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Abstract In Botrytis cinerea, multidrug resistant
(MDR) strains collected in French and German vine-
yards were tested in vitro, at the germ-tube elongation
stage, towards a wide range of fungicides. Whatever
the MDR phenotype, resistance was recorded to anili-
nopyrimidines, diethofencarb, iprodione, fludioxonil,
tolnaftate and several respiratory inhibitors (e.g., pen-
thiopyrad, pyraclostrobin). In MDRI1 strains, overpro-
ducing the ABC transporter BcatrB, resistance extended
to carbendazim and the uncouplers fluazinam and malo-
noben. In MDR2 strains, overproducing the MFS trans-
porter BemfsM2, resistance extended to cycloheximide,
fenhexamid and sterol 14x-demethylation inhibitors
(DMIs). MDR3 strains combined the overexpression of
both transporters and exhibited the widest spectrum of
cross resistance and the highest resistance levels. The
four transport modulators, amitriptyline, chlorpromazine,
diethylstilbestrol, and verapamil, known to affect some
ABC transporters, were tested in B. cinerea. In our
experimental conditions, the activity of several fungi-
cides was only enhanced by verapamil. Interestingly,
synergism was only recorded in MDR2 and/or MDR3
isolates treated with tolnaftate, fenhexamid, fludioxonil
or pyrimethanil, suggesting that verapamil may inhibit
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the MFS transporter BemfsM2. This is the first report
indicating that a known modulator of ABC transporters
could also block MFS transporters.
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Introduction

Botrytis cinerea Pers ex Fr, the anamorph of Botryoti-
nia fuckeliana (de Barry) Whetzel is a ubiquitous
fungus that causes grey mould on a wide range of crop
plants, including grapevine (Elmer and Michailides
2004). Recent studies in French vineyards have
shown that this disease is caused by a complex
of two cryptic species living in sympatry: B. cinerea (the
most abundant species at harvest) and B. pseudo-
cinerea (which is well established before flowering)
(Walker et al. 2011). Furthermore, B. pseudocinerea,
previously referred to as HydR1 strains, is naturally
more tolerant to fenhexamid and more susceptible to
fenpropidin and fenpropimorph than B. cinerea (Leroux
et al. 1999).

Chemical control remains the principal means of
reducing the incidence of grey mould on major crops
and the available botryticides can be classified accord-
ing to their modes of action (Leroux 2004). They
affect microtubules (i.e., benzimidazoles, thiopha-
nates, phenylcarbamates), osmoregulation (i.e., dicar-
boximides, phenylpyrroles), methionine biosynthesis
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(i.e., anilinopyrimidines), sterol biosynthesis (i.e.,
14x-demethylation inhibitors (DMIs), hydroxyani-
lides), respiration (i.e., carboxamides or succinate de-
hydrogenase inhibitors (SDHIs), quinone outside
inhibitors (Qols), dinitroaniline uncouplers) or have
multisite activity (i.e., dithiocarbamates, phthalimides,
phthalonitriles, sulphamides,) (Tables 1 and 2; FRAC
Code list http://www.frac.info/frac/index.htm).
Despite a large number of compounds active against
grey mould, strains resistant to most of them have
emerged in many countries (Leroux 2004). This acquired
resistance principally concerns B. cinerea and is

generally determined by mutations in the genes encoding
the target site protein of the fungicide. They often lead to
“specific resistance” to a single molecule or class of
fungicides, and generally result in moderate to high
levels of resistance. Such a phenomenon was firstly
identified for antimicrotubule fungicides but it now also
concerns dicarboximides, SDHIs, strobilurins (i.e., the
main group of Qols), the hydroxyanilide fenhexamid
and probably anilinopyrimidines (Fillinger et al. 2008;
Leroux et al. 2002, 2010). Besides specific resistances,
multidrug resistant (MDR) strains have been detected in
French and German vineyards. They exhibit low

Table 1 In vitro effect of fungicides affecting respiration on germ-tube elongation of various Botrytis cinerea phenotypes

