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Resistance to Benzimidazole and Dicarboximide Fungicides in Greenhouse
Isolates of Botrytis cinerea

L. F. Yourman and S. N. Jeffers, Department of Plant Pathology and Physiology, Clemson University, Clemson SC
29634-0377

The production of ornamental crops in
both greenhouses and nurseries has become
one of the fastest-growing segments of
agriculture in the United States. The esti-
mated value of this industry in 1993 was
over $6.1 billion—$3.5 billion and $2.6
billion from the production of greenhouse
and nursery crops, respectively (10). The
ornamental horticulture industry is par-

ticularly important to the economy and
agriculture of the states in the Southeast,
including South Carolina, where a large
portion of the ornamental plants sold in the
eastern United States originates. Botrytis
cinerea Pers.:Fr. is a common and eco-
nomically important pathogen of numerous
greenhouse-grown ornamental crops
(5,14). Effective disease management usu-
ally requires sanitation and other cultural
practices to avoid introducing the patho-
gen, manipulation of environmental condi-
tions to discourage disease development,
and fungicide applications to prevent or
limit disease spread (14). Host resistance is
not available for many popular green-
house-grown ornamental crops (e.g., gera-
nium, poinsettia, and gerbera). Therefore,
fungicides traditionally have played an
important role in managing leaf, stem, and
flower blights in greenhouse production.
However, resistance in populations of B.
cinerea to the most commonly used classes
of fungicides, the benzimidazoles and di-

carboximides, has compromised their effi-
cacy (3). Resistance to these fungicides
complicates the management of diseases
caused by B. cinerea and can lead to seri-
ous economic losses. Although benzimida-
zoles, such as thiophanate-methyl, have
been the most widely used fungicides for
control of many foliar pathogens in green-
houses, dicarboximides, such as vinclo-
zolin, may be more important and effective
for managing B. cinerea (10). In Pennsyl-
vania greenhouses, over 90% of growers
used benzimidazoles and more than 30%
used dicarboximide fungicides (21).

Benzimidazole-resistant isolates are
known to persist in populations of B. cine-
rea long after use of the fungicide has been
discontinued (11,18,19). Dicarboximide-
resistant isolates rarely were observed in
nature in the years immediately after the
introduction of dicarboximide fungicides in
the mid-1970s; however, by the early
1980s, resistant isolates were common on
several crops (20). Loss of efficacy of di-
carboximides due to resistance was ob-
served in vineyards in New Zealand (25),
on greenhouse-grown cucumbers in Israel
(38), and on strawberry plants in England
(13). Isolates with moderate resistance to
dicarboximides appeared to have fitness
equal to sensitive isolates in greenhouse-
grown crops on Crete (26). In the absence
of fungicides, dicarboximide-resistant sub-
populations persisted within a predomi-
nantly sensitive population in one study
(31); however, in another study, a pre-
dominantly dicarboximide-resistant popu-
lation was supplanted over time by a sen-
sitive one after successive inoculations of
tomato fruit (12).

Various frequencies of fungicide-resis-
tant isolates of B. cinerea have been found
in surveys of numerous crops throughout
the world, and isolates resistant to both
benzimidazole and dicarboximide fungi-
cides are not uncommon. In a recent survey
of Connecticut greenhouses, nearly 75% of
45 isolates from greenhouse-grown crops
were resistant to thiophanate-methyl and
43% were resistant to vinclozolin (17). Of
121 isolates collected from several crops in
three European countries and Israel, 25%
were sensitive to both benzimidazole and
dicarboximide fungicides, 32% were re-
sistant to both, and 14% were benzimida-
zole-resistant and dicarboximide-sensitive
(29). In 1988, 63% of isolates from green-
house-grown tomatoes in England and
Wales were benzimidazole-resistant (in-
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cluding 83% of the isolates from benzimi-
dazole-treated tomato plants and 58% of
the isolates from untreated plants) and 43%
were dicarboximide-resistant (including
25% of the isolates from crops not treated
with dicarboximides and 49% of the iso-
lates from treated crops) (20). All dicar-
boximide-resistant isolates and 70% of the
dicarboximide-sensitive isolates from
greenhouses in Israel also were benzimida-
zole-resistant (16). In one strawberry field
in Australia, 80% of the B. cinerea isolates
were resistant to both the benzimidazole
benomyl and the dicarboximide iprodione
(34). The incidence of vinclozolin-resistant
isolates of B. cinerea was high in green-
houses in Crete (26), and nearly all vinclo-
zolin-resistant isolates also were benzimi-
dazole-resistant. In addition, nearly all of
the 281 dicarboximide-sensitive isolates
also were benzimidazole-sensitive. In
Spain in 1981 and 1982, 67% of B. cinerea
isolates collected from various crops in 67
greenhouses were dicarboximide-resistant
(9). The Fungicide Resistance Action
Committee (FRAC), an international group
affiliated with the agrochemical industry,
has called for comprehensive studies of the
effectiveness of fungicides in order to sat-
isfy growers’ concerns for their crops
worldwide (3).

