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Abstract
Li, X., Fernandez-Ortuiio, D., Chen, S., Grabke, A., Luo, C.-X., Bridges, W. C., and Schnabel, G. 2014. Location-specific fungicide resistance pro-

files and evidence for stepwise accumulation of resistance in Botrytis cinerea. Plant Dis. 98:1066-1074.

The fungicide resistance profiles to seven chemical classes of fungi-
cides were investigated in 198 Botrytis cinerea isolates from five
blackberry fields and 214 B. cinerea isolates from 10 strawberry fields
of North and South Carolina. Populations of B. cinerea tended to have
a single dominant, location-specific resistance profile that consisted of
resistance to multiple fungicides in fields sprayed weekly with site-
specific fungicides. The most prevalent profile in blackberry fields
consisted of resistance to thiophanate-methyl, pyraclostrobin, and
boscalid. The most prevalent resistance profile found in conventional
strawberry fields consisted of resistance to thiophanate-methyl, pyra-
clostrobin, boscalid, and cyprodinil. A statistical model revealed that
multifungicide resistance patterns did not evolve randomly in popula-
tions from both crops. Instead, strains resistant to thiophanate-methyl
were more likely to acquire resistance to pyraclostrobin, the resulting
dual-resistant population was more likely to acquire resistance to bos-
calid, the resulting triple-resistant population was more likely to ac-
quire resistance to cyprodinil, and the resulting quadruple-resistant
population was more likely to acquire resistance to fenhexamid (straw-
berry population only) compared with random chance. Resistance to
iprodione and fludioxonil evolved from a pool of strains with different

fungicide resistance profiles. Resistance to thiophanate-methyl,
pyraclostrobin, boscalid, and fenhexamid in blackberry isolates was,
without exception, based on target gene mutations, including E198A
and E198V in B-tubulin, G143A in cytochrome b, H272Y and H272R
in SdhB, and F412I in Erg27, respectively. A new genotype associated
with fenhexamid resistance was found in one strain (i.e., Y408H and
deletion of P298). Fungicide-resistant strains were present but rare in
an unsprayed blackberry field, where some unique phenotypes,
including low and medium resistance to fludioxonil, had emerged in
the absence of fungicide pressure. The isolates resistant to fludioxonil
had effective dose that inhibited 50% of mycelial growth values of
0.16 pg/ml (low resistance) and 0.32 and 0.38 pg/ml (medium
resistance) and were also resistant to the anilinopyrimidine fungicide
cyprodinil, indicating that this and similar phenotypes will eventually
be selected by continued applications of the fludioxonil + cyprodinil
premixture Switch. This study shows that multifungicide-resistant
phenotypes are common in conventionally maintained strawberry and
blackberry fields and that resistance to multiple fungicides evolved
from stepwise accumulation of single resistances.

Gray mold is one of the most economically important diseases
of commercially produced blackberry and strawberry fruit. In the
southeastern United States, the disease is caused by Botrytis ci-
nerea Pers. and B. caroliniana X.P. Li & G. Schnabel, a species
that has only recently been reported in North and South Carolina
blackberry fields (26,32) and a North Carolina strawberry field
(16). B. cinerea can affect yield in different ways. The pathogen
may cause blight on leaf or petal tissues, crown rot, stem cankers,
cutting rot, and damping-off (9,26). The fungus produces germ
tubes from conidia that can infect through natural openings or
wounds. It is a cool-season disease and infection is favored under
wet conditions with temperatures below 22°C (26,37). In addition
to actively causing disease during the growing season, the fungus
is also able to cause latent infections leading to disease after har-
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vest, either during storage or transit, in the store, or after purchase
by the consumer (25,38,42).

Seven classes of site-specific fungicides are currently available
for the control of gray mold disease in the United States. They
include anilinopyrimidines (APs), dicarboximides (DCs), hydroxy-
anilides (HAs), methyl benzimidazole carbamates (MBCs), phe-
nylpyrroles (PPs), quinone outside inhibitors (Qols; disease sup-
pression only), and succinate dehydrogenase inhibitors (SDHIs).
Among these site-specific fungicides, MBCs were introduced in
the 1970s and, therefore, have been used for the longest period of
time compared with the other six site-specific fungicides men-
tioned above. The DCs were also introduced in the 1970s but usage
dropped after the United States Environmental Protection Agency
decided in 1999 to drastically limit the maximum number of appli-
cations allowed because of concerns about dietary exposure. A
survey among growers in the Carolinas revealed that most had not
used DCs at all over the last decade. The first Qol, SDHI, AP, and
HA fungicides were registered within 1 to 4 years of each other in
the United States: in 2001, 2003, 2001, and 1999 for disease con-
trol of strawberry and 2001, 2003, 2003, and 2002 for disease con-
trol of blackberry, respectively (2). Although most active ingredi-
ents are sold as solo products, some are sold as mixtures. For
example, the Qol pyraclostrobin and the SDHI boscalid are sold as
Pristine 38 WG (BASF Corporation) or the AP cyprodinil and the
PP fludioxonil are sold as Switch 62.5 WG (Syngenta Crop Protec-



