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The baseline sensitivity of Botrytis cinerea to fenpyrazamine was evalu-
ated using 323 isolates collected in Japan prior to its launch. In this study,
the isolates were classified as “sensitive” and “low-sensitive” according to
their mycelial growth on 10 mg/L fenpyrazamine. However, their ECs,
values for the germ-tube elongations from conidia were not significantly
different between these two classes. In both a pot test and a field trial,
diseases caused by the sensitive and low-sensitive isolates were effectively
controlled by fenpyrazamine.
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Introduction

In the agricultural industry, gray mold (Botrytis cinerea) attacks
fruits and vegetables and greatly reduces crop yield and produc-
tivity; therefore, it must be controlled.” Many fungicides, such
as benomyl, have been developed to control gray mold. How-
ever, gray mold has a short lifecycle and produces many spores,
making it a phytopathological fungus that easily acquires fungi-
cide resistance.? Many of these fungi have developed resistance
to commercial fungicides*¥; thus, farmers and food-related in-
dustries await novel fungicides. Fenpyrazamine is one novel fun-
gicide discovered and developed by Sumitomo Chemical Co.,
Ltd. (Tokyo, Japan). Fenpyrazamine contains an aminopyrazo-
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linone structure that has never before been used in agricultural
chemicals.” Sumitomo Chemical Co., Ltd. obtained the Japanese
registration for fenpyrazamine fungicide and launched the dry
flowable (DF) “Pixio® DF” in Japan in January 2014.

When developing a novel fungicide, the baseline sensitivities
of the target fungi to the chemicals must be evaluated before
its commercial introduction. Consequently, we monitored the
sensitivity of B. cinerea isolates in Japan to fenpyrazamine and
evaluated the baseline sensitivity of B. cinerea to fenpyrazamine.

Materials and Methods

1. Fungal isolates

Three hundred twenty-three B. cinerea isolates, collected from
fields in Japan before fenpyrazamine was commercially intro-
duced, were used in this study (Table 1). To isolate B. cinerea
from decayed fruits, small pieces of decayed tissue were placed
on potato dextrose agar (PDA; Nissui Pharmaceutical Co.,
Tokyo, Japan) containing chloramphenicol (50mg/L) and incu-
bated at 18°C for 3-5d. Fungal colonies similar in appearance to
gray mold were transferred onto fresh PDA containing chloram-
phenicol. Pure cultures were then grown on PDA and incubated
at 18°C under black/blue light to facilitate sporulation. The B. ci-
nerea isolates were then single-spore cultured and stored at 12°C.

2. Chemicals

The technical grade fenpyrazamine used for the in vitro plate
assay was synthesized by Sumitomo Chemical Co., Ltd. The fen-
pyrazamine used for the pot test and field trial was 50% DF for-
mulated by Sumitomo Chemical Co., Ltd. Fludioxonil (Savior
SC20, Syngenta Japan, Tokyo, Japan) was purchased from an ag-
ricultural cooperative.

3. Monitoring B. cinerea sensitivity to fenpyrazamine
Fenpyrazamine was dissolved in dimethyl sulfoxide (FUJIFILM
Wako Pure Chemical Corporation, Osaka, Japan) to a prede-
termined concentration (10g/L) to provide the stock solution,
which was added to the PDA to obtain 10 mg/L fenpyrazamine.
Myecelial plugs from the colonial margins of the tested isolates
precultured at 18°C were placed on the PDA supplemented with
10 mg/L fenpyrazamine and incubated at 18°C for 2d. The my-
celial growth was assessed by visual observation. Isolates show-
ing no mycelial growth on the PDA were defined as “sensitive
isolates” Sporulation of isolates showing mycelial growth on
the PDA containing fenpyrazamine was facilitated as described
above. A conidial suspension (10uL, ~50,000 conidia/mL) was
placed on PDA containing 2 mg/L fenpyrazamine and incubated
at 18°C for 24hr, and then the germ-tube elongations were as-
sessed microscopically. The sensitivity criteria for B. cinerea to
fenpyrazamine were as follows.

Sensitive isolates: No mycelial growth observed among the iso-
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Table 1. Collection locations of Botrytis cinerea isolates used in this
study

Collection locations Nos. of isolates Years®
Hokkaido and Tohoku 14 2008, 2009
Kanto 141 2008, 2009
Kinki 61 2008, 2009
Chugoku and Shikoku 34 2008, 2009
Kyushu 73 2008, 2009

@ Years in which B. cinerea isolates were collected

lates on the PDA containing 10 mg/L fenpyrazamine.

