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Abstract The introduction of site-specific fungicides almost
50 years ago has revolutionized chemical plant protection,
providing highly efficient, low toxicity compounds for control
of fungal diseases. However, it was soon discovered that plant
pathogenic fungi can adapt to fungicide treatments by muta-
tions leading to resistance and loss of fungicide efficacy. The
grey mould fungus Botrytis cinerea, a major cause of pre- and
post-harvest losses in fruit and vegetable production, is noto-
rious as a ‘high risk’ organism for rapid resistance develop-
ment. In this review, the mechanisms and the history of
fungicide resistance in Botrytis are outlined. The introduction
of new fungicide classes for grey mould control was always
followed by the appearance of resistance in field populations.
In addition to target site resistance, B. cinerea has also
developed a resistance mechanism based on drug efflux
transport. Excessive spraying programmes have resulted in
the selection of multiresistant strains in several countries,
in particular in strawberry fields. The rapid erosion of
fungicide activity against these strains represents a major
challenge for the future of fungicides against Botrytis. To
maintain adequate protection of intensive cultures against
grey mould, strict implementation of resistance manage-
ment measures are required as well as alternative strategies
with non-chemical products.
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Introduction

To achieve the production of high-quality crops with optimal
yields, farmers have to provide optimal growth conditions for the
plants under the existing field conditions and to protect them
from damage by pests including weeds, insects and fungi path-
ogenic microorganisms. The use of synthetic fertilizer and pesti-
cides has become an integral part of modern agriculture and is
one of the main reasons for the dramatic increase in productivity.
However, as will be discussed in several articles of this issue of
the Journal of Chemical Biology, the use of herbicides, insecti-
cides and fungicides suffers from increasing problems of resis-
tance in the target organisms. In this review, I will provide a short
historical overview of chemical control of plant diseases caused
by fungi and then focus on the grey mould fungus Botrytis
cinerea to illustrate the problems that have been encountered
with fungicide resistance.

History of plant disease control and fungicides; fungicide
resistance mechanisms

Long before knowing the causal agents of plant diseases, farmers
discovered cultivation techniques that provided disease control.
In the eleventh century, three-field crop rotation was a common
form of cultivation in Europe that reduced the disease pressure
resulting from repeated cultivation of a crop in the same field. A
readable history of fungicides has been written by Morton and
Staub [46] and is summarized here. The earliest fungicidal
treatments were performed with inorganic compounds, such as
salt water which was used already in the seventeenth century for
treatment of grain followed by liming to control rotting. They
were followed by the discoveries of dusted sulphur against
powdery mildew and other fungi, and the famous Bordeaux
mixture, a mixture of copper sulphate and hydrated lime, which
was found to be effective against downy mildew of grapes and
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other pathogens. Both sulphur and copper are used until today in
organic and integrated farming. Between 1940 and 1970, organic
antifungal compounds with broad-spectrum activity were devel-
oped by the newly emerging plant protection industry. Most of
these fungicides are multisite inhibitors, for example, captan and
folpet, which are active on thiol groups of glutathione and
proteins [13]. A new generation of fungicides was developed in
the 1960s, starting with the benzimidazoles. They have a specific
mode of action towards a target protein in the fungal pathogens,
are highly active and show low phytotoxicity. Most of these site-
specific fungicides are systemic, i.e. they can penetrate the cuticle
and are distributed within the plant, which increases their activity.
Until today, several classes of fungicides with specific modes of
action have been released for use in agriculture.