tion, Inc.). Most conventional growers use several different chemi-
cal classes of fungicides during the season in mixtures or rotations
for resistance management. The use of multiple fungicide products
over time, however, may produce pathogen populations with multi-
fungicide resistance (1,29,43). Some isolates recovered from
strawberry in Germany and France exhibited multifungicide re-
sistance in the form of ATP-binding cassette (ABC) transporter and
major facilitator superfamily (MFS) transporter activity (28). How-
ever, in the southeastern United States, resistance to many fungi-
cide classes, including the MBCs, Qols, SDHIs, and HAs, is based
on target gene alterations (1,14,17,22). The objective of this study
was to investigate phenotypic and evolutionary patterns of multi-
fungicide resistance in B. cinerea isolates collected from commer-
cial blackberry and strawberry farms in the Carolinas.

Materials and Methods

Origin of isolates and conidia production. Single-spore iso-
lates of B. cinerea were obtained from decayed blackberry (198
isolates) and strawberry (214 isolates) fruit in 2010 and 2011. Iso-
lates were either verified to be B. cinerea in a previous study (31)
or as part of this study using cultural and molecular methods. The
blackberry samples were collected from five commercial fields in
Oconee (isolate code CB), Pickens (isolate code WM), Chesterfield
(isolate code MC), and Chesnee (isolate code CO) Counties in
South Carolina, and Cleveland County (isolate code KC) in North
Carolina. The strawberry samples were collected from different
commercial strawberry fields encoded HP, MV, NC, and SBY of
North Carolina and FLOR, GIK, JEY, KUD, MOD, and WIC of
South Carolina. All but one blackberry field (CB) had received
fungicide applications in years prior to sampling. Growers from
locations CO, KC, and MC used MBC, Qol, SDHI, AP, and HA
fungicides in rotation or as a mixture on a weekly schedule, mak-
ing an average of over 12 applications per season. None of the
growers interviewed had used DCs over the last decade. Growers
from locations in WM sprayed only occasionally prior to rain
events and used less than five applications, on average, per season.
Weekly applications of site-specific fungicides were conducted at
strawberry locations GIK, JEY, KUD, MOD, and SBY. The spray
history from location NC is not known but locations FLOR, HP,
and MV only received occasional fungicide treatments (less than
five per season). Location WIC only received fungicides approved

for organic strawberry production. We previously characterized the
isolates from strawberry for resistance to APs, HAs, MBCs, Qol,
PPs, and SDHIs (14,15,17,21) but their multifungicide-resistant
phenotypes are reported here for the first time.

For conidia production, all isolates were grown on potato dex-
trose agar medium (PDA; Difco Laboratories) in 9-cm-diameter
petri dishes for 1 to 2 weeks at 22°C with 12-h intervals of fluores-
cent light and darkness. Conidia were gently scraped from the
colonies without touching the agar with a sterile, disposable 10-ul
inoculation loop (VWR international LLC). Conidia were then
suspended in 1 ml of sterile distilled water, and adjusted to 1 to 5 x
10* spores/ml up to 2 h prior to use.

Sensitivity of B. cinerea isolates from blackberry to cyprodi-
nil, iprodione, fenhexamid, thiophanate-methyl, fludioxonil,
pyraclostrobin, and boscalid. The following active ingredients
were obtained as formulated products: AP fungicide cyprodinil
(Vangard WG; Syngenta Crop Protection), DC fungicide iprodione
(Roval 4 FL; Bayer CropSciences), HA fungicide fenhexamid
(Elevate 50 WDG; Arysta LifeScience), MBC fungicide thiophan-
ate-methyl (Topsin M 70 WP; Ceraxagri), PP fungicide fludioxonil
(Scholar SC; Syngenta), Qol fungicide pyraclostrobin (Cabrio EG,
20% wt/wt; BASF Corporation), and SDHI fungicide boscalid
(Endura 70% wt/wt; BASF). Sensitivity was assessed using a pre-
viously published germination assay (44) that evaluates fungicide
sensitivity based on spore germination on a medium amended with
discriminatory doses of fungicides. The experiments were repeated
once. Germination was assessed visually under a light microscope
(Olympus BX41TF; Olympus Optical Co. Ltd.). There were 12
isolates that germinated with iprodione at 5 pg/ml but were unable
to germinate at 50 pg/ml. This phenotype was not described by
Weber and Hahn and was described in this study as low-resistant
(LR). The LR and sensitive phenotypes for iprodione were merged
in Tables 1 and 2 for simplicity reasons because the LR phenotype
has not been associated with field resistance. The distinction
between medium resistance (MR) and low resistance to fludioxonil
was based on differences in germination at the two discriminatory
doses of fludioxonil of 0.1 and 10 pg/ml (44). Isolates were
assigned to the LR category if germ tube growth exceeded 60% at
0.1 pg/ml and 5% at 10 pg/ml compared with the nonfungicide-
treated control. For the DC and PP groups, where there is no
discontinuity in the sensitivity distribution, experimental evidence

Table 1. Phenotypic variation in fungicide resistance of Botrytis cinerea isolates from blackberry and strawberry fields in South Carolina and North Carolina

Number of isolates?

