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Benefits and problems of fungicide control of Botrytis cinerea in vineyards
of Champagne
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Summary

There are several agrochemicalsto control Botrytis
cinerea, thecausal agent for gray mold in grapes, and new
onesarebeing developed. Thefungicidesused to control
Botrytisin vineyar dsof the Champagnear e presented to-
gether with someof their deleteriouseffectson non-target
species. Until recently, fungicides basically belonged to
threegroups: thecarbamates, the benzimidazoles, and the
cyclic imides. Treatments with these fungicides rapidly
becameinefficient because of theextremevariability ob-
served withinthepathogen. In thelast 10year s, new chemi-
cals such as pyrimethanil, fludioxonil, fluazinam, and
fenhexamid, all from different chemical groupsbecame
available; until now Botrytisdisplayed noresistancetothese
chemicalsinthe Champagne. Theproblem of residuesin
wineand in theenvironment, including their deleterious
effectson non-tar get or ganisms, aswell asacuteand sub-
lethal toxicity of thefungicidesarediscussed. Solutionsto
limit environmental contamination arepresented.

Key words: Botrytiscinerea, environment, fungicide,
toxicity, vineyards.

Introduction

Grey mold, a serious disease of grapevine (Vitis
viniferaL.) is caused by the fungus Botrytis cinerea. In
northern vineyards such as the Champagne, thisfungal dis-
ease is at least as important as downy mildew caused by
Plasmopora viticola and it outweighs another major grape
disease, powdery mildew caused by Uncinula necator. In
some years, the costs for fungicides against B. cinerea are
equivalent to the sum of costsfor all other plant protection
treatments in the Champagne vineyards. B. cinerea attacks
leaves, developing shoots, inflorescences, and young ber-
ries without major consequence except that it creates pri-
mary outbreak from which later contamination may start.
Symptoms in vineyards become evident at the onset of rip-
ening when berries are most sensitive. Subsequently, the
fungus may expand rapidly if climatic conditions are ad-
equate affecting yield and wine quality (Dusos 1999). Some

preventive methods exist to control the development of the
pathogen, e.g. the use of less sensitive cultivars, reduced
fertilization and sodding, leaf removal for cluster ventila-
tion, and also protection against other pathogens such as
powdery mildew and berry moth (Muckensturm and Decoin
2000).

Besides preventive control methods, several
agrochemicalsare availableto control the pathogen and new
ones are probably being devel oped. The various fungicides
have preventive and curative effects, and they have suc-
cessfully supported grape growers to control the spread of
the pathogen. In the Champagne severa fungicides have
been used to control Botrytis and vines receive on average
2.3 botryticide treatments per season (Panon 2001). Older
fungicides are either relatively inefficient or the pathogen
has developed resistance, they are now being replaced by
new ones that have been developed in the last decade. In
this paper Botrytis fungicides, their benefits and deleteri-
ous effects, are presented.

Chemical control of B. cinereain Champagne

Older substances: Inthesixties, two
dithiocarbamate fungicides were used to control the patho-
gen: dichlofluanid and thiram (Figure). These fungicides
have a preventive action on germinating conidia, but their
exact biochemical mode of action is not known. They are
believed to be multi-site fungicides, inhibiting many es-
sential enzymes containing Cu ions or SH groups. Due to
structure similarities, the mode of action of dichlofluanid
wasa so related to that of the multi-site phtalimidefungicides
such as folpet and captan (BucHeNAuer 1990). These
fungicides are not very efficient on B. cinerea but no resist-
anceisknown, probably because they have amulti-sitemode
of action.

Intheearly seventiesdiethofencarb, aphenylcarbamate,
and carbendazim, abenzimidazole became available to grow-
ers(Figure). They showed ahigh efficacy against the patho-
gen. They have a systemic effect against germinating fila-
ments and mycelium elongation. Carbendazim and
diethofencarb exert their toxicity by binding to the tubulin
of sensitive fungi thereby inhibiting mitosis and cell divi-
sion (BucHenauer 1990). After awide use of these compounds,
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Figure: Structure of some Botrytiscinerea fungicides.

B. cinerea rapidly devel oped someresistant lines. Although
their application has dramatically decreased, in 2001 in
Champagne 11 % of the lines were still resistant to both
compounds after amaximum of 58 %in 1991 (CIV C 2002).

