deoxy-D-[U-14C]glucose (sp. act. 10É8 GBq mmol~1)
and [c-33P]ATP (37È110 TBq ml~1) were purchased
from Amersham. All other chemicals were obtained
either from Fluka (CH-9470 Buchs, Switzerland), Merck
(CH 8953 Dietikon, Switzerland) or Sigma (St Louis,
USA).

2.2 Organisms

Neurospora crassa (wild-type strain 74-OR8-1) was
obtained from the American Type Culture Collection
(ATCC 18889). Recombinant baculoviruses for protein
kinase C isoenzymes were provided by Silvia Stable,
Max-Plank-Gesselschaft, Cologne, Germany. A431
human epithelial carcinoma cells were obtained from
the European Collection of Animal Cell Cultures
(Porton Down, Salisbury, UK). BALB/c 3T3 cells were
kindly provided by C. Stiles (Dana-Farber Cancer Insti-
tute, Boston).

2.3 Culture and growth conditions of Neurospora crassa

Mycelium was grown as inoculum in Petri dishes at
24¡C in the dark for 14 days (medium: Biomalt 10,
Difco dry yeast extract 4, glucose 4 and agar 20 g
litre~1 in water). Macroconidia were collected in sterile
water, Ðltered through glass wool and then transferred
into VogelÏs liquid minimal medium supplemented with
sucrose (20 g litre~1) according to the method described
by Favre and Turian.7 For toxicity tests, the cell density
was adjusted to 5 ] 104 macroconidia ml~1 and 8 ml

were pipetted into Petri dishes. Active compounds were
added to the medium from 1000-fold concentrated stock
solutions in acetone. Control treatments received equiv-
alent quantities of acetone. The cultures were incubated
at 24¡C and 90% relative humidity in the dark for three
days. After incubation the cultures were vacuum-Ðltered
on glass microÐbre Ðlters (Whatman GF/C;
d \ 4É7 cm), previously dried overnight at 70¡C under
vacuum and weighed. The Ðlters with mycelium were
dried as described above and weighed again. The IC50
(concentration of inhibitor required to reduce growth
by 50%) was used as a parameter for inhibition. The
glycerol, deoxyglucose and fungicide accumulation tests
were conducted after incubation of a conidial suspen-
sion (6 ] 105 ml~1) in VogelÏs medium in a rotary
shaker at 180 rev min~1 and 24¡C for 24 h. For the iso-
lation of protein kinases, N. crassa was cultivated under
the same conditions during 36 h.

2.4 Glycerol accumulation

After pre-incubation of standard mycelial suspensions
of N. crassa in VogelÏs medium (25 ml) depleted of
sugar for 1 h, active compounds mixed with glucose
(200 kM) were added to the medium from 1000-fold con-
centrated stock solutions in acetone. Control treatments
received equivalent quantities of acetone. These cultures
were incubated in a rotary shaker at 180 rev min~1 and
240¡C. After incubation, mycelium was collected on
Millipore SWCW04700 (8 km) Ðlters, extensively
washed with ice-cold water and homogenized in a
mortar with ethanol ] water (80] 20 by volume; 5 ml)
and extracted at 70¡C for 2 min. After centrifugation at
8000g the glycerol concentration was measured in the
supernatant by using the UV-glycerol assay procedure
(Boehringer Mannheim GmbH).