Blackberry field Strawberry field

PhenotypeP SRs¢ CB? WM< KC>12 MC>2 CO>12 WIC" MV<S HP<S FLOR<® NCVA GIK>!12 MOD>!2 SBY>!2 JEY>!2 KUD>!2 Total %

1, None OSR 51 4 1 0 0 8 8 29 10 5 3 2 0 0 0 121 29.37
2, Py 1SR 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0.24
3, Tm 1SR 0 24 0 0 0 0 0 3 0 0 1 0 0 0 0 28 6.80
4, Tm-Bo 2SR 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0.24
5, Tm-Cy 2SR 0 0 0 0 0 2 0 0 0 0 1 0 0 0 0 3 0.73
6, Tm-Py 2SR 0 2 1 0 0 3 0 0 0 0 2 0 1 0 0 9 218
7, Tm-Ip-F1 3SR 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0.24
8, Tm-Py-Bo 3SR 0 7 33 3 19 2 1 0 1 0 6 3 3 2 8 88 21.36
9, Tm-Py-Cy 3SR 0 0 0 0 0 0 0 0 0 0 0 2 1 0 0 3 0.73
10, Tm-Py-Fe 3SR 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0.24
11, Tm-Py-Bo-Cy 4SR 0 0 0 4 8 6 2 0 2 3 5 8 1 18 12 79 19.17
12, Tm-Py-Bo-Fe 4SR 0 1 14 0 4 0 0 0 0 1 0 0 8 1 1 30 7.28
13, Tm-Py-Bo-Ip 4SR 0 1 0 7 3 0 0 0 0 0 0 0 1 0 0 12 291
14, Tm-Py-Bo-Cy-Ip 5SR 0 1 0 1 0 0 0 0 0 0 0 0 1 2 0 5 1.21
15, Tm-Py-Bo-Ip-Fe  5SR 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0.24
16, Tm-Py-Bo-Cy-Fe 5SR 0 0 2 0 0 0 0 1 0 3 3 5 11 2 0 27  6.55
17, Tm-Py-Cy-Ip-F1 ~ 5SR 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 2 049
Total 53 42 53 16 34 21 11 33 13 12 21 20 37 25 21 412 100.00

2 Numbers in superscript following field names indicate the estimated number of sprays with site-specific fungicide per season. Number of isolates of a

majority phenotype is displayed in bold.

b Phenotype number and resistance to fungicides Py = pyraclostrobin (quinone outside inhibitor), Tm =
carbamate), Bo = boscalid (succinate dehydrogenase inhibitor), Cy = cyprodinil (anilinopyrimidine), Ip =

(phenylpyrrole), Fe = fenhexamid (hydroxyanilide).
¢ Single resistances.

thiophanate methyl (methyl benzimidazole
iprodione (dicarboximide), Fl = fludioxonil
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was provided recently that the “resistant” isolates are pathogenic
on fruit treated with field rates of formulated product (21).

The effective doses that inhibit 50% of mycelial growth (ECs
values) were investigated in vitro for fludioxonil as described pre-
viously (28), with minor modifications. Briefly, 5,000 spores were
transferred to 0.1 ml of malt extract broth containing a series of
dilutions of fungicides in a 96-well microplate. Final concentra-
tions for all compounds were 10, 3, 1, 0.3, 0.1, 0.03, 0.01, and O
ug/ml. After 48 h of incubation at 22°C in darkness, the optical
density at wavelength Agyy was determined. The experiment was
performed twice.

Molecular identification of point mutations in target genes
erg27, sdhB, cytochrome b, and B-tubulin. Nucleic acid se-
quence alterations in the strawberry isolates associated with the
here-described resistance phenotypes were reported previously
(14,17,22). Sequence alterations in target genes of B. cinerea
isolates from blackberry were assessed in this study. Isolates were
cultured on PDA plates at 22°C in darkness. Mycelia were col-
lected from the developing margin of an actively growing colony
using a sterile toothpick. Genomic DNA was extracted as described
previously (8). The partial 3-keto reductase gene (erg27) was am-
plified and sequenced with primer pair F412_F and F412_R (22).
The entire erg27 gene of isolate KC52 was amplified with primer
pair erg27Beg and erg27End because sequence analysis of the
fragment amplified with primers F42_F and F412_R did not show
the suspected F412 mutations. Sequencing was conducted with
primers erg27Beg, erg27End, erg1800down, and erg2000up (19).

Point mutations in the succinate dehydrogenase B (sdhB) gene
were identified as described previously with primer pair IpBcBeg
and IpBcEnd2 (30), with minor modifications of the polymerase
chain reaction (PCR) protocol. The initial denaturation was at 95°C
for 3 min; followed by 35 cycles at 95°C for 30 s, 58°C for 30 s,
and 72°C for 1 min; and a final extension at 72°C for 10 min. The
PCR products were purified using the ExoSAP-IT PCR
purification kit (USB Corporation) following the manufacturer’s
instructions and sequenced at the Clemson University Genomics
Institute, Clemson, SC using LiCOR dye-terminator sequencing
technology.