Only few years after the introduction of site-specific fun-
gicides, resistance development in the pathogen populations
and the loss of fungicide activity were observed, and
B. cinerea was one of the first fungi for which resistance
was described. Since then, the awareness of the resistance
problem has increased, and it became a major focus of fungi-
cide research. It was soon discovered that resistance develop-
ment depends on several factors, in particular, the chemistry
and mode of action of the fungicidal compound, the biology
and reproductive ability of the target fungus, and the frequen-
cy of use of the fungicide [16]. In fungi, the most important
resistance mechanism is modification of the fungicide target,
caused by mutations in the encoding gene. However, this can
occur only if the activity of the target protein is maintained at a
level which allows the cell to survive without major losses in
fitness. As discussed below, target site resistance has been
observed against all site-specific fungicides and often leads to
high levels of resistance against fungicides with the same
mode of action (cross-resistance). However, there are excep-
tions to this rule. For example, resistance of the wheat patho-
gen Mycosphaerella graminicola against azole fungicides
could be overcome by newer azoles which bind differently
to the target protein, the cyp5/-encoded lanosterol 14o-
demethylase [19]. Another resistance mechanism, target site
overexpression, is caused by mutations that increase transcrip-
tion of the target gene. There are examples for overexpression
of cyp51 in several fungi, such as the citrus pathogen
Penicillium digitatum and the apple scab fungus lenturia
inaequalis [43]. Resistance based on increased fungicide ef-
flux has been identified in B. cinerea and will be described
below. Other possible resistance mechanisms, such as de-
creased uptake or fungicide detoxification, do not seem to
play a major role in plant pathogenic fungi.

Economic importance and biology of B. cinerea

B. cinerea causes grey mould on more than 240 plant species
and is a major pathogen of cultivated fruits, vegetables and

@ Springer

ornamental flowers. Economic damage attributed to Botrytis
is enormous. It includes pre- and post-harvest losses in
quantity and quality, expenses for plant protection measures in
the fields and greenhouses, and direct and indirect costs to
retailers and consumers for cooling facilities and for losses
suffered by rotten plants [20]. The fungus is known by its
ability to produce abundant amounts of conidia (asexual spores)
that serve as the primary inoculum for disease initia-
tion. Sexual reproduction occurs by sclerotia, large melanized
hyphal aggregates which serve as long-term survival struc-
tures and as female parents and by microconidia which func-
tion as spermatia. Although sexual structures are rarely ob-
served, sexual recombination seems to be important to main-
tain the high genetic variability that is observed in the fields. In
addition to B. cinerea, more than 25 Botrytis species have
been described until today, some are also economically im-
portant, for example, B. allii on onions and B. fabae on faba
beans. Recently, grapes and strawberries, two of the most
important crops attacked by grey mould, have been shown
to be infected not only by B. cinerea but also by the related
species B. pseudocinerea [38, 55].

Fields at high humidity, green houses and storage facilities
provide ideal conditions for grey mould infections and often
require repeated fungicide sprayings to protect the crops. Its
short life cycle and ability for abundant sporulation make
B. cinerea a classical high-risk pathogen with regard to fun-
gicide resistance [17]. Therefore, and because B. cinerea is
one of the best studied fungus in this respect worldwide, it is
an excellent example to illustrate increasing resistance prob-
lems as a consequence of intensive use of fungicides.

Fungicides used against Botrytis

In Table 1 and the following text, short descriptions of the
major anti-Botrytis fungicides, their mode of action and the
resistance mechanisms in B. cinerea are provided. More de-
tailed information are found in the reviews by Leroux et al.
[41] and Walker et al. [56].

Multisite inhibitors (dithiocarbamates, captan, chlorothalonil)
have been used against grey mould for a long time. Today, they
play a minor role compared to the more active site-specific
compounds. Due to their non-specific mode of action, the resis-
tance risk is low. However, there are reports about reduced
sensitivity of B. cinerea against these multisite inhibitors [8].