The introduction of cyclic imides, e. g. procymidone,
iprodione, vinclozolin (Figure), by growers and their rapid
success in Champagne was certainly due to the develop-
ment of resi stance to benzimidazol es and phenylcarbamates
in B. cinerea. Cyclic imides are used since the late seven-
ties. Thesefungicidesinhibit conidiagermination and myc-
elium growth. Numerous physiological and biochemical ef-
fects have been reported for these fungicides. In B. cinerea
the activity of these fungicides was correlated with lipid
peroxidation (LEee et al. 1998), suggesting that the produc-
tion of reactive oxygen species by the fungus in response
tothefungicidesisresponsiblefor itstoxicity. Theinvolve-
ment of oxygen freeradicalsstill remainscontroversial, and
experiments conducted with vinclozolin have shown that
the toxic oxygen species do not evolve directly from the
fungicide (CaBraL and CaBraL 2000). The target enzyme
responsible for the direct or indirect production of reactive
oxygen speciesistill to be discovered, possibly intheglyc-
erol metabolism (PiLLoneL and MEever 1997). The hypoth-
esis of a single target enzyme is favored by the fact that
resistanceto cyclicimides devel oped rapidly. In Champagne,
resistant lines of B. cinerea appeared in the early eighties.
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Thefreguency of resistance reached amaximum of 92 % in
1981 and was down to 38 % in 1998; it is now steadily
decreasing (CIVC 2001, 2002). These compounds are no
longer used more than once ayear; thisismainly dueto the
availability of new Botrytis fungicides.

Modern Botrytis fungicides: Somelines
of B. cinerea are simultaneously resistant to carbendazim,
diethofencarb and cyclicimides, lowering distinctly the grow-
er’s chance to reduce the plague. A solution to control the
pathogen was found in the mid-nineties when the
anilinopyrimidinefungicides becameavailable. Pyrimethanil
and cyprodinil (Figure) are the anilinopyrimidines used in
Champagne. Cyprodinil was introduced only in 1999; it is
only proposed inamixturewith fludioxonil, aphenylpyrrole;
it is much less often used than pyrimethanil. In B. cinerea
the anilinopyrimidinesinhibit germ tube elongation and ini-
tial mycelia growth. Their biochemical primary target isbe-
lieved to be cystathionine (3-lyase |eading to an inhibition of
methionine synthesis in the pathogen (FriTz et al. 1997).
Thefungicidesalsoinhibit the secretion of cell wall degrad-
ing enzymes by the pathogen (LEeroux 1996).

Someresistance of B. cinereato anilinopyrimidineshas
aready been reported (Leroux and GrepT 1995), even with
phenotypes from the Champagne vineyard (Leroux et al.
1999). Nevertheless, the resistance to this class of
agrochemical may virtually be neglected in Champagne
(GuideViticole1999, CIVC 2002).

The phenylpyrrole, fludioxonil (Figure) wasfirstusedin
1995. It isalight stable derivative of pyrrolnitrin, anatural
antifungal compound present in several Pseudomonas spe-
cies (Leroux 1996, RossLenBroicH and StuesLer 2000).
Fludioxonil has an effect on spore germination, germ tube
elongation and a so mycelium growth. Itsbiochemical mode
of actionindicatessimilaritieswith the cyclicimides. Indeed,
the antagonistic action of a-tocopherol in B. cinereatreated
with the related fungicide fenpiclonil, suggests that the ac-
tion of the fungicide might be via reactive oxygen species
(Leroux 1996). It also induced an oxidative stressin algal
cells (Georrroy 2003). Furthermore, in Neurospora crassa
regulation of the glycerol synthesis was shown to be af-
fected by phenylpyrroles and the primary biochemical tar-
get might be a protein kinase involved in this pathway
(PiLLonEL and MEYER 1997). Osmoregul ation would thereby
no longer be controlled in the pathogen, leading to mem-
brane dysfunction, and possible formation of reactive oxy-
gen species. Theformation of reactive oxygen specieswould
then appear to be a secondary mode of action.