Nucleotide sequence variation at amino acid codon 143 of the
cytochrome b gene (cytb) was detected as described previously
using the primer pair Qol3ext and Qol4ext (30). The amplicon
was digested with restriction enzyme Fnu4HI (New England Bi-
olabs) at 37°C for 2 h. The nucleotide variation at amino acid co-
don198 of the B-tubulin gene was identified as described previ-
ously (17,33). The partial B-tubulin gene was amplified with
primer pair BCF/BCR (33) and the amplicon was digested with
Thal (New England Biolabs) at 60°C for 3 h. The PCR products
were sequenced if the digestion did not reveal the expected frag-
ments. Amplicons were purified prior to sequencing using the Ex-

0oSAP-IT PCR purification kit (USB Corporation) following the
manufacturer’s instructions. All PCR amplification or digestion
products mentioned above were separated on 1.5% agarose gels.

Data analysis. Statistical analysis was performed to determine if
the probability of resistance (P(R)r) to a fungicide in subpopula-
tions, which were derived from a previous resistant (R) population,
differed from the probability of resistance in the overall population
(P(R)g). A y? test was used to test the hypothesis Hy: P(R)g =
P(R)s. Not included in this analysis were observations for
fungicides fludioxonil and iprodione because of the low numbers
of representative isolates. For all other fungicides, if less than 10
isolates represented a subpopulation, the Fisher’s exact test was
conducted to verify the y2 result. All calculations were performed
by SAS (version 8.01; SAS Institute Inc.); a x> test P value < 0.05
was considered evidence of significant differences in the P(R).

Results

Fungicide resistance profiles of B. cinerea isolates from
blackberry and strawberry fields. In total, 17 different fungicide
resistance profiles containing zero to five single-resistance pheno-
types (OSR to 5SR) were found in blackberry and strawberry fields
of North and South Carolina; 15 phenotypes were present in black-
berry fields and 11 in strawberry fields (Table 1). All but one loca-
tion had a predominant resistance profile. For blackberry fields, the
majority of isolates in the unsprayed field CB were sensitive to all
fungicides and the majority of isolates from occasionally treated
field WM were resistant to thiophanate-methyl. In all other loca-
tions, a majority of the isolates were resistant to at least three
chemical classes: thiophanate-methyl, pyraclostrobin, and boscalid.
A similar pattern emerged from the strawberry fields. The majority
of isolates from the organic farm W/C and from fields sprayed less
than six times per season were sensitive to all of the fungicides.
However, the majority of isolates from most fields sprayed weekly
were resistant to four chemical classes of fungicides: thiophanate-
methyl, pyraclostrobin, boscalid, and cyprodinil. The two most
heavily sprayed strawberry fields were located within 1 km of each
other (SBY and MOD) and isolates from these fields had the great-
est number of isolates resistant to five fungicides. Interestingly,
isolates with resistance to fungicides were found in the organic
field WIC, which was geographically isolated (at least 5 km from
the next strawberry field) from other strawberry or blackberry
fields. Two isolates from heavily sprayed, commercial field KC
had a very unique phenotype not found anywhere else; they were
resistant to thiophanate-methyl, pyraclostrobin, cyprodinil, iprodi-
one, and fludioxonil. However, from the same location, the two
isolates resistant to fludioxonil were genetically different based on
nucleotide sequence variations in the mrrl, bos2, and rrg-1 genes
(data not shown). Iprodione-MR isolates were only found in the
JEY and SBY locations (Table 1).

Table 2. Fungicide-resistant phenotypes in North and South Carolina blackberry fields

Isolates Phenotype?

Number Percent SRsP Tm Py Bo Cy Fe Ip Fl
56 28.3 O0SR S S S S S S S

1 0.5 ISR N R S S N S S
24 12.1 ISR R S S S S S S

1 0.5 3SR R S S S S R LR
1 0.5 2SR R S R S S S S

3 1.5 2SR R R S S S S/LR S

1 0.5 3SR R R S S R S S

2 1.0 5SR R R S R S R MR
70 354 3SR R R R S S S/LR S
21 10.6 4SR R R R S R S/LR S

2 1.0 4SR R R R S S R S
14 7.1 4SR R R R R S S/LR S

2 1.0 5SR R R R R R S/LR S

2 Tm = thiophanate methyl (methyl benzimidazole carbamate), Py = pyraclostrobin (quinone outside inhibitor), Bo = boscalid (succinate dehydrogenase
inhibitor), Cy = cyprodinil (anilinopyrimidine), Fe = fenhexamid (hydroxyanilide), Ip = iprodione (dicarboximide), Fl = fludioxonil (phenylpyrrole); S =
sensitive, R = resistant, LR = low resistant, MR = medium resistant. Some letters are in bold for easier visualization.

b Single resistances.
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Of the 198 blackberry field isolates collected from five locations
in the Carolinas, 141 (72%) were resistant to thiophanate-methyl,
116 (59%) were resistant to pyraclostrobin, 110 (56%) were re-
sistant to boscalid, 24 (12%) were resistant to fenhexamid, 18 (9%)
were resistant to cyprodinil, 5 (2.5%) were resistant to iprodione
(excluding LR isolates), and 3 (1%) were resistant to fludioxonil (2
from field KC were MR and one from field CB was LR; Table 1).
A majority of the blackberry isolates resistant to more than two
fungicides was from three commercial fields: CO, KC, and MC
(Fig. 1). Of these isolates, 36.3% were resistant to three classes,
and 18.7% were resistant to four classes of fungicides (Table 2).
All other isolates from blackberry resistant to at least one fungicide
were resistant to one (13%), two (2%), and five (2%) classes of
fungicides.