This study was conducted to address two
important issues concerning fungicide-
resistance in populations of B. cinerea on
ornamental crops. The first objective was
to determine the frequency of benzimida-
zole and dicarboximide resistance in
populations of B. cinerea on ornamental
crops in South Carolina greenhouses and
relate these data to those from other re-
gions. Despite the importance of the orna-
mental crop industry in the southeastern
United States, no formal investigation has
been conducted in this region to confirm
patterns of resistance in populations of B.
cinerea that are known to occur elsewhere.
Results from a study such as this could
have important implications on disease
management recommendations for Botrytis
blight on ornamental crops in the South-
east.

The second objective of this study was
to evaluate and compare conidium germi-
nation and mycelium growth assays for
determining fungicide sensitivity. Results
from these two in vitro assays then could
be correlated with those from an in vivo
seedling assay to determine the accuracy of
these methods for assessing fungicide sen-
sitivity phenotypes of isolates of B. cine-
rea. Response of fungi to fungicides gener-
ally is reported as the effective con-
centration that inhibits conidium ger-
mination or mycelium growth by 50%
(EC50) on fungicide-amended medium.
Sensitivity of B. cinerea to fungicides can
differ depending on whether mycelium
growth or conidium germination is assayed
(6,15,16,26). Therefore, the assay method
used can affect the EC50 values calculated

and reported. Both of these methods have
been used previously to assay populations
of B. cinerea for fungicide sensitivity
(6,7,15,16,21). Preliminary results of this
study have been reported (36,37).

MATERIALS AND METHODS
Isolation and maintenance of B. cine-

rea isolates. In 1996 and 1997, at least 10
samples of leaves, stems, bracts, or flowers
of a number of common ornamental green-
house crops (e.g., geranium, poinsettia,
impatiens, and gerbera) were collected
from each of 35 commercial greenhouses
located throughout South Carolina. Plant
parts exhibiting symptoms or signs of dis-
ease were detached from plants and placed
in clean plastic bags and stored 1 to 2 days
in an ice chest until they could be proc-
essed. In the laboratory, plant parts were
placed in sterile glass Petri dishes con-
taining Whatman No. 1 filter papers satu-
rated with sterile distilled water. These
moist chambers were placed on a labora-
tory bench (22 to 25°C) until conidia were
observed—usually 1 to 3 days later. A
small piece (approximately 2 by 2 mm) of
potato dextrose agar amended with 150 µg
chloramphenicol/ml of medium (PDA+C)
was taken from a Petri dish and, while
looking through a dissecting microscope
(10 to 20×), touched to a conidiophore.
The agar piece with adhering conidia was
placed in the center of a Petri dish con-
taining PDA+C and incubated at 20°C in
the dark. Two isolates from each plant
organ were plated in this manner, although
not every isolate grew to produce conidia.
After 3 to 4 days, agar containing myce-
lium from the leading edge of the colony
was transferred to the center of a dispos-
able Petri dish (100 by 15 mm) containing
potato dextrose agar (PDA; Difco Labora-
tories, Detroit). Dishes were placed on a
bench in the laboratory, where they were
exposed daily to overhead fluorescent light
and indirect natural light from a window.
Conidia formed in the dishes in 10 to 14
days. Conidia were harvested from dishes
by pipetting into dishes 3 ml of a sterile,
aqueous solution of 0.01% Tween 80; rub-
bing colonies gently with sterile bent glass
rods; and transferring conidium suspen-
sions by pipette into sterile glass culture
tubes (13 by 100 mm). An equal volume of
sterile 30% glycerol in water was added to
each tube, giving a final concentration of
15% glycerol. Suspensions of each isolate
were transferred to several 2-ml cryogenic
vials (Nalgene Corporation, Rochester,
NY), and vials were stored in an ultra-low-
temperature freezer at –80°C. The final
collection contained 131 pairs of isolates
(with the two isolates in each pair recov-
ered from conidia on two separate conidio-
phores attached to a single plant part) and
63 individual isolates (each of which was
the only isolate collected from a given
plant part). Therefore, a total of 325 iso-
lates were stored.

To retrieve conidia of an isolate from vi-
als stored at –80°C, a sterile wood appli-
cator was dipped into a vial containing the
conidium suspension and the attached vis-
cous suspension (approximately 20 µl) was
placed into a microcentrifuge tube con-
taining 100 µl of 0.01% Tween 80 solution.
Vials were removed and returned to the
ultra-low-temperature freezer rapidly
enough to prevent suspensions from thaw-
ing completely. For each isolate, 20 µl of
resuspended conidia were put on PDA in a
Petri dish, and dishes were placed on a
laboratory bench for 10 to 14 days before
harvesting the freshly produced conidia as
described above. Concentrations of conid-
ium suspensions were quantified by trans-
ferring 10 µl of a suspension to 990 µl of
0.01% Tween 80 and counting conidia with
a hemacytometer. All conidium suspen-
sions were standardized to 2 to 3 × 104

conidia/ml.
Fungicides. Commercial flowable for-

mulations of thiophanate-methyl (46% a.i.,
Cleary’s 3336F; W. A. Cleary Corporation,
Somerset, NJ) and vinclozolin (41.3% a.i.,
Curalan; BASF Corporation, Research
Triangle Park, NC) were used in all ex-
periments. Fungicides were stored at 15°C
in the dark to maintain and preserve fungi-
cide activity.