Someresistant isolates exist (Leroux et al. 1999). Some
cross-resi stance has even been described with cyclicimides
(RossLEnBROICH and StuesLEr 2000), this cross-resistance
would not be of similar biochemical origin (Sreer 1996). Un-
til now no resistance of practical importance was observed
in Champagne (CIVC 2002).

Fuazinam (Figure), aphenylpyridinamineor 2,6-dinitro-
anilinefrom Japan wasfirst introduced against potato blight
(Phytophtora infestans). It was then registered for the con-
trol of B. cinerea in grape and became availablein 1999. It
has a protective contact action, little curative or systemic
activity. In Champagne this compound should not be used



Fungicide control of Botrytis cinerea

after flowering. It inhibits spore germination, and also germ
tube el ongation and mycelium growth (Leroux et al. 1997).
Biochemically, it interfereswith respiration by directly un-
coupling oxidative phosphorylation in the mitochondria
(LEroux 1996).

In October 1999 the most recent compound, fenhexamid
(Figure), a hydroxyanilide, was allowed in France. During
the first season, in 2000, it became one of the major com-
pounds used in Champagne. Fenhexamid isastrong inhibi-
tor of germ tube elongation and mycelium growth. At high
concentration it has some activity on spore germination.
The integrity of the cytoplasmic membrane and/or the cell
wall seems to be affected by the fungicide, since abnormal
excretion is observed upon treatment of the mycelium of
B. cinerea (HANsLER and PonTzen 1999, RossLENBROICH and
SruesLer 2000). Its primary site of action hasrecently been
found to be a 3-keto reductase in the ergosterol synthesis
(Leroux et al. 2002). After two years of use no resistance
was found in the vineyard, however, some lines resistant to
other sterol inhibitors also displayed resistance to fen-
hexamid (Leroux et al. 2002).

Although the most recent fungicides are endangered
by resistance, the situation is not comparable to that of the
late seventies and eighties when the substances available
to control B. cinerea were mainly derived from one family,
the dicarboximides. Now growers can alternate and choose
between several fungicides with different modes of action,
thereby reducing the risk of resistance development.

Side effects of chemical control of B. cinerea

Fungicide residues in grapes and wine:
A survey conducted by the French Ministry of Agriculture
in the early nineties showed that almost all grape samples
(80-100 % for carbendazim, iprodione, pyrimethanil,
vinclozolin, and procymidone) contained residues of
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Botrytis fungicides (SDPV 1996). However, in no case the
amount of residues in these samples were higher than the
limits of maximum residue. The same survey also showed
that most wines contained Botrytis fungicide residues. The
transfer from grape to wine ranged between 20 and 30 %
for most Botrytis fungicides except for carbendazim (ap-
proximately 100 %). This transfer was less important for
white wines (down to 1 % for vinclozolin). The transfer of
pesticide residues between treatment and harvest and their
fate during wine making was recently reviewed (CaBras
and Ancioni 2000). In this review it is shown that among
modern grape pesticides, those controlling B. cinerea
(cyprodinil, fluazinam, fludioxonil, pyrimethanil) have the
longest half- life on grapes except for fluazinam (DT, =
4.3 d). The longest half-life is that of pyrimethanil (57 d),
and the concentration of its residues in wine was 90 % of
that on grapes. In contrast, no residues of fluazinam were
detected in wines. The presence of fungicides (cyprodinil,
fludioxonil, pyrimethanil, and fenhexamid) in grapes did
not appear to negatively influence alcoholic fermentation
of wine (CaBras et al. 1999, 2003).

Fungicides in the environment: Water-
runoff is an important phenomenon on steep slopes of the
vineyards in Champagne where the mean slope is 12 %.
The occurrence of pesticides in natural surface and under-
ground water depends on its water solubility (> 30 mg:l-1),
the adsorption coefficient (Ko <500), and half-life (DT, >
21 d) (Hock et al. 1995). Because of their high DT, and
despite their low water solubility (Tab. 1), fluazinam,
cyprodinil, and the dicarboximides are potential soil and
water contaminants. Combining arelatively low K, ahigh
water solubility and a relatively high DTg,, residues of
pyrimethanil are potentially to be recovered although field
studies have indicated low leaching to groundwater and
rapid disappearance from surface water (TomLin 2000) and

Tablel

Properties of Botrytisfungicides that may have an influence on residue recovery in the environment
(data are adapted from TomLin 2000, ANDERsON €t al. 1999, and INRA 2003?)