Of the 214 strawberry field isolates, 149 (70%) were resistant to
thiophanate-methyl, 142 (66%) were resistant to pyraclostrobin,
133 (62%) were resistant to boscalid, 46 (22%) were resistant to
fenhexamid, 101 (47%) were resistant to cyprodinil, and 4 (2%)
were resistant to iprodione (Table 3). The majority of resistant
isolates from strawberry possessed resistance to three or more
fungicide classes (13.5, 36.9, and 13.1% were resistant to three,

four, and five classes, respectively). Most of these were from
commercial fields SBY, JEY, and KUD, all located at the border of
North and South Carolina, which also possessed the highest
frequency of multifungicide resistance. The lowest frequencies of
multifungicide-resistant isolates were observed in locations HP,
MYV, and FLOR (Fig. 2).

Among the isolates resistant to three fungicides, 97.2 and 89.7%
of the blackberry and strawberry isolates, respectively, were resis-
tant to thiophanate-methyl, pyraclostrobin, and boscalid. Among
isolates resistant to four fungicides, more than half of the black-
berry (21 of 36) and more than one-eighth of the strawberry (11 of
79) isolates were resistant to thiophanate-methyl, pyraclostrobin,
boscalid, and fenhexamid. Most of the other 4SR isolates were
resistant to thiophanate-methyl, pyraclostrobin, boscalid, and cy-
prodinil (14 of 37 for blackberry and 67 of 79 for strawberry;
Tables 2 and 3).

To further characterize the rare occurrence of resistance to fludi-
oxonil, ECsy was determined for the three resistant isolates. The
ECs5, value of isolate CBa82 was 0.16 ug/ml and was categorized
as LR. This ECspvalue was about 16-fold higher than the ECs, of
the two sensitive isolates investigated (ECsy = 0.01 ug/ml). The
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Fig. 1. Occurrence and prevalence of single resistances (SRs) in Botrytis cinerea isolates from blackberry farms in North and South Carolina. The circle diameter
corresponds to the number of isolates tested in each location, which is also indicated in parentheses.

Table 3. Fungicide-resistant phenotypes in North and South Carolina strawberry fields

Isolates Phenotype?

Number Percent SRsP Tm Py Bo Cy Fe Ip Fl
65 304 OSR S S S S S S S
4 1.9 ISR R S S S S S N
3 1.4 2SR R S S R S S S
6 2.8 2SR R R S S S S/LR S
3 14 3SR R R S R S LR S
26 12.1 3SR R R R S S S/LR S
11 5.1 4SR R R R S R S/LR S
1 0.5 4SR R R R S S R S
67 31.3 4SR R R R R S S/LR S
3 1.4 5SR R R R R S R S
25 11.7 5SR R R R R R S/LR S

2 Tm = thiophanate methyl (methyl benzimidazole carbamate), Py = pyraclostrobin (quinone outside inhibitor), Bo = boscalid (succinate dehydrogenase
inhibitor), Cy = cyprodinil (anilinopyrimidine), Fe = fenhexamid (hydroxyanilide), Ip = iprodione (dicarboximide), Fl = fludioxonil (phenylpyrrole); S =
sensitive, R = resistant, LR = low resistant. Some letters are in bold for easier visualization.

b Single resistances.
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other two isolates resistant to fludioxonil (KC25 and KC33) had
ECsq values of 0.324 and 0.383 pg/ml, respectively, and were cat-
egorized as MR. All three isolates were also resistant to iprodione.

A model was introduced to test whether the distribution of sus-
ceptible and resistant phenotypes of isolates to a specific fungicide
was random or biased. For the blackberry population, the results
indicated that the subpopulation resistant to thiophanate-methyl
was more likely to have evolved into a subpopulation resistant to
thiophanate-methyl and pyraclostrobin (P < 0.05), which was more
likely to have evolved into a subpopulation resistant to thiophan-
ate-methyl, pyraclostrobin, and boscalid (P < 0.05). There was a
bias toward developing strains resistant to thiophanate-methyl,
pyraclostrobin, boscalid, and cyprodinil from the subpopulation
resistant to thiophanate-methyl, pyraclostrobin, and boscalid (P <
0.05). The low number of isolates (n = 2) resistant to all five
chemical classes, including the HAs (fenhexamid), did not allow a
standard test of significant differences in the P(R) values (Fig. 3A).
A very similar pattern was observed for strawberry isolates (Fig.
3B). The 5SR phenotype characterized by resistance to thio-
phanate-methyl, pyraclostrobin, boscalid, cyprodinil, and fenhex-
amid was more likely to have derived from the subpopulation
resistant to thiophanate-methyl, pyraclostrobin, boscalid, and
cyprodinil (P < 0.05); the latter phenotype was more likely to have
derived from the population resistant to thiophanate-methyl,
pyraclostrobin, and boscalid (P < 0.05) and the isolates resistant to
thiophanate-methyl and pyraclostrobin were more likely to have
derived from the subpopulation resistant to thiophanate-methyl (P
<0.05).