Conidium germination assay. Dilu-
tions of thiophanate-methyl and vinclo-
zolin formulations were made with sterile
distilled water to yield suspensions of
50,000 and 1,000 µg of a.i./ml of each
fungicide. A defined minimal medium,
which was modified from the Difco
Czapek-Dox recipe, was prepared and used
to avoid possible interactions of fungicides
with complex components of an undefined
medium, such as PDA, that were observed
in preliminary experiments. This medium
(1 liter) contained 12 g of agar, 10 g of
glucose, 3 g of NaNO3, 1 g of KH2PO4, 1 g
of K2HPO4, 0.5 g of MgSO4 · 7H2O, 0.5 g
of KCl, and 0.01 g of FeSO4 · 7H2O; the
final pH was 6.6. Erlenmeyer flasks, each
containing a standard volume of medium
and a magnetic stir bar, were autoclaved
and allowed to cool to 55 to 60°C. Appro-
priate volumes of stock fungicide suspen-
sions were added to the medium to give
final concentrations of 0.5, 1, 5, 50, and
500 µg of a.i./ml of each fungicide. Addi-
tional flasks of medium without fungicides
were used as controls. Media were dis-
pensed into standard disposable Petri
dishes (100 by 15 mm) with 20 ml of me-
dium in each dish, or 1 ml of medium into
each well of 48-well tissue culture dishes
(8 by 6 wells; CoStar, Cambridge, MA).
The 48-well plates allowed eight isolates
of B. cinerea to be assayed at each of the
six fungicide concentrations (including
control). Conidium suspensions were dis-
pensed into each well in 10-µl aliquots.
When Petri dishes were used, 10 µl of
conidium suspensions were pipetted onto
the agar surface in discrete drops, allowing
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approximately 20 isolates to be assayed in
each dish. All assays included three repli-
cations of each isolate per concentration,
with replicates in separate dishes. Dishes
were left open in a laminar-flow hood until
the liquid of conidium suspensions was
absorbed into the agar, and dishes were
placed in the dark at 20°C for 14 to 18 h to
allow conidia to germinate. Conidia then
were fixed and stained with 0.025% aniline
blue in 50% lactic acid to stop growth and
facilitate counting. Germination rate was
determined by counting the number of
conidia out of 100 that had germ tubes—
with lengths at least three to four times the
diameter of a conidium and a normal ap-
pearance—growing into the agar.

Mycelium growth assay. A total of 53
isolates representative of the 325-isolate
collection were selected to compare the
conidium germination and mycelium
growth assays. Isolates came from 30 of
the 35 greenhouses and represented all four
phenotypes: 17 isolates were sensitive to
both fungicides, 17 isolates were resistant
to both, 16 isolates were resistant to thio-
phanate-methyl and sensitive to vinclo-
zolin, and 3 isolates were sensitive to thio-
phanate-methyl and resistant to vinclozolin
(only 3 isolates of this phenotype were
available when the experiment was initi-
ated). Isolates of the same phenotype were
from different greenhouses. All 53 isolates
were tested for germination of conidia as
described above. These isolates also were
tested for growth of mycelium on fungi-
cide-amended medium. Minimal medium
was amended with formulated thiophanate-
methyl or vinclozolin to produce concen-
trations of 0, 0.05, 0.15, 0.5, 1.5, 5, and
500 µg of a.i./ml and dispensed into dis-
posable Petri dishes as described above.
Agar plugs (5 mm in diameter) from the
leading edge of cultures of the 53 isolates
on PDA were placed in the center of Petri
dishes containing unamended minimal
medium. After 3 to 5 days in the dark at
20°C, three 5-mm plugs were selected
randomly and were placed an equal dis-
tance apart on each of the concentrations of
fungicide-amended medium. This process
was replicated three times. Cultures were
incubated at 20°C in the dark for 3 days.
Mycelium growth was measured along a
radius from the edge of the agar plug to the
colony margin. Germination and growth
assays of the 53 isolates were conducted
twice.

Geranium seedling assay. To verify
fungicide sensitivity phenotypes deter-
mined by conidium germination and my-
celium growth, geranium seedlings were
treated with fungicides and inoculated with
the same 53 isolates of B. cinerea used in
these in vitro assays. Geranium seeds (cv.
Orbit, Light Salmon; Park Seed Co.,
Greenwood, SC) were sown in soilless
container mix (Peat-Lite; Fafard, Inc.,
Anderson, SC) in 72-cell (12 by 6 cells)
seedling trays in a greenhouse. When

cotyledons expanded fully, approximately
10 to 14 days later, entire trays of gera-
nium seedlings were sprayed with either
water, thiophanate-methyl (600 µg/ml), or
vinclozolin (600 µg/ml). Fungicide con-
centrations were based on label recom-
mendations for greenhouse-grown orna-
mental crops. Fungicides and water were
applied with hand-pumped, 500-ml sprayer
bottles until cotyledons were thoroughly
wet. Cotyledons were allowed to dry com-
pletely (approximately 1 to 2 h) before
preparing plants for inoculation.