Kp Ko Water solubility Kow DT,
(mg1Y) (LogP) Soil - field
Carbendazim 200-250 8 151 8-32d
Cyprodinil 1550-4393? 13 4.0 20-60d
Dichlofluanid 500-2000? 13 37 unstable
Diethofencarb 0.58-10.83? 50-275? 26.6 3.02 1-6d
Fenhexamid 2.45-10.75'  446-1226' 20 3.51 < 1d!
Fluazinam 143-820 1705-23152 17 3.56 33-62d
Fludioxonil 12000-3800007 1.8 4.12 10-25d
I prodione 3731551 13 3 20-160d
Procymidone 45 314 412w
Pyrimethanil 265-751 121 2.84 7-54d
Thiram 2245-24526° 18 1.73 05d
Vinclozolin 100-735 26 3 weeks
Kp = Adsorption coefficient, K. = Adsorption coefficient adjusted for the proportion of organic

carbon of the soil.

Koy = Partition coefficient between octanol and water.
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soils (Capri et al. 2001). In literature, herbicides are most
commonly reported in runoff water, however fungicidetrans-
fer should not be neglected especially in vineyards. For
example, afungicide concentration as high as 60 pg-lt was
recovered in a small river from a Beaujolais watershed
(Rivenez et al. 1998). In thisriver the concentration of pes-
ticides reached 119 pg-lt. Carbendazim was reported in
the Ebro delta in Spain and vinclozolin in the river Po in
Italy (ReEaDMAN et al. 1997). The same study showed that in
the Ebro delta the high carbendazim concentrations (up to
200 pg-ltin rice fields and 6.5 pg-! in drainage canals)
did not result from grapevine production. In Champagne
the fungicides may end up in surface water and are poten-
tial risksfor aquatic floraand faunaaswell. Monitoring the
content of three Botrytisfungicidesrecovered in runoff water
from asmall watershed planted with grapes, our laboratory
found procymidone, fludioxonil and pyrimethanil in the
water. The highest concentration was observed for
procymidone (18 pig-l™). Procymidoneresidues (> 0.1 ug-)
were also reported in the Ved e river near the city of Reims
in Champagne (BRGM and FREDONCA 2002). Now that
severa activeingredients are availableto growers, the con-
centrationsrecovered in runoff water will probably decline,
athough the number of substances present in water may
increase.

Sincethey may betransferred to runoff water, fungicides
sprayed on soil and washed off the leaves may have some
deleterious effects not only on soil organisms but also on
aquatic flora and fauna.

Ecotoxicity of the fungicides: Acute
toxicity: Inorder to be registered, agrochemicals have to
be subjected to investigations on their toxicity. This infor-
mation is available for the Botrytis fungicides used in Cham-
pagne (Tab. 2). The fungicides are not toxic to warm blooded
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organisms, e.g. rats and birds (quail). The response of or-
ganisms varies depending on the species. For example,
dichlofluanid is most toxic to trout, whereas it is not toxic to
bees or earthworms, on the contrary the most toxic fungi-
cide to earthworms is 83 times less toxic to trout than
dichlofluanid. From Tab. 2 it can be seen that the most re-
cent fungicide (fenhexamid) seems to be the least toxic for
most organisms.

However, the datain Tab. 2 only indicate the acute tox-
icity of fungicides; i.e. the effect of a single dose or expo-
sure. It does not give any indication on sublethal effects of
the compounds, nor on the interactions the fungicides (or
their metabolites) may have with other agrochemicals that
may be present in the environment.

Effects on plants and algae: Inliterature,
effects of fungicides on green plants are scarce. There are
someresultsindicating toxicity of carbendazim (mixed with
propiconazole) towards pollen grain development (PavLik
and JanburovA 2000) and some effects of high concentra-
tionsof fludioxonil (1.2-30 mM) and pyrimethanil (3-75 mM)
on grape carbohydrate physiology (SaLapin et al. 2003).
Other resultsoriginate from our laboratory (Verbisson et al.
2001, FRANKART €t al. 2001, Georrroy 2003).