Antifungal compound

ECso (mg 1" for
wild-type strains®

Resistance factor for
MDR strains®

Mode of action Chemical group® Common name MDR1 MDR2 MDR3*
Multi-site activity Dithiocarbamate Thiram 0.06 0.7 1.0 1.3 (0.7)
Phtalimide Captafol 0.08 1.3 1.8 2.1 (2.3)
Phtalimide Captan 0.9 1.7 1.7 22 2.9
Phtalimide Folpet 5.0 1.3 1.3 1.6 (1.7)
Phtalonitrile Chlorothalonil 0.07 1.7 1.1 2.3(1.9)
Quinone Dichlone 2.0 1.0 1.2 1.8 (1.2)
Quinone Dithianon 1.0 1.0 1.3 2.0 (1.3)
Sulfamide Tolylfluanid 0.11 1.1 1.7 2.3 (1.9)
Triazine Anilazine 0.8 2.5 2.5 5.6 (6.2)
Inhibition of mitochondrial complex I (SDHI)°  Benzamide Benodanil 3.5 1.1 0.9 1.2 (1.0)
Furan-carboxamide Furcarbanil 1.6 1.3 0.9 1.4 (1.2)
Oxathiin-carboxamide =~ Carboxin 0.48 1.2 1.7 2.5(2.0)
Pyrazole-carboxamide  Isopyrazam 0.009 4.4 5.6 16.7 (24.6)
Pyrazole-carboxamide ~ Penthiopyrad 0.012 5.0 12.5 15.0 (62.5)
Pyridine-carboxamide ~ Boscalid 0.035 1.1 6.4 12.9 (7.0)
Thiazole-carboxamide  Thifluzamide 4.0 1.8 0.6 2.5(1.1)
Inhibition of mitochondrial complex III (Qol)" Methoxy-acrylate Azoxystrobin 0.13 1.5 1.9 7.7 (2.9)
Methoxy-carbamate Pyraclostrobin 0.006 7.1 4.0 14.8 (28.4)
Oximino-acetamide Dimoxystrobin 0.03 3.0 1.7 5.7 (5.1)
Oximino-acetate Trifloxystrobin ~ 0.03 3.0 24 16.0 (7.2)
Oxidative phosphorylation Dinitroaniline Fluazinam 0.015 2.2 1.0 34(22)
Malonitrile Malonoben 0.10 35 1.5 20.0 (5.3)
Organotin Fentin acetate 0.08 1.5 1.0 2.0 (1.5)

# Chemical group of fungicides, according to FRAC code list

® Mean ECsj values for four to six wild-type strains of B. cinerea

¢ For each MDR phenotype (four to six strains), the mean resistance factor [RF] was calculated as the ratio: ECso MDR/ECs, wild type
4 For the MDR3 phenotype, the value between brackets corresponded to the “expected” resistance factor, calculated as: RF [MDR1] x

RF [MDR2]

¢ Among SDHIs, the practical efficacy of the oldest molecules (i.e., benodanil, furcarbanil, carboxin, thifluzamide) is restricted to
Basidiomycetes, whereas the new ones (i.e., isopyrazam, penthiopyrad, boscalid) exhibit a wider spectrum of activity

f The data for these Qols (strobilurin type) were from Leroux et al. (2010)

@ Springer


http://www.frac.info/frac/index.htm

Eur J Plant Pathol (2013) 135:683—-693

685

Table 2 In vitro effect of fungicides, not affecting respiration, and MDR modulators on germ-tube elongation of various Botrytis

cinerea phenotypes

Antifungal compound

ECso (mg 1) for
wild-type strains®

Resistance factor
of MDR strains®

Mode of action Chemical group® Common name MDRI1 MDR2 MDR3¢
Squalene epoxidation Allylamine Terbinafine 0.012 1.7 2.2 3.0 (3.7)
Thiocarbamate Tolnaftate 0.25 100 >100 >100 (>100)
Sterol Imidazole Prochloraz 0.03 2.2 11.3 16.0 (24.9)
l4o-demethylation (DMI) - prjgz1e Tebuconazole 0.2 1.8 69 100 (124)
Triazolinethione Prothioconazole 2.5 0.8 32 3.5(2.6)
Sterol A'* reduction Morpholine Fenpropimorph 0.018 1.0 1.7 2.0 (1.7)
Piperidine Fenpropidin 0.08 1.1 1.5 1.8 (1.7)
Furan-carboxamide Furmecyclox 0.007 1.0 1.2 1.7 (1.2)
Sterol C4-demethylation Hydroxyanilide Fenhexamid 0.055 1.5 8.8 11.7 (13.2)
Microtubules Benzimidazole Carbendazim 0.04 2.8 13 3.2(3.6)
Benzimidazole Thiabendazole 0.07 1.5 1.1 1.8 (1.7)
Phenylcarbamate Diethofencarb® 0.05 5.5 2.8 6.8 (15.4)
Osmoregulation Dicarboximide Iprodione 0.9 22 39 5.0 (8.6)
Dicarboximide Procymidone 0.8 2.0 2.0 3.5 (4.0)
Phenylpyrrole Fludioxonil 0.012 13.3 2.8 37.2 (25.0)
Methionine biosynthesis Anilinopyrimidine Cyprodinil 0.008 11.3 2.6 29.4 (30.0)
Cyprodinil + fludioxonil 0.010 15.0 3.0 25.0 (45.0)
[6/4]°
Anilinopyrimidine Mepanipyrim 0.032 9.0 6.5 16.7 (58.5)
Anilinopyrimidine Pyrimethanil 0.065 5.0 5.0 13.0 (25.0)
Protein biosynthesis Antibiotic Cycloheximide 4.0 1.2 5.0 6.2 (6.0)
Modulator of MDR Antipsychotic Anmitriptyline 13.8 0.7 0.8 0.9 (0.6)
Antipsychotic Chlorpromazine 6.8 1.1 0.9 1.0 (1.0)
Coronary vasodilatator Verapamil >50 ~1.0 =~1.0 ~1.0 (=1.0)
Hormonal activity Diethylstilbestrol 35 1.1 1.0 1.2 (1.1)