Benzimidazoles (carbendazim, benomyl, thiophanate-
methyl) target the fungal cytoskeleton by interfering with
assembly of (3-tubulin subunit [41]. A single-point mutation
in the (3-tubulin gene, leading to an amino acid exchange at
position 198 (E198A), results in loss of binding and high
resistance to the drugs (BenR1 phenotype; [39]). There are
additional mutations in 3-tubulin associated with resistance to
MBCs (E198K, F200Y, [6]). Due to frequent benzimidazole
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Table 1 Fungicides used against Botrytis
Fungicide class Year of first ~ Target site/mode of action ~ Resistance Target site mutations
(major examples) use risk®
Site changes in target Resistance levels
protein®
Dithiocarbamates (thiram, 1942 Multisite inhibitor; thiol Low - -
mancozeb) groups
Phthalimides (captan) 1952 Multisite inhibitor; thiol Low - -
groups
Benzimidazoles (carbendazim, 1968 [3-Tubulin High E1984, E198X, F200Y High
thiophanate-methyl)
Dicarboximides (iprodione) 1975 Osmosensing histidine Medium to high  13655/N, Q369P, N373S  Low to high
kinase
Anilinopyrimidines (cyprodinil, 1994 Unknown Medium Unknown High
pyrimethanil)
Phenylpyrroles (fludioxonil) 1995 Osmoregulation Low Unknown Medium (rarely found)
Qols/strobilurins 1996 Cytochrome bcl complex  High G1434 High
(respiration)
Hydroxyanilides (fenhexamid) 1999 3-Keto reductase (sterol Low to medium  F412S, F412X, T631 High (sometimes low
biosynthesis) to medium)®
SDHIs (boscalid) 2004 Succinate dehydrogenase ~ Medium to high ~H272R/Y H272L, N230I, Medium to high

(respiration)

P225X

* According to FRAC (http://www.frac.info/); with Boryiis, the resistance risk is considerably higher, except for fludioxonil

°Not comprehensive; major changes are in italics; X indicates different amino acids

¢ See Fillinger et al. [25]

applications, resistance development occurred very quickly in
B. cinerea populations in Central Europe with its humid
climate and high disease pressure by grey mould and in
greenhouses in many parts of the world.

Dicarboximides, with the main compound iprodione, soon
superseded the benzimidazoles after their introduction in the
1970s. Their mode of action remained obscure for many
years, although it was observed early on that fungal mutants
resistant to dicarboximides are often hypersensitive to
hyperosmotic stress [11]. It is now established that
dicarboximides interfere with osmoregulation mediated by
an osmosensing histidine kinase and a downstream MAP
kinase cascade, but their detailed mode of action remains to
be revealed [24]. B. cinerea field strains with low, intermedi-
ate and high resistance levels to dicarboximides have been
found to contain one or several mutations in bos/ encoding
the osmosensing histidine kinase, the most frequent mutation
being located in codon 1365 [48]. Dicarboximides are no
longer registered for use anymore in several countries, be-
cause of resistance problems and their relatively low activity
compared to the newer anti-Botrytis fungicides.

The anilinopyrimidines (APs) cyprodinil, pyrimethanil and
menapyrim represent the first of four important classes of
fungicides introduced in the 1990s, which expanded consid-
erably the spectrum of chemical control options against grey
mould. APs are highly active against Botrytis and other fungi
and sold either as solo compounds or as a mixture with

fludioxonil. They interfere with amino acid synthesis and
protein secretion, and are ineffective in rich medium, but their
molecular mode of action has not yet been resolved. Two
types of resistance against APs have been described in the
field. Strains with high levels of AP resistance (AniR1) were
found to result from mutations in single, yet unmapped, gene
loci [31]. In addition to AniR 1, two phenotypes with low level
AP resistance, originally named AniR2 and AniR3, were
identified [18]. Later, it was shown that they are caused by
efflux-based mechanisms.

The strobilurins (quinone outside inhibitors or Qols) are
respiration inhibitors that interact with the Qo site of the
mitochondrial cytochrome bcl complex. They are highly
active against a variety of fungi and oomycetes but considered
to be less effective against B. cinerea which contains an
alternative terminal oxidase that can bypass the inhibition of
the respiratory chain [59]. However, crops threatened by grey
mould often receive strobilurin treatments against other dis-
eases such as powdery mildew or downy mildew. Qol resis-
tance can occur in many fungi, including B. cinerea, and is
most often correlated with a point mutation in the cytB gene
leading to a G143A substitution in cytochrome B [7].
However, this mutation can only occur in the absence of an
intron, which is located next to the codon for G143. In the
presence of the intron, the mutation would interfere with
splicing and correct expression of c¢yzB. In rust fungi and
Alternaria solani, the intron prevents the G143A mutation

@ Springer


http://dx.doi.org/10.1002/ps.3711

136

J Chem Biol (2014) 7:133-141

and drastically decreases the chance of Qol resistance devel-
opment [30]. B. cinerea populations are divided into strains
that contain the intron and others that do not. In Greece, Qol
resistance was found only in isolates with no intron, and all of
them carried the G143 A mutation [50].