Seedling trays with treated plants were
cut to yield 12 six-cell strips. Each strip of
six plants constituted a single replicate.
One replicate from each of the three treat-
ments was placed into an empty, intact 72-
cell seedling tray. Each set of treatments
was used to assay one isolate; therefore,
each seedling tray was used to assay four
isolates. Each tray was placed on an in-
verted flat in a rectangular plastic tub that
contained water 5 cm deep, and the tub
was covered with a tight-fitting lid. This
arrangement provided constant high rela-
tive humidity but prevented roots from
becoming saturated.

To prepare inoculum, conidia were col-
lected from PDA plates as described above
and then were suspended in an aqueous
solution of 0.1 M glucose with 0.01%
Tween 80 (21,22). Conidium suspensions
were quantified with a hemacytometer and
standardized to a concentration of 1 × 106

conidia/ml for all isolates. Cotyledons on
five of the six plants in each replicate strip
were inoculated by dipping sterile, 6-mm-
diameter filter-paper discs (Whatman No.
1) into a conidium suspension and placing
one disc onto each cotyledon (30). One
seedling in each replicate of all treatments
was left uninoculated as an internal control
and received discs dipped only in a solu-
tion of glucose plus Tween 80. Each treat-
ment was replicated three times. Plastic
tubs containing treated, inoculated plants
were placed in a walk-in growth chamber
with a 14-h photoperiod and a daily tem-
perature range of 17 to 20°C. Water from a
hand-pumped spray bottle was misted over
seedlings once per day for two days after
inoculation to promote infection. Disease
incidence was assessed 4 to 6 days after
inoculation. Seedlings were scored 1.0 if
both cotyledons had distinct lesions or
signs of B. cinerea infection (usually pro-
fuse sporulation); seedlings with one dis-
eased and one healthy cotyledon were
scored 0.5. The experiment was conducted
twice.

Statistical analysis. Effective concen-
tration values for germination (EC50-germ)
and mycelium growth (EC50-growth) were
calculated by fitting a dose-response func-
tion to a logistic model (2,4). Tests based
on the t distribution of the mean of slopes
of dose-response curves, with P = 0.05,
were performed for each isolate to deter-
mine if data sets from repeated trials could

be combined (28). Formulas to calculate
EC50 values and t-distribution statistics
were written into the formula function of
Excel 7.0 (Microsoft Corporation, Red-
mond, WA). Correlation coefficients (r)
between pairs of response variables also
were calculated with the correlation func-
tion in Excel 7.0. For in vitro assays, EC50

values were transformed to log10 values
before analyses; for plant assays, percent-
ages were transformed to arcsine-square
root values before analyses (28).

RESULTS
In 1996 and 1997, 325 isolates of B. cin-

erea were collected from ornamental crops
in 35 commercial greenhouses in 16 coun-
ties around South Carolina (Table 1, Fig.
1). Of these 325 isolates, 131 pairs of iso-
lates were each collected from a common
piece of plant tissue. Of these 131 pairs,
the two individual isolates in 94 pairs ex-
hibited a common fungicide sensitivity
phenotype, and the isolates in 37 pairs
differed in phenotype. Because of the dif-
ference between isolates within pairs, all
325 isolates were treated as distinct and
independent throughout this study. Isolates
of B. cinerea were collected at 34 of 35
sites; only one greenhouse in Colleton
County did not yield any isolates. Resistant
isolates were common and widespread.
Isolates resistant to at least one of the two
fungicides were found in 32 of the green-
houses (91%). Isolates sensitive to both
fungicides were found in 23 greenhouses
(66%); isolates resistant to both fungicides
were present in 30 greenhouses (86%);
isolates resistant to only thiophanate-
methyl were found in 20 greenhouses
(57%); and isolates resistant to only vin-
clozolin were present in just 5 greenhouses
(14%). Only one isolate was collected at
two of the greenhouses (greenhouses MC
and GA; Table 1 and Fig. 1); both of these
isolates were sensitive to both fungicides.
At 11 sites, none of the isolates collected
were sensitive to both thiophanate-methyl
and vinclozolin, and all isolates collected
at 5 of these 11 greenhouses were resistant
to both fungicides.

B. cinerea was isolated from an array of
ornamental crops but predominantly from
begonia, geranium, gerbera, impatiens,
petunia, and poinsettia. Greenhouses where
isolates were collected ranged from small,
family-run operations supplying plants for
local retail stores to large growers with
regional distribution. Most greenhouses
used a large portion of their space for bed-
ding plant production, but three operations
were dedicated solely to growing herbs
organically from seed (i.e., without the use
of chemical pesticides; greenhouses CH,
PP, and MC; Table 1 and Fig. 1). In most
greenhouses, fungicides for foliar disease
management included many commonly
used products (e.g., thiophanate-methyl,
vinclozolin, iprodione, chlorothalonil, and
copper products), but these fungicides
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usually were not applied on a regular
schedule.