# Chemical group of fungicides according to the FRAC code list and pharmacological property of modulators
® Mean ECsj values for four to six wild-type strains of B. cinerea
¢ For each MDR phenotype (four to six strains), the mean resistance factor [RF] was calculated as the ratio: ECso MDR/ECs, wild type

4 For the MDR3 phenotype, the value between brackets corresponds to the “expected” resistance factor calculated as: RF [MDR1] x RF
[MDR2]

¢ The ECs and RF values were established for strains resistant to benzimidazoles, with the E198A substitution in 3 tubulin (BenR1
phenotype in Leroux et al. 2002)

 The chosen 6/4 ratio of cyprodinil to fludioxonil is the same as proposed in commercial formulations. From the mean ECs, values for
the various phenotypes for cyprodinil, fludioxonil and their mixture, interaction ratios were calculated as previously described
(Stergiopoulos and de Waard 2002). These ratios were 0.90, 0.73, 0.83 and 1.04 for the wild-type, MDR1, MDR2 and MDR3 strains,

respectively indicating additive effects between the fungicides, whatever the phenotype

resistance levels towards several classes of botryticides
and are mediated by a single gene (Chapeland et al.
1999; Kretschmer et al. 2009).

One well documented mechanism of MDR involves
an increase in drug efflux activity due to the constitutive
overexpression of ATP-binding cassette (ABC) or major
facilitator superfamily (MFS) transporters (Stergiopoulos

etal. 2002). MDR plays a major role in the simultaneous
loss of activity of unrelated anti-cancer drugs (Gottesman
2002). Moreover, clinical isolates of the human patho-
genic yeast Candida albicans with MDR phenotypes
have been selected by prolonged use of antimycotic
DMIs (e.g., fluconazole, itraconazole). These isolates
constitutively overproduce the ABC transporters
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CaCDRI1 and CaCDR2 or the MFS transporter
CaMDR1, due to mutations in the genes encoding the
transcription factors CaTacl and CaMrrl (Morschhéuser
2010). In phytopathogenic fungi, B. cinerea pro-
vides the best documented case of MDR. Three
MDR phenotypes, defined on the basis of cross-
resistance patterns, have been characterised in B.
cinerea populations. MDRI1 strains (previously
known as AniR2 strains), displaying resistance to
anilinopyrimidines and phenylpyrroles, harbour ac-
tivating mutations in the gene encoding the transcription
factor BcMrrl, which controls the transcription of the
gene encoding the ABC transporter BeatrB. In MDR2
strains (previously known as AniR3 strains), simulta-
neous resistance to anilinopyrimidines and fenhexamid
results from overproduction of the MFS transporter
BcemfsM2, due to the insertion of a retroelement-
derived sequence into the BemfsM2 promoter. Finally,
MDR3 strains, which display resistance to many botry-
ticides are genetic recombinants between MDR1 and
MDR?2 strains (Chapeland et al. 1999; Kretschmer
et al. 2009).

Compounds able to modulate the activity of ABC
or MFS transporters can reverse MDR, as they inhibit
efflux of toxicants from cells. Such compounds have
been described in medical publications as “modula-
tors”, “reverters”, “inhibitors” or “chemosensitisers”
for the treatment of MDR due to ABC transporters in
human cancer cells (Robert and Jarry 2003). They
include antipsychotic drugs (e.g., amitriptyline, chlor-
promazine, thioridazine), coronary vasodilatators
(e.g., nifedipine, verapamil), immune-suppressive
agents (e.g., cyclosporine A, tacrolimus), steroids or
hormone analogues (e.g., progesterone, diethylstilbes-
trol), and various plant metabolites (e.g., curcumin,
flavavone, quercetin)(Roohparvar et al. 2007b).
Several of these modulators have been shown to in-
crease the toxicity of DMIs in fungi, especially in
strains overexpressing ABC transporters (Hayashi et
al. 2003; Schuetzer-Muehlbauer et al. 2003; Sharma
et al. 2009).

In this study, we aimed to establish the pattern
of cross-resistance to a wide range of fungicides
for the various MDR phenotypes recorded in field
strains of B. cinerea collected in French and German
vineyards. We also studied the interaction of the four
ABC transporter modulators, amitriptyline, chlorprom-
azine, diethylstilbestrol and verapamil, with several
fungicides.

@ Springer

Materials and methods
Fungal strains

The field strains were isolated from diseased grape
berries collected, from vineyards in the Champagne
(France) and Palatinate (Germany) regions. This col-
lection was previously described (Kretschmer et al.
2009; Leroux et al. 2010). They were maintained on
MYA medium (20 g malt, 5 g yeast extract, 12.5 g
agar in 1 | of deionised water) and sporulation oc-
curred after 1 week of culture under white light, at
19 °C.

Fungicides and chemicals

The fungicides tested were of technical grade and
were kindly donated by the manufacturers. Ami-
triptyline, chlorpromazine, cycloheximide, diethyl-
stilbestrol, salicylhydroxamic acid (SHAM) and
verapamil were purchased from Sigma Aldrich.
Stock solutions of these compounds in ethanol were
stored at 4 °C in the dark. For dilution series, fungicide
stock solutions were adjusted such that the final
concentration of solvent in the culture medium was
0.5 % (vol/vol).