The only registered hydroxyanilid, fenhexamid, is a highly
effective systemic fungicide against Botrytis and several relat-
ed fungi. It is a sterol biosynthesis inhibitor, but in contrast to
the common sterol biosynthesis inhibitors, such as the azoles
(which are not very active against Botrytis), fenhexamid does
not block the lanosterol 14-x demethylase, but the 3-
ketoreductase encoded by erg27, a later step in ergosterol
biosynthesis [41]. Target site mutations leading to high levels
of resistance (HydR3+) are located in erg27, most frequently
in codon F412 [22, 25, 29]. Low to medium levels of
fenhexamid resistance have been shown to be correlated with
erg27 mutations (HydR-; [25]) or with a drug efflux mecha-
nism (MDR2 phenotype).

Phenylpyrroles are derived from the antifungal antibiotic
pyrrolnitrin, a tryptophan derivate produced by Pseudomonas
species. The major phenylpyrrole, fludioxonil, is used as a
seed treatment or sprayed against foliar diseases or as post-
harvest fungicide against a broad variety of fungi. Fludioxonil
is usually applied as a mixture with the AP cyprodinil, which
is considered the most effective fungicide against Botrytis.
Similar to the dicarboximides, fludioxonil interferes with the
Bosl- and MAP kinase-dependent osmoregulation pathway,
but cross-resistance between these fungicides is rarely ob-
served in the field [54]. In sensitive cells, fludioxonil
hyperactivates the pathway, which leads to a futile
hyperosmolarity response, followed by glycerol accumulation
and growth inhibition [34]. Laboratory-induced mutations in
the Bosl histidine kinase confer high levels of resistance
against both fludioxonil and iprodione; however, these mu-
tants show poor growth and are hypersensitive to high osmo-
larity, and such strains usually do not survive in the field. In
fact, fludioxonil is exceptional among the site-specific fungi-
cides used against Botrytis because highly resistant field
strains are very rarely found. In contrast, strains with resis-
tance to fludioxonil and iprodione have been observed in field
populations of Alternaria brassicicola [5] and Penicillium
spp. [33]. However, B. cinerea strains with low to medium
fludioxonil resistance, due to a drug efflux mechanism, are
common in many field populations.

The succinate dehydrogenase inhibitor (SDHI) boscalid, a
carboxamide, was first registered for use in 2003. Usually sold
in a mixture with pyraclostrobin, the fungicide is highly active
against Botrytis, Sclerotinia and related fungi. Although it was
not the first SDHI fungicide (this was carboxin, used since
1966 as a seed treatment), the success of boscalid triggered the
development in different companies of various new SDHIs
with a wide range of specificities that are currently entering
the fungicide market. Resistance against different SDHIs has
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been intensively studied in several fungi. It is caused by
several mutations in the SDH subunits SdhB, SdhC and
SdhD, which form the binding pocket for ubiquinone and
the SDHIs [51]. Mutations conferring boscalid resistance have
appeared in B. cinerea populations few years after its intro-
duction and are all located in SdhB [3, 53]. Interestingly, the
two most common sdAiB mutations in B. cinerea field strains,
H272R and H272Y, confer medium resistance levels against
boscalid but are ineffective against other SDHIs, such as the
newly released fluopyram. Other mutations (e.g. in P225)
confer high resistance against both boscalid and fluopyram
[36, 53].