2.5 Deoxyglucose accumulation

Mycelial suspensions of N. crassa in VogelÏs medium
without sucrose (10 ml) were equilibrated for 1 h. Accu-
mulation of 2-deoxy-D-[U-14C]glucose was measured at
intervals after addition of the fungicide from 1000-fold
concentrated stock solutions according to Jespers et al.3

2.6 Protein kinases isolation

Mycelium of N. crassa (50 g) in the logarithmic phase of
growth was harvested by Ðltration, rinsed with cold
water, homogenized with the omnimixer and extracted
with 100 ml of bu†er A containing Tris-HCl (20 mM ;
pH 7É6), EGTA (10 mM), EDTA (2 mM), 2-
mercaptoethanol (50 mM), sucrose (0É25 M), sodium
azide (0É3 mM), benzamidine (10 mM), phenylmethylsul-
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fonyl Ñuoride (1 mM), pepstatin (0É25 kg ml~1), leupep-
tin (10 kg ml~1) according to Favre and Turian.7 The
homogenate was centrifuged at 20 000g for 20 min. The
supernatant was further centrifuged at 100 000g for 1 h.
The supernatant was collected through glass wool and
solid ammonium sulfate was added to a Ðnal level of
50% saturation. The precipitate was recovered by cen-
trifugation at 20 000g for 20 min and resuspended in
2É5 ml bu†er B containing Tris-HCl (20 mM ; pH 7É6),
EGTA (1 mM), EDTA (1 mM), 2-mercaptoethanol
(50 mM). The suspension obtained was passed through a
Sephadex G-25 PD-10 (50] 15 mm) equilibrated with
bu†er B. Fractions (2 ml) were collected and assayed for
protein kinase activity. Active fractions were applied to
a Bio-Gel TSK DEAE-5-PW column (75] 7É5 mm)
equilibrated with bu†er B. The column was extensively
washed with the same bu†er. Adsorbed proteins were
eluted with a linear gradient of sodium chloride (0È
0É4 M) added in bu†er B. Fractions (2 ml) were collected
and assayed for protein kinase activity.

Expression and partial puriÐcation of PKC subtypes
were carried out using the baculovirus vector system as
described by Marte et al.8 The c-AMP-dependent
protein kinase isolated from rabbit was a gift of Dr
Brian Hemmings, FMI Basle. The CDK-1 (p34cdc2/
cyclin B) isolated from starÐsh oocytes was obtained by
Dr Laurent Meijer, CNRS, Station Biologique, Rosco†,
France and puriÐed as described.9

2.7 Protein kinase activity measurement

Protein kinase C activity was assayed as described by
Meyer et al.10 and carried out in a reaction mixture
(100 kl) containing Tris-HCl (20 mM ; pH 7É4), prota-
mine sulfate (20 kg), magnesium nitrate (10 mM), ATP
(10 kM) (0É2 kCi [c-33P]ATP), sodium azide (1 mM),
okadaic acid (0É04 kM), 20 kl of enzyme-containing frac-
tions and various concentrations of inhibitors from
20-fold concentrated stock solutions in dimethyl sul-
foxide. Control treatments received equivalent quan-
tities of dimethyl sulfoxide. Incorporation of [c-33P]
onto protamine sulfate was determined by spotting ali-
quots (50 kl) onto P81 chromatography paper
(Whatman). The value was used as parameter forIC50
inhibition. For the measurement of the substrate and
calcium dependence, the medium was modiÐed by
replacing protamine sulfate by histone (type III-S) or
a-casein dephosphorylated and by adding calcium chlo-
ride (0É4 mM), phosphatidylserine (1 kg) and diolein
(0É1 kg). The phosphorylation of endogenous substrate
was tested under the same conditions without substrate
added. Assays for cAMP-dependent kinase were carried
out using Kemptide as substrate according to Meyer et
al.10 CDK-1 was tested as described by Rialet and
Meijer.11 Epidermal growth factor (EGF)- and platelet-
derived growth factor (PDGF)-stimulated total cellular

tyrosine phosphorylation were measured according to
Trinks et al.12

2.8 Fenpiclonil and Ñudioxonil accumulation

The uptake of [14C]fenpiclonil and [14C]Ñudioxonil in
N. crassa was assessed by using the procedure described
by Jespers et al.,13 except that the mycelium was
washed with water (50 ml) after incubation. In order to
determine the intracellular concentration of the fungi-
cide, the protoplasmic water content was determined
from the di†erences between fresh weights and dry
weights of mycelial pads according to the methods
described by Ellis and Grindle.14