Fungicide sensitivity tests

We assessed the effect of fungicides on germ tube
elongation in B. cinerea, as previously described
(Leroux et al. 1999, 2010). For all antifungal
compounds other than SDHIs, the medium
contained 10 g glucose, 2 g K,HPO,, 2 g KH,PO,
and 12.5 g agar in 1 | of deionised water. For
SDHIs, the glucose was replaced by 4 g of the
dibasic hexahydrate of sodium succinate. More-
over, as B. cinerea has an active alternative oxi-
dase, we had to add SHAM (0.5 mM) for the
testing of strobilurins (Leroux et al. 2010). Media
supplemented with various concentrations of fun-
gicide were poured into 5.5 cm-diameter Petri
dishes. We then dispensed 0.3 ml of a conidial
suspension (200,000 conidia ml™") over the surface
of the agar with a pipette. Plates were incubated
for 24 h, at 19 °C, in the dark, and germ tube
lengths (25-50 germinated conidia for each treat-
ment) were estimated under a microscope, with a
micrometer.
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For each fungicide, we tested 5 to 10 concen-
trations, according to a geometric progression, with
dose increments of X2 or x2.5. For each strain/
fungicide combination, the concentration causing a
50 % decrease in germ tube elongation (ECsg) was
identified by linear regression analysis of germ
tube length (as percentage of control values)
against log;o fungicide concentrations. We calcu-
lated the mean ECs, value for each phenotype
tested (four to six strains) and a mean resistance
factor (RF) was then estimated as the ECsqy of the
resistant phenotype/ECso of the sensitive phenotype
(wild type). Phenotypes were classified as resistant if
they had a resistance factor greater than 2 (Leroux et al.
1999).

Interactions between fungicides and drug transporter
modulators

We assessed germ-tube elongation in B. cinerea trea-
ted with 5 mg 1" amitryptiline, 5 mg "' chlorproma-
zine, 2 mg 17! diethylstilbestrol or 30 mg 17
verapamil. The concentrations of the putative modu-
lators were chosen so as to limit their intrinsic toxicity
(see Table 2). For each of the fungicides tested, we
chose at least two concentrations close to the ECsg
values for wild-type and MDR strains. The bioassays
were carried out as described for the fungicide sensi-
tivity tests and mean germ tube length was determined
in each set of conditions.

Interactions between fungicides and modulators
were analysed as previously described (Colby
1967). Xy and Xy represent growth as a percentage
of the control with fungicide F at concentration p
and modulator M at concentration q, respectively.
The expected growth (Exp.) was calculated as a
percentage of the control for the mixture of F +
M according to the formula Exp. = Xg.Yyn/100.
The observed response (Obs.) was obtained exper-
imentally by estimating growth in the presence of
the mixture F + M. The level of interaction was then
calculated as the ratio iR = Exp. growth/Obs. growth.
Additive interactions occur if iR=1; synergy occurs if
iR>1and antagonism occurs if iR<1. Owing to the
biological variability of the test systems, synergy
was considered significant if iR>1.5, and antagonism
was considered significant if iR<0.5; additive
interactions were considered to occur when 0.5<iR<
1.5 (Stergiopoulos and De Waard 2002).

Results

Different patterns of cross-resistance between MDR 1
and MDR?2 phenotypes

Several classes of fungicides affecting respiration have
been tested (Table 1). The highest activity towards
wild-type strains (ECs, values below 0.2 mg 17") was
recorded with strobilurins, novel SDHIs with a wide
spectrum of activity (i.e., boscalid, isopyrazam, pen-
thiopyrad) (Avenot and Michailides 2010), com-
pounds affecting oxidative phosphorylation (i.e.,
fentin acetate, fluazinam, malonoben) and a few mul-
tisite toxicants (i.e., captafol, chlorothalonil, thiram,
tolylfluanid). On the other hand, the less effective
molecules (ECs, values greater than 0.4 mg ') were
SDHIs from the first generation, used only against
Basidiomycetes (i.e., benodanil, carboxin, furcarbanil,
thifluzamide) and several multisite toxicants (i.e., ani-
lazine, captan, dichlone, dithianon, folpet). Moreover,
it was possible to identify four main profiles of mul-
tidrug resistance, in terms of biological effects:

A Compounds with similar levels of activity against
wild-type, MDR1 and MDR?2 strains: multisite
toxicants other than anilazine, SDHIs used only
against Basidiomycetes (i.e., benodanil, carboxin,
furcarbanil, thifluzamide), azoxystrobin and the
inhibitor of oxidative phosphorylation fentin
acetate.

B Compounds for which resistance is observed only
in MDRI1 strains: dimoxystrobin and the two test-
ed uncouplers fluazinam and malonoben.

C Compounds for which resistance is observed only
in MDR2 strains: the novel SDHI boscalid.

D Compounds for which resistance is observed in
both MDR1 and MDR?2 strains: the multisite tox-
icant anilazine, the novel SDHIs of the pyrazole
carboxamide group (i.e., isopyrazam, penthiopyrad),
pyraclostrobin and trifloxystrobin.