Efflux-mediated resistance mechanisms in Botrytis

A new type of non-specific fungicide resistance appeared in
B. cinerea populations in French vineyards in the mid-1990s.
Strains showing low to medium levels of resistance to struc-
turally and functionally different fungicides were observed.
Originally called AniR2 (conferring partial resistance to
cyprodinil and fludioxonil) and AniR3 (conferring partial
resistance to cyprodinil, fenhexamid and iprodione), they
were renamed MDR1 and MDR2, respectively, because of
their similarity to efflux-based multidrug resistance pheno-
types previously described for cancer cells and human patho-
genic microbes [1, 45]. Both multidrug resistance (MDR)
types are caused by overexpression of drug efflux trans-
porters, namely, the ABC transporter AtrB (MDR1) and the
MES transporter MfsM2 (MDR2). The MDR1 phenotype was
caused by point mutations in a gene encoding a transcriptional
regulator (Mrrl), resulting in its activation and constitutive
induction of a#rB. In contrast, MDR2 strains contain rear-
rangements in the mfsM2 promoter, which lead to constitutive
expression of mfsM?2 [35]. The frequencies of MDR strains in
French vineyards increased steadily, up to more than 50 % (all
MDR types) of the whole population in the Champagne in
2010. A survey in German vineyards also revealed high MDR
frequencies, in particular for MDR1 [37]. Up to now, MDR2
and MDR3 (a combination of MDR 1 and MDR?2) strains have
been unambiguously identified only in French and German
vineyards. To what extent these phenotypes can reduce fun-
gicide efficiency in the field is unclear [56].

A field’s race: fungicide treatments and resistance
development in Botrytis

Until the end of the 1960s, inorganic or organic fungicides
with low specific toxicity were used against plant pathogenic
fungi, and resistance was unknown. The benzimidazoles were
not only the first generation of modern fungicides, with high
activity and systemic properties, but they also had a high
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inherent risk of resistance in the target organisms. The first
publication about benzimidazole resistance in B. cinerea dates
back to 1971 [15]. Strains carrying the E198A mutation
(BenR1) in B-tubulin were highly resistant and seemed to
have no impaired fitness when compared to sensitive field
strains [32]. Because of the high spraying frequencies in the
first years after their introduction, the benzimidazoles rapidly
lost activity in the field, and their use was restricted. The
discovery that BenR1 strains were hypersensitive to the N-
phenylcarbamate diethofencarb (negative cross-resistance)
lead to the first attempt of resistance management, by applying
mixtures of both fungicides. However, another mutation in the
[3-tubulin gene (BenR2; F200Y) conferring resistance against
both compounds was rapidly selected and made the mixture
ineffective [41]. Although benzimidazoles have not been used
anymore against grey mould in most European countries for
many years, a significant proportion of B. cinerea populations
from commercial vineyards and soft fruit fields remained
resistant to benzimidazoles [38] [56], which further confirmed
their high fitness under field conditions. After their release in
the late 1970s, the dicarboximides rapidly replaced the benz-
imidazoles. However, again their excessive use resulted in
high frequencies of resistance and failures in protection [12].
A well-documented case is from the Champagne-
winegrowing region, where dicarboximides have been
sprayed in the first years four to five times per season until
widespread resistance in the grey mould populations resulted
in the loss of their protective activity. The use of
dicarboximides was therefore interrupted and later resumed
with applications restricted to one per season and long rota-
tions. This measure led to a decline in resistance frequencies
and the recovery of dicarboximide activity [40, 41]. Similarly,
B. cinerea isolates from Greece were found to lose
dicarboximide resistance after interruption of treatments,
whereas benzimidazole resistance remained stable [49]. This
is explained by reduced fitness of dicarboximide-resistant
strains and their replacement by sensitive strains in the ab-
sence of selection. In greenhouses in Israel, B. cinerea strains
with multiple resistance to carbendazim, diethofencarb and
dicarboximides were observed as early as 1989 [21].