Detection of target gene mutations. To determine whether re-
sistance was based on single-gene resistances, the presence or ab-
sence of mutations in genes encoding target proteins for fenhexa-
mid, boscalid, pyraclostrobin, and thiophanate-methyl were
investigated for all blackberry isolates with resistance phenotypes.
All 23 blackberry isolates resistant to fenhexamid yielded a band
approximately 586 bp in size when DNA was amplified with pri-
mers F412_F and F412_R. Sequence analysis revealed that 18
isolates possessed the F412S mutation, 4 had the F412] mutation,
and 1 isolate (KC52) had a new mutation, Y4A08H. Because the
latter mutation had not been described before, the entire erg27
gene was sequenced and it was found that this gene also lacked
amino acid P298 (Table 4). Three fenhexamid-sensitive isolates

were randomly chosen and screened for mutations in the erg27
gene but none were found (data not shown). Primers IpBcBeg and
IpBcEnd2 amplified PCR fragments of about 950 bp in length
from the sdhB gene of 24 blackberry isolates resistant to boscalid.
Sequence analysis revealed nucleotide variations in resistant iso-
lates but not the sensitive isolate from “CAC” to “TAC” in 8 iso-
lates and "CGC” in 16 isolates. This mutation changed the amino
acid at position 272 from histidine (H) to tyrosine (Y) or arginine
(R) (Table 4). Primers Qol3ext and Qol4ext amplified the ex-
pected 560-bp product from the cyrb gene of all 93 blackberry
isolates resistant to pyraclostrobin and 1 isolate sensitive to pyra-
clostrobin. Enzyme Fnu4HI cut all amplicons from resistant iso-
lates into two fragments of 318 and 242 bp in length, indicating the
presence of the G143A mutation (Table 4). The PCR product from
the isolates sensitive to pyraclostrobin remained undigested. A
PCR product of approximately 380 bp in size was amplified from
137 blackberry isolates (136 resistant and 1 sensitive to thiophan-
ate-methyl). The amplicon from 119 resistant blackberry isolates
was successfully digested with Thal, indicating the presence of the
E198A mutation. The PCR product from the isolates sensitive to
thiophanate-methyl remained undigested (data not shown). The
remaining 17 blackberry isolates (all from location WM) resistant
to thiophanate-methyl were not digestible with Thal and, therefore,
subjected to sequence analysis. The target gene revealed a nucleo-
tide change from “GAG” to “GTG” at amino acid position 198,
which changed glutamic acid to valine (E198V mutation; Table 4).

Discussion

Current models suggest that fungicide-resistant genotypes preex-
ist at a low frequency (about 107) in a genetically diverse popula-
tion (20,46) prior to the introduction of a fungicide. In the absence
of other constraints, one, two, or more independent forces such as
pressure from single or multiple fungicides could select for single,
dual, or greater levels of resistances. This is especially so if fungi-
cides with different modes of action act on targets at different
places in the genome. The phenotypic fungicide resistance patterns
observed for populations from both crops (Tables 2 and 3) did not
evolve randomly (Fig. 3A and B). Phenotypes resistant to multiple
fungicides were more likely to have evolved from previously re-
sistant subpopulations. The model suggests a stepwise accumula-
tion of single resistance loci in B. cinerea populations from both

[ 1R, 25R, 3sR
[ Tosw

Fig. 2. Occurrence and prevalence of single resistance (SR) in Botrytis cinerea isolates from strawberry fields in North and South Carolina. The circle diameter corresponds
to the number of isolates tested in each location, which is also indicated in parenthesis. The black arrow indicates the center of the circle for commercial field JEY.
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crops. Populations resistant to thiophanate-methyl gave rise to
populations resistant to pyraclostrobin, which gave rise to popula-
tions resistant to boscalid, which gave rise to populations resistant
to cyprodinil or fenhexamid. Fungicide pressure narrows the pop-
ulations gene pool due to targeted selection of genotypes but evolu-
tion in the form of progressive changes in the gene pool causes the
population to diversify and, therefore, allows emergence of new
phenotypes (23). A simplified version of this standard population
genetics theory describing stepwise selection, diversification, and
accumulation of resistances is outlined in Figure 4. In this model,
field applications of fungicides of a single chemical class followed
by population recovery selects for genotypes resistant to fungicides
of this chemical class and allows for diversification of the popula-
tion. Diversification allows for emergence of strains with preexist-
ing resistance to the next fungicide. The combined or alternated
application of fungicides of the two chemical classes allows for the
selection of preexisting genotypes with triple-fungicide resistance
(Fig. 4).