Among the inhibitors of sterol biosynthesis, terbina-
fine, prochloraz,fenpropimorph, fenpropidin, fumecy-
clox and fenhexamid were highly effective in wild type
strains (ECs values below 0.1 mg 1""). On the opposite,
the triazolinethione prothioconazole was weakly fungi-
toxic (ECso values of 2.5 mg I"") (Table 2). Towards
multidrug resistant strains, high resistance factors (RFs>
100) were recorded in both MDR1 and MDR?2 pheno-
types only for the thiolcarbamate tolnaftate. The
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allylamine terbinafine, which, like tolnaftate, inhibits
squalene epoxidase, was equally effective in wild-type
and MDRI strains, whereas slight resistance was
recorded in MDR?2 strains. For fenhexamid and the
DMIs tested (i.e., prochloraz, tebuconazole, prothioco-
nazole), resistance was clearly observed in MDR2
strains. Finally, the MDR1 and MDR2 strains remained
susceptible to the sterol A'* reductase inhibitors (i.e.,
fenpropidin, fenpropimorph, furmecyclox) (Table 2).

Within antimicrotubule fungicides, the benzimid-
azole derivatives carbendazim and thiabendazole were
highly toxic towards strains exhibiting a wild-type [3-
tubulin (ECs, values below 0.1 mg I""). Among mul-
tidrug resistant strains, resistance was only recorded
for carbendazim in MDR1 ones (Table 2). As regards
to the phenylcarbamate diethofencarb, its highest fun-
gitoxicity occurred in strains with the (3-tubulin
amino-acid substitution E198A (Leroux et al. 1999).
Moreover, MDR1 and MDR2 strains, exhibiting this
altered (3-tubulin, showed reduced sensitivity to dieth-
ofencarb (Table 2).

The anilinopyrimidines cyprodinil, mepanipyrim, pyr-
imethanil, as well as the phenylpyrrole fludioxonil were
highly toxic to wild-type strains (ECso values below
0.1 mg 1" and resistance occurred in both MDR1 and
MDR2 strains. The dicarboximides iprodione and procy-
midone, whose intrinsic fungitoxic activity was weak
towards wild-type strains (ECso values close to 1 mg
1), exhibited also reduced sensitivity towards both
MDR phenotypes. However the highest resistance levels
were observed in MDR1 strains towards cyprodinil and
fludioxonil, alone or in mixture (Table 2). Toxicity of the
antibiotic cycloheximide and the modulators tested (i.e.,
amitryptiline, chlorpromazine, diethylstilbestrol, verapa-
mil) was moderate towards wild-type strains (ECsq val-
ues above 3 mg I"). Resistance was recorded only with
cycloheximide in MDR2 strains (Table 2).

Overall, with the exception of tolnaftate, resistance
factors did not exceed 15 in the MDR1 and MDR2
phenotypes. RF values greater than 10 were recorded
for fludioxonil and cyprodinil in MDR1 strains and for
penthiopyrad and prochloraz in MDR2 strains (Tables 1
and 2).

MDR3 field strains have the widest spectrum
of cross-resistance

MDR3 field strains of B. cinerea were resistant to-
wards more toxicants in comparison to MDR1 and
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MDR2 phenotypes (Tables 1 and 2). However,
dichlone, dithianon, folpet, thiram (multisite toxi-
cants), benodanil, furcarbanil (SDHIs), fentin acetate
(inhibitor of oxidative phosphorylation), fenpropidin,
fenpropimorph, furmecyclox (inhibitors of sterol A'%-
reductase), thiabendazole (benzimidazole) and the
four putative modulators exhibited similar activity in
MDRI1, MDR2, MDR3 and wild-type strains (Tables 1
and 2).

For most tested compounds, resistance factors in
MDR3 strains were greater than those in MDR1 and
MDR?2 strains (Tables 1 and 2). Generally, the ob-
served RF [MDR3] values and the expected ones,
calculated as RF [MDR1] x RF [MDR2] (Tables 1
and 2) were similar (ratio between 0.5 and 2), suggest-
ing an additive effect of the Bc AtrB and Bc mfsM2
transporters. For penthiopyrad, diethofencarb and
mepanipyrim, the observed RF [MDR3] values were
lower than the expected ones (ratio below 0.5). Con-
versely, for several substances affecting respiration,
including thifluzamide, azoxystrobin, trifloxystrobin
and malonoben, the observed RF [MDR3] values were
higher than the expected ones (ratio above 2.0) (Tables 1
and 2). Finally, tolnaftate was the only compound tested
for which an RF greater than 30 was obtained with
MDR3 strains (Table 2).