3 RESULTS

3.1 E†ect on in-vitro growth

N. crassa was exposed to increasing concentrations of
inhibitors to establish the dosage response of growth.
The results indicated that the in-vitro growth of this
fungus is strongly inhibited by fenpiclonil (IC50\ 0É17

Ñudioxonil vinclozolinkM), (IC50 \ 0É06 kM), (IC50\ 9
cyprodinil fenpropidinkM), (IC50\ 0É3 kM), (IC50 \ 13
and propiconazole The e†ect ofkM) (IC50\ 1É8 kM).

various phenylpyrroles is listed in Table 1.

3.2 Glycerol accumulation studies

Standard mycelial suspensions of N. crassa were incu-
bated with glucose in the presence or absence of fenpi-
clonil (0É3 kM) up to 240 min and the glycerol in
mycelial extracts was measured. The results indicated
that N. crassa accumulated substantial quantities of
glycerol when incubated with fenpiclonil, whereas a
small transient accumulation, due to the addition of
glucose, was observed in the control assay (Fig. 2).
Comparative experiments with other fungicides
(Ñudioxonil, cyprodinil, fenpropidin and propiconazole)
indicated that the stimulation of the glycerol synthesis is
speciÐc to phenylpyrroles and dicarboximides (Fig. 3).

3.3 Deoxyglucose accumulation

Fenpiclonil, Ñudioxonil and vinclozolin tested up to
100 kM did not a†ect the uptake of radioactive 2-
deoxyglucose in N. crassa (data not shown). This result
indicated that transport-associated phosphorylation of
sugars is not the primary target of the phenylpyrroles
and dicarboximides in N. crassa.
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TABLE 1
E†ect of Various Phenylpyrroles on In-vitro Growth and Protein Kinase Activity

(PK-III) of Neurospora crassa

IC50 (kM)a

Fungicide In vitro growth PK-III

Phenylpyrroles Xb Rb

I (Fenpiclonil) 2,3-Cl2 CN 0É17 2
II 3-Cl CN 0É4 9
III (Fludioxonil) 2,3(-O-CF2-O-) CN 0É06 20
IV 2,4-Cl2 CN 1É5 20
V 4-F CN 7 30
VI 2-Cl CN 0É9 70
VII 3-CF3 CN 3 85
VIII 3-CH3 CN 2É5 100
IX 4-Cl CN 7 100
X 2-OCH3 CN 25 [100
XI 2,3-Cl2 COCH3 [100 [100
XII 2,3-Cl2 CONH2 [100 [100

Other fungicides
Vinclozolin 9 [100
Cyprodinil 0É3 [100
Fenpropidin 13 [100
Propiconazole 1É8 [100

values based on two replicate experiments. Variation in repetitions less thana IC50
5%.
b See Fig. 1.

3.4 E†ect on protein kinases

Upon chromatography on Bio-Gel TSK DEAE-5PW of
the 100 000g supernatant of N. crassa, three protein
kinase peaks (designated PK-I, PK-II and PK-III) have
been resolved by using protamine sulfate as substrate
(Fig. 4). These peaks correspond to three protein

Fig. 2. Intracellular glycerol content of Neurospora crassa
mycelium incubated (dark symbols) in the presence and (white
symbols) in the absence of fenpiclonil (0É3 kM). Error bars

indicate the deviation of the mean of two determinations.

kinases of N. crassa (active with histone as substrate)
already described in the literature, namely a c-AMP-
dependent protein kinase (peak I) and two c-AMP- and
calcium-independent protein kinases (peaks II and
III).15 Addition of fenpiclonil in the enzyme assay
mixture revealed the phenylpyrrole sensitivity of the
protein kinase PK-III and to a lower extent of PK-II.
Among the tested fungicides, fenpiclonil was the most