Conidium germination assays were con-
ducted on all isolates, and EC50-germ val-
ues were determined (Table 2). Isolates
exhibiting abnormal or no conidium ger-
mination when exposed to concentrations
of ≤5 µg/ml of thiophanate-methyl or vin-
clozolin were considered sensitive (ST and
SV, respectively). Isolates exhibiting nor-
mal germination when fungicide concen-
trations were >5 µg/ml were designated
resistant to thiophanate-methyl or vinclo-
zolin (RT and RV, respectively). Of the 325
isolates collected, 63 (19%) were sensitive
to thiophanate-methyl while 102 isolates
(31%) were sensitive to vinclozolin. Only
57 isolates (17%) were sensitive to both
fungicides (STSV), whereas the majority,
217 isolates (67%), were resistant to both
fungicides (RTRV). Isolates sensitive to one
fungicide but resistant to the other were
less common; 45 isolates (14%) were re-
sistant to thiophanate-methyl and sensitive
to vinclozolin (RTSV), and only 6 isolates
(2%) were sensitive to thiophanate-methyl
and resistant to vinclozolin (STRV). Isolates
sensitive to thiophanate-methyl differed in
degree of sensitivity expressed; 49%
(31/63) were sensitive at <0.5 µg/ml, 29%
(18/63) were sensitive in the range of 0.5
to 1.0 µg/ml, and 22% (14/63) had EC50-
germ values >1 and ≤5 µg/ml. In contrast,
84% (86/102) of vinclozolin-sensitive iso-
lates had EC50-germ values in the range of
1 to 5 µg/ml, 16% (16/102) were sensitive
between 0.5 and 1.0 µg/ml, and no isolates
were sensitive to vinclozolin at <0.5 µg/ml.
The germination of most of the isolates
resistant to thiophanate-methyl (81% or
213/262) or vinclozolin (85% or 190/223)
was unaffected by the highest concentra-
tion of fungicides tested (i.e., 500 µg/ml).

To compare different methods of as-
sessing sensitivity to fungicides, 53 of the
325 isolates of B. cinerea were evaluated
further. Germination of conidia and growth
of mycelia on fungicide-amended agar
medium were compared. Experiments were
conducted twice and were not statistically
different; therefore, data were pooled. Phe-
notypes of individual isolates determined
by conidium germination and mycelium
growth assays were comparable; however,
the ranges of EC50 values used to deter-
mine phenotypes from the two methods
were different, especially when isolates
were exposed to vinclozolin (Table 3). The
mean EC50 value for isolates sensitive to
thiophanate-methyl (ST) was 0.9 µg/ml for
germination and 0.1 µg/ml for mycelium
growth. The mean EC50 value for vinclo-
zolin-sensitive isolates (SV) was 1.6 µg/ml
for germination and 0.3 µg/ml for myce-
lium growth. Isolates were considered
sensitive to thiophanate-methyl and vinclo-
zolin when EC50-germ was ≤5 µg/ml or
when EC50-growth was ≤1 µg/ml.

All isolates resistant to thiophanate-
methyl were unaffected in both germina-

Table 1. Number of isolates of Botrytis cinerea in each of four fungicide-sensitivity phenotypes
collected from ornamental crops at 35 greenhouses around South Carolina in 1996 and 1997

Phenotypea

County Greenhouseb STSV RTRV RTSV STRV Total

Berkeley C 1 0 3 0 4
Calhoun HC 1 8 0 0 9
Charleston BU 0 8 1 0 9

BW 1 5 2 0 8
CC 1 9 1 1 12
CH 4 1 3 1 9
PP 8 0 2 0 10
SI 0 7 0 0 7

Colleton HG 0 0 0 0 0
CG 3 3 0 0 6
MC 1 0 0 0 1
PS 0 6 1 0 7

Dorchester GA 1 0 0 0 1
H 4 6 1 1 12

Florence FL 1 19 0 0 20
Georgetown A 3 8 3 2 16

GG 0 10 1 0 11
MD 2 7 0 0 9

Greenville M 0 5 0 0 5
UG 1 6 0 0 7

Horry CN 2 2 0 0 4
Lexington HK 0 9 2 0 11
Marion GO 2 6 2 0 10
Newberry DD 5 3 3 0 11
Oconee AP 1 4 0 0 5

HL 2 2 2 0 6
Richland PL 3 5 4 0 12

BR 0 4 0 0 4
AA 0 5 0 0 5
PB 0 18 1 0 19
PW 0 17 0 0 17
BT 2 3 2 1 8
HH 3 15 2 0 20

Saluda B 5 9 5 0 19
York S 0 7 4 0 11
Total 35 57 217 45 6 325

a Phenotypes were sensitive (S) or resistant (R) to thiophanate-methyl (T) or vinclozolin (V).
b Arbitrary designation for greenhouses from which samples were taken.

Fig. 1. Locations of 35 commercial greenhouses in South Carolina from which isolates of Botrytis
cinerea were collected from ornamental crops in 1996 and 1997. Letters represent individual green-
houses.
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tion and growth by the highest concentra-
tion of thiophanate-methyl used (500
µg/ml), and the EC50 values for both assay
methods were comparable. However, sen-
sitivity of vinclozolin-resistant isolates
depended on the assay used. The mean
EC50 value for conidium germination was
>500 µg/ml, whereas the mean EC50 value
for mycelium growth was 3.2 µg/ml.