Interaction of putative MDR modulators
with fungicides in various strains of Botrytis sp

As amitriptyline, chlorpromazine and diethylstilbes-
trol inhibited germ-tube elongation in B. cinerea, they
were tested at concentrations below their respective
ECs values (Tables 2 and 3). When combined with
fenhexamid, fludioxonil, iprodione, tolnaftate and pyr-
imethanil (this anilinopyrimidine was tested only with
chlorpromazine), interactions were either additive or
antagonistic in wild-type and MDR strains of B. cin-
erea. The most pronounced antagonism was recorded
with diethylstilbestrol in B. pseudocinerea (Table 3).
Unlike amitriptyline, chlorpromazine and diethyl-
stilbestrol, verapamil had only a mild effect on germ
tube elongation in B. cinerea, allowing a 30 mg "' use
in tests. Moreover, verapamil had no antagonistic ef-
fect with the strains and fungicides tested. In wild-type
and MDRU1 strains of B. cinerea, verapamil had addi-
tive effects with all the fungicides tested, except for
prochloraz and tebuconazole. For these two DMIs,
significant synergy was observed with verapamil. In
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Table 3 Effect of chlorpromazine, amitriptyline or diethylstilbestrol in mixture with fungicides, against the germ-tube elongation of

various strains of Botrytis spp.

Modulator Fungicide Botrytis pseudocinerea Botrytis cinerea
Wild-type MDRI MDR2 MDR3
Chlorpromazine (5 mg 1) Tolnaftate 0.41 0.49 0.66 0.93 0.99
Fenhexamid 0.70 0.85 0.78 1.09 0.91
Fludioxonil 0.56 0.51 0.73 0.83 0.92
Iprodione 0.40 0.74 0.69 0.76 1.00
Pyrimethanil 0.70 0.75 0.73 1.05 0.87
Amitriptyline (5 mg 17") Tolnaftate 0.47 0.43 0.79 0.89 1.02
Fenhexamid 0.82 0.78 0.81 0.95 0.91
Fludioxonil 0.98 1.44 0.83 0.97 0.84
Iprodione 0.80 0.74 0.69 0.76 1.00
Diethylstilbestrol (2 mg 1) Tolnaftate 0.14 0.51 0.71 0.80 1.00
Fenhexamid 0.46 0.98 0.72 0.92 0.69
Fludioxonil 0.32 0.44 1.03 0.63 0.92
Iprodione 0.16 0.59 0.46 1.17 0.89

The mean values of the interaction ratios (iR) for two strains of B. pseudocinerea and for three to five strains of B. cinerea per
phenotype were calculated as previously described (Colby 1967; Stergiopoulos and De Waard 2002). Additivity, antagonism and
synergy were considered to occur for iR values of 0.5-1.5, < 0.5 and > 1.5, respectively (see Materials and Methods)

MDR?2 strains, verapamil also had synergic effects with
tolnaftate, fenhexamid, fludioxonil and pyrimethanil
(Table 4). The range of synergy observed in MDR3

Table 4 Effect of 30 mg I verapamil, in mixtures with fungi-
cides, on the germ tube elongation of various strains of Botrytis spp.

Fungicide Botrytis Botrytis cinerea
pseudocinerea
Wild-type MDR1 MDR2 MDR3

Tolnaftate 1.00 1.02 0.89 1.87 1.16
Prochloraz NT* 1.61 1.93 2.13 1.83
Tebuconazole ~ NT 1.85 1.98 3.42 2.85
Fenpropimorph 1.54 1.08 1.12 1.10 NT
Fenhexamid 1.04 1.00 0.90 1.67 1.50
Carbendazim NT 0.60 0.82 NT 0.74
Diethofencarb ~ NT 1.40 0.97 1.28 0.97
Fludioxonil 0.89 1.20 0.91 1.72 0.96
Iprodione 1.00 0.80 0.90 1.07 0.93
Pyrimethanil 0.85 0.70 0.97 1.66 1.03

The mean values of the interaction ratios (iR) for two strains of
B. pseudocinerea and two to five strains of B. cinerea per
phenotype were calculated as previously described (Colby
1967; Stergiopoulos and De Waard 2002). Additivity, antago-
nism and synergy were considered to occur for iR values of 0.5—
1.5, < 0.5 and > 1.5, respectively (see Materials and Methods)

% NT not tested

strains was narrower than that for MDR2 strains, be-
cause verapamil synergistic effect was observed in
MDR3 strains only with fenhexamid (Table 4). Further-
more, the ECs( values of tolnaftate alone were greater
than 10 mg " in all MDR phenotypes. Similar values
were recorded in MDR1 and MDR3 strains when ve-
rapamil was added, but not in MDR?2 strains for which
the mean ECs, value was only 1.8 mg 1! (data not
shown). And last, in tests involving fenpropimorph,
verapamil displayed synergy only in B. pseudocinerea
(Table 4).

Discussion

Characteristics of transporters leading to MDR
in B. cinerea

In B. cinerea, three ABC transporters (i.c., BeatrB,
BcatrD, BcatrK) and two MFS transporters (i.e.,
Bemfsl, BemfsM2) have been shown to be determi-
nants of MDR in laboratory or field mutants
(Kretschmer et al. 2009; Stergiopoulos et al. 2002).
In MDR1 and MDR2 field strains, resistance to botry-
ticides is determined by the overproduction of BcatrB
(levels between 50 to 150 times those of wild type
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strains) and of BemfsM2 (levels about 600 times those
of wild-type strains), respectively (Kretschmer et al.
2009). Based on the phenotypic characterization of
these MDR1 and MDR2 strains (Tables 1 and 2);
(Kretschmer et al. 2009; Leroux et al. 1999, 2010),
the following antifungal compounds can be consid-
ered as putative substrates for:

— mainly BeatrB: antimycin A, dimoxystrobin, flua-
zinam, malonoben, carbendazim, phenylpyrroles
(i.e., fenpiclonil, fludioxonil)

— mainly BcmfsM2: boscalid, naftifine, terbinafine,
DMI fungicides, fenhexamid and cycloheximide.