Fig. 3. E†ect of fenpiclonil (0É17 kM), Ñudioxonil (0É06 kM),
vinclozolin (9 kM), cyprodinil (0É3 kM), fenpropidin (13 kM)
and propiconazole (1É8 kM) on the glycerol content of Neuros-
pora crassa after incubation with glucose for 2 h. Error bars
indicate the standard deviation of the mean of three determi-

nations.
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Fig. 4. Separation of protein kinases from Neurospora crassa
by ion exchange chromatography. Protein kinase activity was
measured with protamine sulfate as substrate (dark symbols)
in the absence and (white symbols) in the presence of 100 kM

fenpiclonil. ([ ) NaCl gradient (0È0É4 M).

active inhibitor of PK-III and a signiÐ-(IC50 \ 2 kM)
cant correlation has been observed between the intrinsic
activity of the phenylpyrroles and their e†ect on the
growth of N. crassa (n \ 12 ; r2\ 0É739 ; rcv2 \ 0É628)
(Table 1). Comparative experiments with non-
phenylpyrrole fungicides indicated that vinclozolin,
cyprodinil, fenpropidin and propiconazole are com-
pletely inactive up to 100 kM, whereas the potent and
rather unselective protein kinase inhibitor staurosporine
inhibited the activity of PK-III strongly(IC50\ 1 nM)
(data not shown).

In order to study the protein kinase PK-III in more
detail, the substrate speciÐcity and the e†ect of calcium
and cyclic AMP on its activity have been investigated.
The results indicated that protein kinase III of N. crassa
phosphorylated protamine sulfate (and histone to a
lower extent) in a calcium- and phospholipid-
independent manner, whereas casein and kemptide

(substrate of c-AMP-dependent kinase) were not
accepted as substrate and PK-III was not autophosp-
horylated (data not shown).

Furthermore, comparative experiments were carried
out with di†erent protein kinases isolated from animal
sources, namely the protein kinases C-a (bovine), the
protein kinase C-d (rat), the cyclin-dependent kinase
CDK-1 (starÐsh) and the cAMP-dependent kinase
(rabbit). In addition, epidermal growth factor (EGF)-
and platelet-derived growth factor (PDGF)-stimulated
total cellular tyrosine phosphorylation were measured
in A431 human epithelial carcinoma cells and mouse
BALB/c 3T3 Ðbroblasts, respectively. The results indi-
cated a selective e†ect of the phenylpyrroles tested on
the protein kinase C-d and the cyclin-dependent kinase,
whereas vinclozolin was without e†ect on the enzymes
tested (Table 2).

3.5 Fungicide accumulation studies

According to the literature, fenpiclonil accumulates to
high levels in the mycelium of F. sulphureum and artiÐ-
cial liposomes.13 In order to determine the accumula-
tion level of fenpiclonil and Ñudioxonil in N. crassa,
mycelial suspensions were incubated with radioactive
fenpiclonil and Ñudioxonil at di†erent concentrations
for 30 min. The radioactivity accumulated was mea-
sured after extensive washing of the mycelium with
water. The results indicated that the accumulation of
fenpiclonil and Ñudioxonil in the intracellular space of
N. crassa was linearly related with the initial concentra-
tion of the fungicides in the medium up to a concentra-
tion of 20 kM. Based on the determination of the
protoplasmic water content, the internal cell volume of
N. crassa was assessed to be 1É88 kl mg~1 mycelial dry
weight. The internal fungicide concentration calculated