After these experiences, evaluation of the risk of resistance
to newly developed compounds became routine practice in the
laboratories of plant protection industry. Another consequence
was the foundation of Fungicide Resistance Action
Committee (FRAC) in 1981, by members of the major agro-
chemical companies. The goal of FRAC is to prolong the
effectiveness of fungicides that are likely to encounter resis-
tance problems, by applying appropriate resistance manage-
ment strategies. FRAC (www.frac.info) releases
recommendations for restrictions of the number of their
application in field and greenhouse cultures [17].

In the mid-1990s, the spectrum of effective anti-Botrytis
fungicides was greatly expanded by introduction of the APs,

fludioxonil, and a few years later, fenhexamid. The choice of
powerful compounds with different modes of action allowed
the farmers to apply effective resistance management strate-
gies, by rotating between and mixing of fungicides with
different modes of action. Nevertheless, grey mould strains
resistant against these fungicides quickly appeared. Analysis
of Greek kiwi fruits showing post-harvest storage rot, after
being sprayed during flowering and before harvest, revealed
high-resistance frequencies of the B. cinerea isolates and for
the first-time isolates with multiple resistance against up to
five fungicide classes [10]. In French vineyards, which are
sprayed up to two or rarely three times against Botrytis,
resistance frequencies remained at low to moderate levels
which did not seem to reduce fungicide efficacy. It was
concluded that chemical control of grey mould remained
effective, if adequate resistance management strategies are
followed, in particular, the restriction of applications of one
class of fungicides to one per season [56]. However, in
vineyards in Southern Italy which had received many fungi-
cide sprayings, high frequencies of resistance were observed
in recent years, and low efficacy of treatments was reported in
some fields [4].

Strawberries are among the most important crops that are
attacked by grey mould. Protection against grey mould usu-
ally demands weekly fungicide sprayings during flowering
time, which exerts strong selection on Botrytis, and has led to
increasing resistance problems in recent years. A survey of
353 isolates collected in 2010 from strawberries and other
small fruits in Northern Germany revealed medium to high
frequencies of resistance against thiophanate-methyl (40.5 %),
iprodione (64.0 %), fenhexamid (45.0 %), Qols (76.8 %),
boscalid (21.5 %), cyprodinil (14.7 %) and fludioxonil
(41.1 %) [58]. Similarly, isolates collected in different
strawberry-growing regions in Germany between 2008 and
2011 revealed high-resistance frequencies to all site-specific
fungicides and a large proportion of isolates that were
multiresistant against several fungicides [38]. Many of these
isolates showed higher levels of partial fludioxonil resistance
than the previously characterized MDR1 isolates from
vineyards and were therefore called MDR 1h. While MDR1
isolates are 5- to 10-fold and 10- to 20-fold more tolerant than
sensitive strains towards fludioxonil and cyprodinil, respec-
tively, the tolerance of MDR1h strains against these fungi-
cides is further increased 2- to 3-fold. All MDR1h strains
analyzed carried a 3-bp deletion of amino acid L497 in
Mrrl, which probably resulted in hyperactivation of Mrrl
and increased overexpression of atrB, compared to the point
mutations found in MDR1 strains [38]. Monitoring of German
strawberry fields in 2013 revealed further increased resistance
frequencies (M. Hahn, unpublished). In addition, an increas-
ing number of isolates showed multiple resistance to all reg-
istered fungicides used against Botrytis ([38]; M. Hahn and R.
Weber, unpublished data). Also, in Florida, one of the major

@ Springer


http://dx.doi.org/10.1111/1462-2920.12282

138

J Chem Biol (2014) 7:133-141

strawberry producers worldwide, resistance frequencies have
reached threatening levels. In 2012, a severe grey mould
epidemic was reported in several fields that could not be
controlled anymore by the available fungicides. Of 392
B. cinerea isolates collected between 2010 and 2012, resis-
tance frequencies were 85.4 % for boscalid, 86.5 % for
pyraclostrobin, 44.4 % for fenhexamid, 52.7 % for cyprodinil
and 17.8 % for fludioxonil (partial resistance, probably
MDRU1). Between 2010 and 2012, an increasing number of
multiresistant isolates were obtained [2]. Multiresistant
B. cinerea strains have been recently detected also in straw-
berry and blackberry fields in North and South Carolina [42],
in strawberry fields and vineyards in Southern Italy [4], and in
strawberry fields in Greece (G. Karaoglanidis, personal
communication).