— both transporters: anilazine, isopyrazam, penthio-
pyrad, pyraclostrobin, trifloxystrobin, tolnaftate,
diethofencarb, dicarboximides (i.e., iprodione, pro-
cymidone, vinclozolin) and anilinopyrimidines (i.e.,
cyprodinil, mepanipyrim, pyrimethanil).

Interestingly, the fungicides inhibiting the mitochon-
drial complexes II or III behave differently according to
their structures (Table 1). Among SDHIs, also classified
as carboxamides, carboxin and the oldest molecules
(i.e., benodanil, furcarbanil, thifluzamide) are effective
only against basidiomycetes, whereas the new ones (i.e.,
isopyrazam, penthiopyrad, boscalid) exhibit a wider
spectrum of activity (Avenot and Michailides 2010).
Our results indicate that in strains overproducing BcatrB
or BemfsM2, resistance is only recorded with the more
recent carboxamides which harbour a lipophilic substit-
uent at the ortho position. A similar behaviour has also
been observed with carboxin analogues when such a
substitution occurs at the meta position but not at the
para position (Leroux et al. 2010). These observations
suggest that structural features in addition to lipophilic-
ity are involved in the interaction between carboxamides
and the efflux pumps involved in MDR. As for strobi-
lurins, the tested molecules belong to the four different
chemical sub-groups: azoxystrobin (methoxy-acrylate),
dimoxystrobin (oximino-acetamide), pyraclostrobin
(methoxy-carbamate) and trifloxystrobin (oximino-ace-
tate). In MDR strains overproducing either BcatrB or
BemfsM2, the highest resistance was obtained for the
most lipophilic molecules (i.e., pyraclostrobin, trifloxy-
strobin) (Table 1). However, simultaneous resistance to
azoxystrobin and trifloxystrobin has been recorded in
laboratory mutants of Aspergillus nidulans and Mycos-
phaerella graminicola overproducing AnatrB and
Mgmfs1 respectively (Andrade et al. 2000; Roohparvar
et al. 2007a). These observations suggest that the
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interactions of strobilurins with fungal transporters dif-
fer between species. Fungicide accumulation assays
have to be performed with B. cinerea germinated spores,
in order to determine which SDHIs and strobilurins are
transported by BcatrB and BemfsM2.

In B. cinerea, the available data for efflux-mediated
MDR concern phenylpyrrole, anilinopyrimidine and
DMI fungicides. The kinetics of fludioxonil accumula-
tion in various field strains and laboratory mutants sug-
gest that BeatrB is the main transporter involved in the
efflux of this phenylpyrrole. The other transporters such
as BcatrK and BecmfsM2 are less important in this
process (Kretschmer et al. 2009; Vermeulen et al.
2001). Moreover, the dicarboximide iprodione and the
anilinopyrimidine cyprodinil were shown to inhibit flu-
dioxonil transport by BeatrB (Vermeulen et al. 2001). A
similar phenomenon was also recorded with plant de-
fence compounds (e.g., camalexin, eugenol, resveratrol)
and antibiotics produced by antagonistic microorgan-
isms (e.g., phenazine-1-carboxamide) (Schoonbeek et
al. 2002, 2003; Stefanato et al. 2009). On the other hand,
the kinetics and levels of accumulation of pyrimethanil
which are similar in wild-type, MDR1 and MDR2
strains, do not allow to prove that this anilinopyrimidine
is transported by BcatrB and BemfsM2 (Chapeland et
al. 1999). At last, the available data obtained with the
DMIs oxpoconazole, bitertanol, tebuconazole or triadi-
menol suggest that BecatrD and BemfsM2 are the most
important transporters for DMI efflux, with BcatrB and
Bemfsl playing a secondary role (Chapeland et al.
1999; Hayashi et al. 2002; Kretschmer et al. 2009).
However, BcatrD seems to target specifically DMIs,
because laboratory mutants overproducing this ABC
transporter are only resistant to this class of fungicides
(Hayashi et al. 2002). Additional accumulation studies
using rhodamine G, other fluorescent dyes (Reimann
and Deising 2005) or radiolabeled DMIs in combination
with various fungicides will allow to determine if sev-
eral binding sites exist in BcmfsM2 as reported previ-
ously for CaCDRI1 in C. albicans (Sharma et al. 2009).