Populations of B. cinerea from blackberry and strawberry fields
in the Carolinas were resistant to multiple chemical classes of
fungicides. Populations from conventionally sprayed fields (i.e.,
KC, MC, CO, MOD, SBY, JEY, and KUD) had, with the exception
of field SBY, a single-most prevalent resistance phenotype. These
phenotypes consisted of resistance to thiophanate-methyl, pyra-
clostrobin, and boscalid and resistance to thiophanate-methyl,
pyraclostrobin, boscalid, and iprodione in blackberry fields; and
resistance to thiophanate-methyl, pyraclostrobin, and boscalid and
resistance to thiophanate-methyl, pyraclostrobin, and cyprodinil in
strawberry fields. This suggests that weekly applications of alter-
nating fungicides, or mixtures of site-specific fungicides, selected
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for multifungicide-resistant strains. In contrast, the most prevalent
phenotype for less frequently sprayed fields, such as WM (black-
berry), MV, HP, and FLOR (strawberry) consisted of either only
one (ISR) or no (OSR) single-resistant phenotypes. These data
support common risk assessments that a reduction in the number of
applications per season is an effective strategy to slow resistance
development (7). Interestingly, multifungicide-resistant phenotypes
existed at low frequency in the organic field, WIC, and many of the
less-frequently sprayed fields (WM, MV, HP, and FLOR). This
suggests that, if growers were to increase their use of fungicides,
selection for multifungicide resistance could occur within a few
sprays or a single season.

Resistance to four or five chemical classes (4SR and 5SR) was
found in almost all blackberry and strawberry fields, raising the
question of whether these phenotypes are a result of independent
selection with small amounts of migration or successive expanding
foci. Some locations were well over 100 km apart, suggesting that
the multifungicide-resistant genotypes may have evolved inde-
pendently from another, with little migration. Furthermore, recent
evidence suggests that strawberry plug plants are a source of B.
cinerea infections in plastic culture production systems (35).
Therefore, B. cinerea multifungicide-resistant strains may have
evolved at the nursery level and then been distributed to producers
by way of planting material. This could also explain the presence
of multifungicide-resistant strains in organic field WIC.

With only one exception, all fungicide-resistant isolates from
both crops were resistant to MBC fungicide thiophanate-methyl.
MBC fungicides were introduced in the 1970s and, therefore, used
more often than the other six chemical classes, most of which were
introduced much later. The combination of spray frequency, the
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26.32
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Population over-all R% 69.63 66.36 62.15 47.2 16.82

Fig. 3. Statistical model indicating bias toward the evolution of phenotypic fungicide resistance patterns in Botrytis cinerea from A, blackberry and B, strawberry fields. An
asterisk (*) indicates that the probability of resistance (R) in the subpopulation which derived from a previous R population is significantly higher (x? test; P value < 0.05) than
the probability of R in the overall population for a certain fungicide. The number above or below the box indicates the ratio of that phenotype derived from the previous
population. The numbers in parentheses in the box indicates the isolate number in that group. The bottom line indicates the fungicide (Tm = thiophanate-methyl, Py =
pyraclostrobin, Bo = boscalid, Cy = cyprodinil, and Fe = fenhexamid) in each selection stage and below is the resistant ratio in overall population to that fungicide.

Table 4. Mutations in target genes in blackberry isolates of Botrytis cinerea resistant to thiophanate-methyl, boscalid, pyraclostrobin, and fenhexamid

Amino acid substitutions in target proteins

B-tubulin (2 = 136) SdhB (n = 24) Cytochrome b (n = 93) Erg27 (n =23)
E198A E198V H272Y H272R G143A F4121 F412S Y408H & deletion P298
Number 119 17 8 16 93 4 18 1
Percent 87.5 12.5 333 66.7 100 17.4 78.3 4.3
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existence of naturally resistant strains in the field (45), the qualita-
tive type of resistance (6,12), and stability of the resistance (10,40)
may have probably caused a shift in the endemic population toward
a dominant MBC resistance. Our data suggest that virtually all
other resistance phenotypes derived from that dominant popula-
tion. Dual resistance to Qols and SDHIs has been reported in field
strains from Europe (4,30,34), the United States (27), and Asia
(24). The delay in resistance development to AP fungicides may be
because this product is mostly used in combination with fludioxo-
nil, a compound that has proven quite resilient to resistance devel-
opment (47). The delay in resistance to the HA fungicide fenhexa-
mid may be the result of a documented reduced fitness of mutants
with point mutations in the erg27 gene (5,11). As for the DC fungi-
cide iprodione, resistance was rare despite the fact that it had been
registered for over 30 years. However, strawberry producers have
not been using iprodione or used it rarely, due to its label-restricted
use of one application prior to bloom. Although more applications
are available to blackberry growers, the compound is not
commonly used. In addition, multiple-genes could be involved in
the development of resistance to DC fungicides, explaining the
slower shift toward resistance (40).