Diversity of B. cinerea populations

B. cinerea shows considerable phenotypic and genetic vari-
ability within a population. Genetic variability has been
assessed by the analysis of genetic markers, such as PCR-
RFLP, the presence or absence of transposable elements and
microsatellites [27, 28, 47]. Recent studies indicated that
B. cinerea genotypes show different host preferences [26].
In German strawberry fields, the majority of isolates could
be distinguished from the common B. cinerea genotype and
were assigned to a new subgroup of B. cinerea called group S
[38]. MDR1h isolates containing the AL497 deletion all
belonged to group S, and multiresistant (MR) isolates more
frequently belonged to group S than to B. cinerea sensu stricto
[38]. While group S isolates were dominant in strawberry
fields, they were almost absent in vineyards. Similar to the
situation in French vineyards, B. pseudocinerea was found as
a minor sympatric species in strawberry fields together with
B. cinerea [55]. B. pseudocinerea isolates are usually more
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Fig. 1 Diversity of Botrytis populations on raspberries, depending on
fungicide treatments. a Strains from a commercial raspberry field with
intensive fungicide sprayings (n=25). b Strains from a row of wild
growing, untreated raspberries (n=30). The distance between the two
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Number of isolates

abundant on rotten stems and leaves before the start of fungi-
cide treatments and rarely found on fungicide-treated fruits
(M. Hahn, unpublished data). Most B. pseudocinerea isolates
were sensitive against all tested fungicides [38]. Thus, differ-
ent genotypes of Botrytis differ in their ecological behaviour
and in their ability to accumulate fungicide resistance.
Therefore, knowledge of the genetic diversity in grey mould
populations can provide important information for evaluation
of the resistance situation.

Because of the massive production of airborne conidia,
resistant strains can migrate over long distances. This has been
documented for B. cinerea MDR?2 strains by a microsatellite-
based population genetic study. The study indicated that an
MDR?2 founder strain originated in a French vineyard and
gave rise to a population which spread in France and migrated
into German winegrowing regions, over distances of several
hundred kilometres [44]. Similarly, spread and migration of
(multi-) resistant strains is expected to occur in strawberry-
growing regions, if selection by fungicide treatments con-
tinues. Nevertheless, grey mould populations in closely adja-
cent fields can vary considerably. For example, Botrytis iso-
lates from raspberries at two adjacent sites in Northern
Germany, one site grown with wild plants and the other site
being an intensively treated field, revealed striking differences
(Fig. 1). Whereas most isolates from the wild-growing plants
were sensitive, all but one isolate from the fungicide-treated
field were resistant to one or several fungicides. In both fields,
B. cinerea group S was dominating over B. cinerea, but
B. pseudocinerea was present only in the untreated field.
Two isolates from wild-grown raspberries with four resis-
tances were likely immigrants from fungicide-treated fields.
A similar observation was made in Greece, where isolates
from cultivated strawberries showed high-resistance frequen-
cies, whereas isolates from fruits of wild black blackberry
plants growing adjacent to the strawberry field had almost
no resistance (G. Karaoglanidis, personal communication).
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sampling sites in Northern Germany was less than 100 m. Fungicide
resistance was tested for fenhexamid, cyprodinil, boscalid, azoxystrobin
and fludioxonil. Bpseu, B. pseudocinerea; Bcin, B. cinerea; Bcin S,
B. cinerea group S (M. Hahn and R. Weber, unpublished)
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Perspectives

Since their introduction, fungicides have been powerful tools
for grey mould control and are indispensable for cost-effective
cultivation of crops such as strawberries in many regions.
However, resistance of Botrytis in cultures with intensive
treatments has resulted in a serious erosion of fungicide effi-
ciency. The high frequencies of resistance observed in some
fields, and laboratory data showing that resistant isolates often
cannot be controlled anymore by standard fungicides applica-
tions, suggest that significant losses in fungicide efficacy
occur. Quantification of these losses is difficult; however,
because of inoculum density, the proportion of resistant iso-
lates and the overall infection pressure are variable from site to
site and difficult to measure.