The MDR modulator verapamil acts on the MFS
transporter BcmfsM2

It has been shown previously that chlorpromazine
potentiates the activity of DMIs in B. cinerea (Hayashi
et al. 2003), and we confirmed this finding in wild-type
strains, with tebuconazole (data not shown). Moreover,
in laboratory mutants, this synergy appears to be
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positively correlated with the level of BceatrD expres-
sion, indicating that chlorpromazine is a modulator of
this ABC transporter (Hayashi et al. 2003). By contrast,
the lack of synergy with tolnaftate, pyrimethanil,
iprodione, fludioxonil and fenhexamid in wild-type
and MDR field strains suggests that chlorproma-
zine is not a modulator of BcatrB and BcmfsM2.
A similar conclusion can be drawn for amitriptyline and
diethylstilbestrol. In B. pseudocinerea, diethylstilbestrol
displays strong antagonism towards certain fungicides,
including iprodione and tolnaftate. It remains to deter-
mine if diethylstilbestrol prevents their penetration into
B. pseudocinerea cells.

In our experimental conditions, verapamil enhances
the activity of the DMIs tested (i.e., prochloraz, tebu-
conazole) in wild-type and MDR field strains of B.
cinerea. No such synergy was detected in crossed-
paper assays (Hayashi et al. 2003), suggesting that
this bioassay is less sensitive than tests in which
verapamil is mixed with fungicides (see Material and
Methods). As BeatrD seems to be the major transport-
er involved in the efflux of DMIs in B. cinerea wild-
type strains (Hayashi et al. 2002), our results strongly
suggest that verapamil inhibits this ABC transporter.
Moreover, synergy with tolnaftate observed only in
MDR?2 strains suggests that verapamil also blocks
BemfsM2, but not BeatrB. Verapamil also enhances
the activity of fludioxonil, fenhexamid and pyrimetha-
nil in MDR?2 strains. No such effect is observed with
dicthofencarb and iprodione. According to a study
conducted with CaCDR1 expressed in S. cerevisiae
and the modulator curcumin, synergy appears to be
specific to competitive drugs (i.e., rhodamine 6G,
“extended” triazoles) and is not observed with not
competitive drugs (e.g., “compact” triazoles, cyclo-
heximide) (Sharma et al. 2009). Similarly, we can
consider tolnaftate, fludioxonil, pyrimethanil, fenhex-
amid and possibly DMI fungicides to bind to
BemfsM2 at a site overlapping that for verapamil
and different from that for iprodione and diethofen-
carb. In B. cinerea, additional experiments, including
fungicide uptake assays and elaborate binding studies,
are required to characterise the interaction between
verapamil and the MFS transporter BemfsM2. Finally,
the specific synergy observed between verapamil and
fenpropimorph in B. pseudocinerea, which is naturally
more susceptible to this fungicide than B. cinerea
(Leroux et al. 1999), suggests the involvement of a
particular efflux pump.

Practical implications

The chemical control of grey mould has been hindered
by the selection of B. cinerea strains resistant to a
particular class of fungicides or to many active ingre-
dients with different modes of action. In the first case,
the specific resistance generally results from qualitative
changes at the target site and is moderate to strong,
regardless of the stage of the fungus (Leroux 2004). In
the second case, corresponding to MDR, which is cor-
related with the overproduction of efflux pumps, resis-
tance is generally weak and mostly concerns spore
germination and germ-tube elongation (Leroux et al.
1999). This observation suggests that the activity of
BcatrB and BemfsM2 varies with fungal stage. Howev-
er, the resistance risk seems to be low in practice, when
MBDR strains are well implanted, because the efficacy of
botryticide programmes in Champagne vineyards has
never been significantly affected (Petit et al. 2010).
Coumpounds that inhibit fungal transporters in-
volved in fungicide activity or virulence represent a
novel tool for controlling plant diseases (de Waard et
al. 20006). Till now, most available data concern medical
drugs whose use is, of course, precluded in agriculture
(Hayashi et al. 2003). However, it should be feasible to
develop inhibitors of specific efflux pumps involved in
the transport of synthetic fungicides or natural plant
defence molecules (Stergiopoulos et al. 2002). In B.
cinerea, there is a need for polyvalent modulators fitted
to prevent the transport of most botryticides by at least
BcatrB, BcatrD and BemfsM2. Moreover, the selective
activity between target and non-target organisms is a
prerequisite for such discovery (de Waard et al. 20006).
Another possible approach would consist of using res-
piratory inhibitors which indirectly affect the function-
ing of membrane transporters. Indeed, in B. cinerea, the
uncouplers CCCP and fluazinam have been shown to
prevent the cellular efflux of fludioxonil or DMIs from
MDR1, MDR?2 and wild-type strains (Chapeland et al.
1999; Kretschmer et al. 2009). The combination of
fluazinam with fenhexamid, fludioxonil or an anilino-
pyrimidine fungicide may be of practical value for treat-
ing grey mould. The available mixture of fludioxonil +
cyprodinil (Forster and Staub 1996) does not display
any synergy in wild-type and MDR strains (as deter-
mined from the effects of these fungicides alone, and as
a mixture, on germ-tube elongation; see Table 2). The
combination of botryticides must be integrated into
global anti-resistance strategies, which, in French
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vineyards, involves a maximum of one application per
year for each class of fungicides. Moreover, as two
treatments (at flowering, and then at bunch closure or
veraison) are currently recommended, the reasoned use
of botryticides would help to restrict the risk of specific
resistance and MDR in vineyards.
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