Resistance to fludioxonil has only been described in isolates
from grapevines in Germany (29), some apple isolates from apple
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in Washington State (47), and one isolate from strawberry in Vir-
ginia (13). The ECs, values for fludioxonil in resistant isolates
were 0.04 to 1.5 pg/ml, based on sampling location and assay
method: Germany (1.5 pg/ml, germination assay), Washington
(0.04 pg/ml, mycelia growth assay), and Virginia (0.26 pg/ml, ger-
mination assay). Isolates with resistance to fludioxonil possessed
fitness penalties (47), which may explain the lack or low frequency
of fludioxonil-resistant isolates in B. cinerea populations (15,29).
Both isolates from orchard KC that were resistant to fludioxonil
were also resistant to thiophanate-methyl, pyraclostrobin, cyprodi-
nil, and iprodione. Whether the fludioxonil-resistant strains de-
scribed in this study are capable of causing significant yield loss
following field applications of formulated product (i.e., Switch) is
unclear.

Consistent with results published for our strawberry isolates
(14,17,22), resistance to thiophanate-methyl, pyraclostrobin, bos-
calid, and fenhexamid was, without exception, associated with
target site mutations. The predominant mutation conferring re-
sistance to fenhexamid in blackberry fields of the Carolinas was
F4128S. This was consistent with our investigation of B. cinerea
from strawberry fields in the Carolinas, where F412S was found in
80.6% of the isolates (22). In both studies, the F4121 mutation was
found rarely. The resistance phenotype associated with the Y408H

Selection and recovery
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Fig. 4. Simplified representation of standard population genetics theory showing stepwise selection and accumulation of single resistances. A genotype (gray circle) with
preexisting resistance to chemical class A is emerging from a genetically diverse population. The process of application of fungicides of chemical class A (gray arrow) and
recovery (white arrow) selects for genotypes resistant to chemical class A and allows for diversification of the population. The introduction of chemical class B (black arrow) in
rotation or mixture with A allows for the selection of preexisting phenotypes with dual resistance (combined gray and black circle). The single, empty circle outside the boxes

indicates influx of genotypes from the outside.
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mutation combined with the P298 deletion is described here for the
first time. Other mutations such as the T63I and F412C found at
low frequencies in isolates from strawberry resistant to fenhexamid
(22) were not found in the blackberry isolates we examined.

Although many mutations in the sdhB gene such as H272L (30),
P225L, and P225F (39) can cause resistance to SDHI fungicides,
the predominant mutations in our collection were H272R and
H272Y. Both genotypes were also the most prevalent found in our
strawberry collection from the Carolinas (14). In both studies, the
two mutations appeared at a ratio of 2 to 1. This may indicate a
slight fitness advantage of genotype H272R, as described previ-
ously (41), or may be evidence that the blackberry and strawberry
populations share a common habitat and that there is an exchange
of isolates among populations from different hosts. If this is true, it
is more likely that the blackberry populations provide inoculum for
the strawberry populations, because blackberry plants are perenni-
als whereas most strawberry varieties in the Carolinas are grown as
annuals in plastic culture-production systems.

The G143A mutation is the most frequently found and most
powerful mutation in the cytochrome b protein conferring re-
sistance to Qol fungicides (18). In this study, all isolates resistant
to pyraclostrobin analyzed had the G143A mutation. The same
mutation also was responsible for resistance to pyraclostrobin in B.
cinerea from strawberry (14). Other point mutations, such as
G143R were found to contribute to resistance in Pyrenophora spp.
but were not present in our studies (36). The sole presence of
G143A in B. cinerea isolates resistant to Qol fungicides further
validates the use of molecular techniques specific for the detection
of the mutation in this pathogen.

In our study, 87.5% of the blackberry isolates resistant to thi-
ophanate-methyl contained the E198A mutation, which makes this
mutation the most prevalent one in B. cinerea from blackberry and
strawberry in the Carolinas (17). In total, 12.5% of the blackberry
isolates contained the E198V mutation in the B-tubulin gene. Varia-
tions at position 198 are commonly found in isolates highly re-
sistant to thiophanate-methyl (3,33) but the E198V mutation is
rather rare. It was first reported in 2008 in isolates from various of
hosts (i.e., cucumber, eggplant, tomato, and ornamental crops) in
Japan (3) and, to the best of our knowledge, it has never been iden-
tified anywhere else.

In conclusion, this study shows that B. cinerea populations from
blackberry and strawberry fields tend to have a single dominant
fungicide resistance profile and that this profile is represented by
multiple fungicides in fields frequently sprayed with site-specific
fungicides. Multifungicide resistance likely evolved through step-
wise selection and accumulation of resistance. The discovery of
isolates resistant to fludioxonil and cyprodinil indicates that re-
peated application of Switch may eventually select for resistance to
both fungicides. The continued use of site-specific fungicides,
applied as mixtures or in alternation, will likely increase the preva-
lence of strains resistant to multiple fungicides. This assumption
will decrease the growers’ ability to control gray mold in the fu-
ture. New strategies may have to be implemented to delay the
selection of multifungicide resistance. These strategies may in-
clude a more frugal use of site-specific fungicides, a more frequent
use of multisite inhibitors, and emphasis on clean plant sources and
sanitation.
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