Inoculation of geranium seedlings
treated with fungicides or water confirmed
phenotypes determined by conidium ger-
mination or mycelium growth assays.
Seedlings treated with water and then in-
oculated with sensitive isolates consis-
tently became diseased (92 to 99% disease
incidence; Table 3). There was no apparent
difference in virulence between sensitive

and resistant isolates on these control
plants. Seedlings treated with fungicides at
label rates and then inoculated with sensi-
tive isolates were protected from infection
(0 to 2% disease incidence), whereas those
inoculated with resistant isolates were not
protected and readily became diseased (91
to 98% disease incidence).

Similarities among the two in vitro assay
methods and the geranium seedling assay
were examined by calculating correlation
coefficients between pairs of assays for the
53 isolates (Table 3). When thiophanate-
methyl was used, results between all pairs
of the three assays were highly correlated
(r = 0.99). When vinclozolin was used,
results from the conidium germination and
the seedling assays were highly correlated

(r = 0.98); results between the conidium
germination and mycelium growth assays
and between the mycelium growth and
seedling assays were not as highly corre-
lated (r = 0.90 and 0.89, respectively).

DISCUSSION
Resistance to two of the most popular

fungicides in the ornamental crop industry
(10) was common and widespread in
populations of B. cinerea in commercial
greenhouses throughout South Carolina.
Resistance to both the benzimidazole thio-
phanate-methyl and the dicarboximide
vinclozolin (RTRV) was the most common
phenotype found among the 325 isolates
from ornamental crops, accounting for
67% of all isolates collected. The high
incidence of resistance to both fungicides
was similar to that reported for other
greenhouse populations of B. cinerea
around the world (16,17,21,26,29). Con-
sidering the frequent and long-time use of
both thiophanate-methyl and vinclozolin in
greenhouses (10,21) and the presumed
stability of mutations conferring benzimi-
dazole resistance and possibly dicarboxi-
mide resistance (6,7,15,16,21), it is not
surprising that resistance to both fungicides
was so prevalent. These fungicides had not
been used either frequently, consistently, or
at all in several of the greenhouse opera-
tions in this study; yet resistant isolates
were found in all but a few locations. The
method of collecting isolates from diseased
plant material leaves open the possibility
of clonal relationships between isolates
collected from the same greenhouse. How-
ever, when two isolates per plant part were
collected from 131 different pieces of dis-
eased plants, the two isolates in 37 (28%)

Table 3. Comparison of 53 isolates of Botrytis cinerea with different fungicide-sensitivity phenotypes based on EC50 values for conidium germination and
mycelium growth on fungicide-amended medium and disease incidence on geranium seedlings treated with fungicides or water

EC50 (µg/ml)a

Thiophanate-methyl Vinclozolin Disease incidence (%)b

Phenotypec No. of isolates Germination Growth Germination Growth Thiophanate- methyl Vinclozolin Water

STSV 17 1.0 (0.6)d 0.1 (0.1) 1.9 (0.9) 0.3 (0.1) 1.7 (2.3) 0.4 (0.9) 92.4 (7.1)
RTRV 17 >500 (0) >500 (0) >500 (0) 3.4 (5.2) 97.9 (3.6) 90.8 (14.5) 97.2 (3.3)
RTSV 16 >500 (0) >500 (0) 1.3 (0.6) 0.3 (0.1) 94.2 (8.5) 0.2 (0.6) 94.7 (7.9)
STRV 3 0.6 (0.3) 0.1 (0.1) >500 (0) 1.9 (0.2) 0 (0) 98.3 (2.9) 98.9 (1.9)

ST 20 0.9 (0.6) 0.1 (0.1) … … 1.4 (2.2) … 93.4 (7.0)
RT 33 >500 (0) >500 (0) … … 96.1 (6.6) … 96.0 (6.1)
SV 33 … … 1.6 (0.8) 0.3 (0.1) … 0.3 (0.8) 93.5 (7.5)
RV 20 … … >500 (0) 3.2 (4.8) … 91.9 (13.6) 97.4 (3.2)

Correlation coefficients (r)e

Thiophanate-methyl Vinclozolin

Log10 (EC50-germ) versus log10 (EC50-growth) 0.99 0.90
Log10 (EC50-germ) versus disease incidence 0.99 0.98
Log10 (EC50-growth) versus disease incidence 0.99 0.89

a EC50 values are the effective concentrations of fungicide that inhibited conidium germination or mycelium growth by 50%.
b Mean percentage of geranium seedlings that became diseased. Cotyledons were inoculated with isolates of B. cinerea (see text); six seedlings constituted

a replicate and three replicates were used per isolate. Replicates were treated with water or 600 µg/ml of thiophanate-methyl or vinclozolin prior to
inoculation.

c Isolates were classified as sensitive (S) or resistant (R) to thiophanate-methyl (T) or vinclozolin (V). Isolates were resistant if EC50 values for germination
or growth were >5 µg/ml or >1 µg/ml, respectively.

d Values are means and standard deviations (in parentheses).
e Correlation coefficients between pairs of response variables for each fungicide using all 53 isolates.