Toxicity of procymidone, pyrimethanil and fludioxonil
towards Lemna minor is very low, 1C50 were respectively
> 100, 46.14, and > 100 mg.I"* (Verbisson et al. 2001). Never-
theless, the presence of these pesticides in water was not
totally innocuous for this species. Indeed, some biochemi-
cal or physiological parameters may be altered. Sublethal
concentrations of procymidone and pyrimethanil were able
to synergize the inhibitory effects of other water contami-
nants such as copper and flumioxazin (FRaNkART et al. 2001).

The toxicity of Botrytis fungicides to another aguatic
organism, the unicellular green alga Scenedesmusis shown
inTab. 2. Scenedesmus obliquuswasalso relatively insensi-

Table 2

Acutetoxicity of Botrytisfungicidesto various organisms
(data adapted from TomLin 2000; Ecker and PrLucer 1999%; VEerbisson et al. 20012 and INRA 20039)

Rat Quall Trout Bees Earthworm Daphnia  Scenedesmus  Selenastrum
Acuteoral Acuteoral LC50(96h) LD50 LC50 (2w) LC50(48h)  subspicatus capricornutum
LD50 LD50 mgd? (contact) mg-kgsoilt mgd? EC50(72h)  EC50 (120h)
mgkg?! mgkg? Ug-beet mgi1 mg1
Carbendazim >15000 >5826 083 >50 6 (4w) 013022 419 1.3(72h)
Cyprodinil >2000 >2000 098-241 >101 192 0.033-0.1 0.75
Dichlofluanid >5000 >5000 001 nottoxic >890 (4w) >1.8 16
Diethofencarb >5000 >2250 >18 20 >1000° >10(3h)
Fenhexamid >47751  >2000t 1.241 >188! >1000* >18.8! >26.11 8.43t
Fluazinam >5000 1782 o1 >200  >1000(4w) 022 >0.2(96h)3
Fludioxonil >5000 >2000 05 >101 >1000 11 093 0092
Iprodione >2000 >2000 41 >400  >1000(4w) 025 19
Procymidone >6800 >6600° 72 not toxic 456
(S obliguus)?
Pyrimethanil >4150 >2000 106 >100 625 29 2314
(S obliquus)?
Thiram 2600 >3950 0.128 737 540 021
Vinclozolin >15000 >2510 22-32  not toxic  not toxic 4
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tivetofludioxonil (IC50=4.54 mg-"%, Verbisson et al. 2001),
however its catalase activity was stimulated (about 50 %)
after incubation (12 h) in the presence of 1 mg-! of the
fungicide suggesting an oxidative stress (Georrroy 2003).
Yet, these concentrations are by far higher than the residue
concentrations that may be present in surface water.

In addition to their direct toxic lethal or sublethal effect
on plants, pesticides may have complex effects on ecosys-
tems and thereby indirect effects on plants. In freshwater
microcosm, for example, carbendazim wasfound toincrease
the abundance of phytoplankton and Elodea nuttallii
whereas it decreased the abundance of the periphytic algae
(VAN pen Brinek et al. 2000). In this study the fungicide
decreased the population of zooplankton grazing on the
phytoplankton, it also removed some pathogen organism
from E. nuttallii whereas some snail speciesthat werefavored
grazed on the periphyton.

Effects on beneficial microorganisms:
Fungicides sprayed on the soil or washed off from the leaves
may alter the soil microfloraand fertility. Although it is not
relevant for vineyard, thiram was found to inhibit nodula
tion by Rhizobium (Anpres et al. 1998). Carbendazim re-
duced phosphorus uptake by the hyphae of arbuscular
mycorrhizaof wheat (ScHweiGer and JakoBseN 1999).

Growth of some lines of Trichoder ma which have been
shownto bebiological antagoniststo B. cinerea (ELAD 1996)
may be inhibited in the presence of fludioxonil (HoweLL
1999).

Effects on invertebrates: Aquatc
invertebrates appear more sensitive to Botrytis fungicides
than terrestrial invertebrates. For various species from dif-
ferent classesthetoxicity of carbendazim shows some L C50
(96 h) values between 55 and 821 g1, the concentrations
at which the same organisms no longer responded to stimuli
was even lower (van WIINGAARDEN €t al. 1998).