TABLE 2
E†ect of Fenpiclonil, Fludioxonil and Vinclozolin on Di†erent Protein Kinases

from Animal Cells

IC50 (kM)b

Enzymea Source of enzyme Fenpiclonil Fludioxonil V inclozolin

PKC-a Bovine [100 [100 [100
PKC-d Rat 3É7 36 [100
CDK-1 StarÐsh 10É4 27É5 [100
PKA Rabbit [100 [100 [100
EGF-R Human [100 [100 [100
PDGF-R Mouse [10 [10 [10

a PKC: Protein kinase C; CDK-1 : Cyclin-dependent kinase 1 ; PKA: c-AMP-
dependent kinase ; EGF-R: Tyrosin-kinase-speciÐc activity of epidermal growth
factor receptor ; PDGF-R: kinase activity of the platelet-derived growth factor
receptor.

values based on two replicate experiments. Variation in repetitions lessb IC50
than 5%.
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Fig. 5. Relation between the initial concentration in medium
and the intracellular concentration of fenpiclonil and(|) (L)
Ñudioxonil in mycelium of Neurospora crassa after incubation
of the fungus with the fungicide for 30 min. Error bars indi-

cate the standard deviation of the mean of three replicates.

indicated 109- and 49-fold accumulation of Ñudioxonil
and fenpiclonil, respectively, as compared with the con-
centration in the external medium (Fig. 5).

4 DISCUSSION

As described for Fusarium sulphureum treated with fen-
piclonil, N. crassa accumulated substantial quantities of
glycerol when incubated with fenpiclonil, Ñudioxonil or
vinclozolin at the concentration producing 50%
growing inhibition (Figs 2 & 3).3 Comparative experi-
ments with other fungicides (cyprodinil, fenpropidin and
propiconazole) indicated that the stimulation of glycerol
synthesis by phenylpyrroles and dicarboximides is a
speciÐc process which can be compared to the response
of cells under osmotic shock.14,16h19

In Saccharomyces cerevisiae Mayer ex Hansen, hyper-
tonic stress results in the activation of a two-component
system that regulates an osmosensing mitogen-activated
protein (MAP) kinase cascade. An integral plasmamem-
brane sensor protein (Ðrst component), containing a
cytosolic transmitter domain, acts as a histidine-
phosphorylating autokinase when activated by an
environmental signal (low osmolarity). The phosphoryl
group of the activated transmitter is transferred to a
regulator protein (second component). Under condi-
tions of elevated osmotic pressure, the regulator protein
remains unphosphorylated and transduces a signal that
stimulates the MAP-kinase cascade, leading to the syn-
thesis of glycerol.18,19 In N. crassa and other fungi the
existence of the osmosensing glycerol synthesis regulat-
ing system has never been demonstrated. However, the
sensitivity of the protein kinase PK-III to phenylpyrro-
les (Fig. 4, Table 1) suggests the involvement of this
enzyme in the regulation of the glycerol synthesis in N.

Fig. 6. Model of a possible glycerol synthesis signal trans-
duction system in Neurospora crassa indicating the target site

of phenylpyrroles.

crassa as described in Fig. 6 and a relationship between
the fungitoxicity of the phenylpyrrole fungicides and
their e†ect on PK-III.

According to our results, the isolated PK-III is
calcium- and cyclic-AMP-independent and is more
active with protamine sulfate than histone, casein or
kemptide. Furthermore, comparative experiments with
enzymes from human and animal sources revealed that
PKC-d and CDK-1 are most sensitive to phenylpyrroles
(Table 2). In cells of higher organisms, PKC-d and
CDK-1 play key roles in signal transduction and cell
cycle control mechanisms, respectively.20h24 Both
enzymes belong to the large family of serine/threonine-
speciÐc protein kinases, but only PKC-d accepted pro-
tamine sulfate as substrate. In addition, among the
PKC subtypes tested, PKC-d was rather selective for
the inhibition by phenylpyrroles. These compounds did
not inhibit either the conventional, calcium-dependent
PKC subtypes (PKC-a, -bI, -bII and -c) or the non-
conventional, calcium-independent PKC-isoforms
(PKC-e, -g and -h) or the atypical, calcium-independent
and unresponsive PKC-f (data not shown). Together,
these data suggest a relation between PK-III and
PKC-d. In this respect it is interesting to note that Itoh
et al.17 have already suggested that MAP-kinase is acti-
vated in a protein kinase C-dependent manner. A pos-
sible homology between PK-III and the histidine kinase
described in yeast as well as the identity of the substrate
of PK-III remain unknown.18