Table 2. Sensitivities and phenotypes of 325 isolates of Botrytis cinerea to thiophanate-methyl and
vinclozolin based on EC50 values for germination of conidia on fungicide-amended mediuma

EC50 (µg/ml) range for EC50 (µg/ml) range for vinclozolin

thiophanate-methyl <0.5 0.5–1 >1–5 >5–10 >10–50 >50–100 >100–500 >500

<0.5 0b 1 29 0 0 0 0 1
0.5–1 0 1 13 0 0 0 0 4
>1–5 0 4 9 0 0 0 0 1

STSV total = 57 (17%)c STRV total = 6 (2%)

>5–10 0 0 0 0 0 0 0 0
>10–50 0 0 1 0 0 1 2 9
>50–100 0 0 0 0 0 1 2 8
>100–500 0 0 4 0 2 4 8 7
>500 0 10 30 0 2 2 9 160

RTSV total = 45 (14%) RTRV total = 217 (67%)

a EC50 values, the effective concentrations that inhibited conidium germination by 50%, were
calculated from percentages of conidia of each isolate that germinated on a defined medium
amended with 0, 0.5, 1, 5, 50, and 500 µg/ml of thiophanate-methyl or vinclozolin.

b Numbers of isolates in each category of fungicide sensitivity.
c Total numbers of isolates (and corresponding percentages out of 325) that were classified into four

phenotypes based on resistance (R) or sensitivity (S) to thiophanate-methyl (T) and vinclozolin (V).
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of the pairs exhibited a different pheno-
type. This suggests that diverse and non-
uniform populations of B. cinerea exist in
close proximity on diseased host plants or
that dynamic shifts in genotypes within
populations have occurred in situ.

Benzimidazole resistance has been re-
ported to be the result of one or a few sta-
ble mutations in the genome (35) and re-
sistance to benzimidazoles does not appear
to compromise the fitness of B. cinerea
isolates to infect a host or reproduce
(11,19,27). Consequently, benzimidazole-
resistant populations have persisted even in
areas where applications of these fungi-
cides have not occurred for several years
(18). Virulence of isolates resistant to thio-
phanate-methyl was similar to that of sen-
sitive isolates in our geranium bioassay.
Similarly, dicarboximide-resistant isolates
were as virulent on vinclozolin-treated and
-untreated geraniums as sensitive isolates
were on untreated geraniums. These obser-
vations are consistent with reports that
dicarboximide-resistant and -sensitive
isolates were competitive and virulent
(16,21,23,32) but contrast with studies that
suggest dicarboximide-resistant isolates
were less virulent than sensitive ones
(6,12,15). In French vineyards, dicarboxi-
mide-resistant populations from some re-
gions of the country were as virulent as
sensitive ones, while those in other regions
were not as virulent (18).

Reliable records of fungicide application
in the greenhouses visited were not avail-
able; therefore, prior fungicide use could
not be compared to incidence of resistant
isolates. In other studies, however, no cor-
relation was found between frequency of
benzimidazole-resistant isolates and prior
use of benzimidazole fungicides (1,24). In
addition, resistance was found not to be
correlated with prior use of either benzimi-
dazole or dicarboximide fungicides in
Connecticut greenhouses (17). Other stud-
ies indicated that dicarboximide resistance
was highly correlated with more than three
or four dicarboximide applications per year
(1,20).

Our findings were consistent with those
of others, in that a high percentage of iso-
lates resistant to dicarboximides also were
resistant to benzimidazoles even among
populations where there was no record of
previous benzimidazole exposure (26) or
where benzimidazoles had not been used
for several years (18). Long-time or exces-
sive use of these fungicides, the stability of
fungicide-resistant isolates in populations,
and the possible movement of resistant
isolates on plant material from propagation
greenhouses to local production green-
houses might explain this pattern, as
Moorman and Lease have suggested previ-
ously (21). In addition, Hisada et al. (12)
suggested that dicarboximide resistance
may be acquired more easily by benzimi-
dazole-resistant isolates than by benzimi-
dazole-sensitive ones. More benzimida-

zole-resistant phenotypes have been
observed in studies of dicarboximide-re-
sistant populations than in dicarboximide-
sensitive populations (1,12,16,26). Our
finding that 67% of isolates were resistant
to both fungicides (RTRV) and only 14%
resistant to thiophanate-methyl but sensi-
tive to vinclozolin (RTSV) is consistent
with this hypothesis. Similarly, only 2% of
the isolates in our collection were sensitive
to thiophanate-methyl and resistant to vin-
clozolin (STRV). In contrast, Wang et al.
did not find a correlation between dicar-
boximide and benzimidazole resistant iso-
lates (33).