Some of the fungicides were described to have some
toxicity towards beneficial grapevine arthropods such as
phytoseids. Thiram, vinclozolin, iprodione, procymidoneare
slightly toxic (death rate between 21 and 40 %), and
carbendazim is toxic (death rate between 41 and 61 %)
(SPV-UIPP 1998).

Effects on vertebrates: Acutetoxicity is
presented for some vertebrates in Tab. 2. Although
vinclozolin and procymidone are not toxic to rats (Tab. 2), it
has been described that these fungicides act as antiandrogen
and are capableto alter sexual differentiation in thisanimal
(OstaY et al. 1999). Furthermore, vinclozolin may delay pu-
berty in male rats (Monosson et al. 1999), having therefore
an influence on the offspring. Similarly carbendazim, which
is nontoxic to most mammalian organs, was shown to be
toxic to the male reproductive system leading to sterility
(Hess and Nakar 2000). In Pimephales promelas, a teleost
fish, a 21-d-exposure to 700 pg-l* vinclozolin induced a
marked reductionin female gonadal condition which did not
appear to affect reproduction when the fish werereturned to
clean water for 4-6 months (MakyNen et al. 2000).

Histological investigations in Rutilus rutilus showed
that procymidone induced severe damageto the liver: after
14 d 40 % of the hepatocyteswerelyzed. Detoxification me-
tabolism (EROD activity) was stimulated after 4 d with
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0.4 mg-I"t and decreased thereafter; the activity of Cyt P450
and Cyt b5 was reduced under the same conditions.
Procymidone concentrations < 10 pg-g ! induced in the same
liversadrastic increase of detoxification metabolism while
slightly higher concentrations induced a strong decrease of
thesesactivities (Paris-PaLAacios et al. 2001). Thisfungicide
also induced oxidative stress and metall othionein accumu-
lation in R. rutilus (Paris-PaLAcios et al. 2003). Similarly,
sublethal concentrations of fludioxonil also induced liver
damage in R. rutilus, these damages were accompanied by
an increase in catalase activity in the liver (BIAGIANTI-
RisBourc et al. 2001).

Solutions for Champagne: Integrated
management is developing in the vineyards of Champagne
reducing cost due to lower rates of fungicide application
and increasing biological diversity (Descotes et al. 1997).
Preventive methods such as lower amounts of nitrogen fer-
tilization and Botrytis tolerant cultivars, are advised by ex-
tension agents and technical services even if these meth-
odsmay reduceyield (Panon 2000). Treatments should only
be performed in sensitive areas of the vineyards. In case
treatments are necessary a succession of three fungicides
belonging to three different chemical groups are advised:
(2) at stage A after flowering, in order to avoid early contami-
nation, (2) at stage B before berries have reached their maxi-
mum size so that all conidia within the cluster are reached
and destroyed, and (3) at the onset of ripening (veraison) to
avoid late contamination (CIVC 2001). Themajority (68 %)
of the growers follow this recommendation and perform
three fungicide treatments per year (Panon 2000). Experi-
mentally, Botrytis fungicides were applied according to
mathematical modelswith equivalent protection (DescoTes
et al. 1997).

Growers are advised to regularly check their sprayers
for adequate dosage of the fungicides. Some preventive
methods are also used to avoid accidental tank wash and
acute accidental pollution.

In order to avoid environmental water contamination,
grass should grow between rows and around the fields.
Runoff water is frequently conducted into decantation ba-
sins in which the pesticides are allowed to undergo degra-
dation before the water is directed to the river via another
basin (ArRNouLT 1999).

New preventive methods are being investigated to con-
trol B. cinereain grape. Molecular biological techniquesare
proposed for genetic improvement of vines, i.e. to produce
Botrytis resistant vines. Another solution may be to stimu-
|ate defense mechanismsin grape, e.g. with laminarin, acom-
pound extracted from algae (Aziz et al. 2003). Thishas al-
ready been tested in the field since a seaweed extract is
available to growers (JeanpeT et al. 1999). However, this
stimulation of defense does not generate enough reliable
protection yet. Results from our laboratory showed an inhi-
bition of Botrytis cinerea development by chitosan
(AmBoRABE €t al. 2003), suggesting that thisfertilizer might
also be incorporated into integrated protection programs
against the pathogen. Until this research offers sustainable
resultsto growers, fungicides will continue to be used with
their advantages and drawbacks.
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