To save the activity of the available fungicides for the
future, strict application of resistance management strategies
is required. These include good crop management and sanita-
tion to reduce the risk of grey mould infection, such as
limitation of nitrogen fertilizer, reduction of the humidity
and removal of infected fruits and plant parts. To limit selec-
tion for resistance, rotation between fungicides of different
classes and limitation of treatments with the same class of
compounds to one per season should be mandatory, maybe
except for fludioxonil which has a low risk of specific resis-
tance. However, these rules are often not followed by advisors
and farmers, and fungicides often are still being used exces-
sively. One of the reasons is the maximum number of detect-
able residues of pesticides on fruits and vegetables that are
imposed by national and international retailers, which limits
the available options for rotations. Furthermore, fludioxonil
and SDHIs are sold in many countries only as mixtures with
other fungicides and seriously restrict the flexibility for opti-
mization of spraying programmes.

The availability of quick cultivation-based and molecular
tests allows rapid evaluation of resistance, including the prev-
alence of resistance mutations before and after the treatments
[43]. This can help to devise resistance management
programmes that are adapted to local situations. In Germany,
the genetic diversity and different adaptation of grey mould
populations in vineyards and strawberry fields appear to have
prevented movements of resistances (MDR2 restricted to
vineyards; MDR 1h restricted to soft fruit fields; [38]) between
the crops, so far. Despite the high overall resistance frequen-
cies observed in grey mould populations, fields that have
received no or only few fungicide treatments contain
Botrytis populations with significantly lower resistance fre-
quencies ([4]; Fig. 1; M. Hahn, unpublished). These observa-
tions give hope that resistance management will work despite
the high-resistance frequencies observed in many fields.

Clearly, the appearance of multiresistant strains presents a
great challenge for the future of fungicide control of Botrytis.
Their control by fungicides is very poor, and they are selected

by most or all fungicide treatment. A critical question is the
long-term survival of multiresistant strains under field condi-
tions. Studies with field strains of B. cinerea revealed no
fitness defects associated with individual resistance to benz-
imidazoles, Qols [52] and APs [9, 23]. Reduced survival in
the field has been reported for strains resistant to
dicarboximides and fenhexamid (R. Weber, personal commu-
nication). A detailed study with genetically defined
fenhexamid resistant mutants carrying mutations in the target
gene erg27, obtained by transformation of a sensitive labora-
tory strain, also indicated reduced fitness correlated with
fenhexamid resistance [14]. For mutations associated with
boscalid resistance, differential fitness defects were reported
by Laléve et al. [36] and VWeloukas et al. [52], while no major
reductions in fitness were observed by Amiri et al. [3]. In
German strawberry fields, multiresistant strains were found
prior to the start of fungicide treatments in spring and in
increased numbers after the treatments (unpublished data).
These results indicate that they can survive in the field but
are less competitive than sensitive strains in the absence of
selection pressure.

At present, there are no equivalent alternatives for chemical
protection against grey mould. Non-specific fungicides, such
as captan and thiram, have inferior efficiency. Increasing
interest is directed towards biological control, either by using
non-synthetic compounds with antifungal or plant resistance
inducing activity, or antagonistic microorganisms
(biofungicides). Examples for products which are marketed
are resistance-inducing extracts containing {3-laminarin, or
bacteria (e.g. Bacillus spp.), yeasts (e.g. Candida oleophila,
Aureobasidium pullulans) and filamentous fungi (e.g.
Trichoderma harzianum). These products, in particular, the
biofungicides, often work well in controlled environments but
are still unreliable in open-field cultures. Nevertheless, further
development of these products is urgently needed as alternat-
ing treatments with chemical fungicides to maintain effective
grey mould control in intensive cultures.
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