Concerning the interaction of dicarboximides with
the osmosensing signal transduction pathway, the lack
of e†ect of vinclozolin on PK-III suggests either the
presence of an alternative osmosensor (a di†erent
osmosensing signal transmission pathway) or an inter-
action between vinclozolin and another step of the same
pathway. In this respect, our result is a strong indica-
tion that the target sites of dicarboximides and
phenylpyrroles in the osmosensing signal transmission
pathway are di†erent. Under laboratory conditions
both phenylpyrrole and dicarboximide fungicides select
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for resistant mutants of Botrytis cinerea Pers., which are
osmotically sensitive, cross-resistant to both classes of
fungicides and not pathogenic ; whereas under Ðeld con-
ditions B. cinerea acquires resistance only against
dicarboximides and the resistant isolates are not
osmotically sensitive.4,5 Furthermore Orth et al.25
reported a c-AMP-dependent serine (threonine) protein
kinase which confers vinclozolin resistance in labor-
atory mutants of the phytopathogenic fungus Ustilago
maydis (DC) Corda. Together with our results these
Ðndings suggest that this c-AMP-dependent kinase is
not the direct target site of vinclozolin, but that it is
part of a resistance mechanism occuring only under
laboratory conditions.

Having established the interaction between
phenylpyrroles and PK-III, the key question is what the
primary mode of action of these fungicides can be.
Direct comparison between the values ofIC50
phenylpyrroles on PK-III activity and growth inhibi-
tion does not allow a conclusion about the lethal e†ect
of protein kinase inhibition. However, the correlation
between the intrinsic activity and the growth inhibitory
values suggests that the protein kinase PK-III is the
target site of phenylpyrroles (Table 1). On the other
hand, fungicide accumulation studies indicated 109- and
49-fold accumulation of Ñudioxonil and fenpiclonil
respectively, as compared with the concentration in the
external medium (Fig. 5). Considering a possible under-
estimation of the accumulation, due to the extensive
washing of the mycelium after incubation with radiola-
belled fungicide, the important intracellular concentra-
tion of fenpiclonil and Ñudioxonil accounts for their
relatively low intrinsic activity.13 In a recent publication
Jespers & de Waard4 suggested that the primary e†ect
of fenpiclonil in F. sulphureum is the inhibition of the
transport-associated phosphorylation of glucose.
According to our results, the accumulation of deoxy-
glucose in intact cells of N. crassa is not inhibited by
phenylpyrroles (data not shown). This result can be
accounted for by a di†erent sugar transport mechanism.
As described in the literature, the sugar transport
system in N. crassa comprises a low-affinity facilitated
di†usion system and a repressible high-affinity active
transport, whereas in Fusarium, Aspergillus and yeast
the main accumulation system seems to be a transport-
associated phosphorylation.26h28 Finally the protein
kinases have multiple functions and a protein kinase-
mediated sugar transport (in Fusarium) is possible. The
existence of a substrate site for a protein kinase in the
sugar transporter of yeast supports this hypothesis.29
The exact nature of PK-III and its implication in the
regulation of the glucose transport are now under inves-
tigation in our laboratories. To our knowledge,
phenylpyrroles are the Ðrst commercial fungicides that
interfere with pathogens through the inhibition of a
protein kinase. This Ðnding underlines the value of fen-
piclonil and Ñudioxonil as new elements of anti-

resistance strategies. Advantage has been taken of this
situation by developing a mixture of Ñudioxonil and
cyprodinil, a compound with another new mode of
action, as a sustainable solution for efficient Botrytis
management.30,31
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