Thus far, genetic investigations have not
demonstrated cross-resistance between the
two fungicide groups. Studies with Botry-
otinia fuckeliana (teleomorph of B. cine-
rea; 7,8) have suggested independence and
probable linkage, based on a distance of
approximately 47 map units, of the two
major genes conferring benzimidazole and
dicarboximide resistance, Mbc1 and Daf1,
respectively. The genetic mechanism con-
ferring benzimidazole resistance has de-
tailed the specific amino acid substitutions
and codon positions (35), but a mechanism
for resistance to dicarboximides remains
incomplete.

Both methods of determining fungicide
sensitivity in vitro (i.e., conidium germi-
nation and mycelium growth) were corre-
lated with disease incidence on fungicide-
treated geranium seedlings. Therefore,
either method is acceptable for isolate
testing and phenotype designation; al-
though with vinclozolin, correlation was
highest between conidium germination and
disease incidence. All isolates were viru-
lent on water-treated plants regardless of
phenotype. Northover (23) suggested that
germination assays gave a more reliable
estimate of resistance, especially when
comparing dicarboximide (iprodione) and
benzimidazole (benomyl) fungicides, and a
lower estimate of the percentage of the
population sensitive to either benomyl or
iprodione. Germination assays also may
reduce erroneous phenotype designations
for genetically unstable sensitive isolates
that produce mutant sectors of mycelium,
which may be difficult to distinguish or
interpret (15,18).

Conidia of sensitive isolates were af-
fected by low concentrations of both fungi-
cides (≤5 µg/ml), and inhibition of germi-
nation was apparent upon exposure to
fungicide-amended medium after 14 to 18
h of incubation. However, germinating
conidia responded to benzimidazole and
dicarboximide fungicides differently.
Conidia of sensitive isolates exposed to
critical concentrations of thiophanate-
methyl produced stunted and distorted
germ tubes (1). Conidia of sensitive iso-
lates exposed to vinclozolin produced no
germ tubes and no discernible signs of
germ-tube initiation. Germ tubes and re-
sulting hyphae from resistant isolates ex-

posed to thiophanate-methyl or vinclozolin
appeared normal and were not obviously
different from those of sensitive or resis-
tant isolates grown on a medium without
fungicides. Unlike the results reported by
Davis et al., we observed no bursting of
conidia on dicarboximide-amended me-
dium (6).

Conidia and mycelia were differentially
sensitive to both fungicides, especially
dicarboximides, which is consistent with
other reports (6,15,16,26). As such, EC50

values are more meaningful when associ-
ated with the assay method used to derive
the values. For isolates sensitive to both
fungicides, mycelium growth was affected
at lower concentrations than was conidium
germination; therefore, EC50 values for
mycelium growth were lower than those
for conidium germination. A similar situa-
tion occurred with isolates resistant to
vinclozolin. However, for isolates resistant
to thiophanate-methyl, both mycelia and
conidia were unaffected by a thiophanate-
methyl concentration of 500 µg/ml.

Results of fungicide sensitivity assays in
this study were consistent with those re-
ported by others. Katan (16) reported vin-
clozolin-resistant and -sensitive isolates
with EC50-growth values ranging from 1 to
4.9 µg/ml and 0.1 to 0.3 µg/ml, respec-
tively. In another study, isolates were con-
sidered sensitive to benomyl when EC50-
growth was <1 µg/ml, while isolates highly
resistant to benomyl had EC50-growth val-
ues that were >100 µg/ml (7). In the same
study, vinclozolin-sensitive isolates had
EC50-growth values <1 µg/ml, while iso-
lates resistant to vinclozolin had a range of
EC50-growth values from 3 to >100 µg/ml.
By this standard, the majority of resistant
isolates in our collection exhibited high
resistance to thiophanate-methyl and low
resistance to vinclozolin.

In this study, we found that the two in
vitro assays, one based on conidium ger-
mination and the other based on mycelium
growth, determined a similar phenotype for
individual isolates and that results from
both assays were highly correlated with
those from a geranium seedling assay. Re-
gardless of differences in degrees of sensi-
tivity and resistance in laboratory assays,
the real test is the capacity of a fungicide
to protect plants against the pathogen
population present in the field. Both in
vitro assays were effective at predicting
disease occurrence on geranium seedlings
in the presence of thiophanate-methyl or
vinclozolin.

Also in this study, we identified high
frequencies of benzimidazole and dicar-
boximide resistance in populations of B.
cinerea associated with greenhouse-grown
ornamental crops in South Carolina. Simi-
lar situations previously have been re-
ported for greenhouse-grown ornamental
crops in other parts of the country (17,21).
Consequently, fungicide resistance appears
to be a widespread problem in the industry
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in the United States. Based on the low
incidence of isolates still sensitive to these
fungicides, recommendations for managing
Botrytis blight on ornamental crops in
greenhouses should de-emphasize the use
of thiophanate-methyl, vinclozolin, and
chemically related compounds. Green-
house operators in Pennsylvania currently
are advised not to use benzimidazole fun-
gicides for management of Botrytis dis-
eases (21). Management strategies for Bo-
trytis blight should focus on integrated
disease management (5,14), including the
use of fungicides. Growers no longer can
rely on benzimidazole and dicarboximide
fungicides as primary management tools.
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