Low-sensitive isolates: Mycelial growth observed among the iso-
lates on the PDA containing 10 mg/L fenpyrazamine, but
the germ-tube elongations were strongly inhibited on the
PDA containing 2 mg/L fenpyrazamine.

Resistant isolates: Mycelial growth observed among the isolates
on the PDA containing 10 mg/L fenpyrazamine. Germ-
tube elongations were not inhibited on the PDA containing
2mg/L fenpyrazamine.

4. Baseline sensitivity of B. cinerea to fenpyrazamine

4.1. Sensitivity of B. cinerea mycelia
Sixty-one randomly selected sensitive B. cinerea isolates were
used. The mycelial sensitivity of the tested isolates was evaluated
using fenpyrazamine test concentrations of 0.005-2mg/L. The
5mm mycelial discs (2 discs/isolate) were placed on the PDA,
and the mycelial radii were measured 2d after inoculation. The
half maximal effective concentration (EC,) value of fenpyraza-
mine was calculated using the probit method.

The mycelial plate test of the low-sensitive isolates revealed that
the dose-response curve was a rare flat slope. For example, the
rates (%) of mycelial growth inhibition due to fenpyrazamine for
one low-sensitive isolate were 58.3% at 50 mg/L, 52.4% at 10 mg/L,
57.1% at 2mg/L, 59.5% at 0.4mg/L and 51.2% at 0.08 mg/L.
Therefore, we determined that low-sensitive isolates were unsuit-
able for evaluating EC, values with mycelial plate tests. Thus, we
used only sensitive isolates for the mycelial plate tests.

4.2. Sensitivity of B. cinerea germ-tube elongation
Twenty-one sensitive and nine low-sensitive randomly selected
B. cinerea isolates were used. Sensitivity of the germ-tube elon-
gation was evaluated using fenpyrazamine test concentrations
of 0.005-5mg/L. The length of each germ tube (25 germ tubes/
isolate) was measured microscopically. The EC;, value of fenpyr-
azamine was calculated using the probit method.

5. Efficacy of fenpyrazamine against a low-sensitive B. cinerea
isolate in a pot test
One sensitive and one low-sensitive B. cinerea isolate were used.
The 50% DF of fenpyrazamine was diluted in deionized water
to a predetermined concentration (250 mg/L and 62.5mg/L).
The solution was sprayed onto cucumber cotyledons (four cu-
cumbers/treatment) until run-off occurred. After drying, 10 uL
of PDA gel containing conidia from the test isolate (~50,000
conidia/mL) was inoculated on cotyledon leaves and incubated

at 12°C and high humidity (100%) in the dark for 5d, and then
the lesional radii were measured. Differences in the lesional radii
between the fenpyrazamine-treated and untreated plots were de-
termined using the Tukey-Kramer method (p<<0.05).

6. Efficacy of fenpyrazamine against a low-sensitive B. cinerea
isolate in a field trial
The field trial was conducted at the Kasai Experimental Farm of
Sumitomo Chemical Co., Ltd. in Hyogo Prefecture. Eggplants
were used for the trial. The plot size was five plants/plot (in-
cluding one blank plant), with three replicates per treatment.
One sensitive and one low-sensitive isolate were used as inoc-
ula. Diseased eggplant fruits were placed on each blank plant.
Two fruits/plant were placed after the first fungicide application.
Formulated fungicides were diluted in deionized water to reg-
istered concentrations. Once weekly, for a total of five applica-
tions, fungicides were sprayed until run-off occurred. Diseased
and healthy fruits were counted at each assessment just before
the fungicide application, and diseased fruits were removed. The
final assessment was conducted 7d after the final fenpyrazamine
application. The percentage of diseased fruits was calculated as
follows:
% diseased fruits
=100 X[1—(total number of diseased fruits)/
(total number of healthy fruits
+ total number of diseased fruits)]

Differences in gray mold incidence between fungicide-treated
and untreated plots were determined using the Tukey-Kramer
method (p<<0.05).

Results and Discussion

1. Monitoring B. cinerea sensitivity to fenpyrazamine

Among the 323 isolates, 268 were sensitive to fenpyrazamine
(>80%), and 55 were low-sensitive (Table 2). No resistant iso-
lates were detected. The high percentage of sensitive isolates
indicated that most B. cinerea in Japan were sensitive or low-
sensitive to fenpyrazamine before its commercial introduction.
Fenpyrazamine acts by inhibiting 3-keto reductase in the ergos-
terol biosynthetic pathway.” Four 3-keto reductase inhibitor-
resistant phenotypes HydR1, HydR2, HydR3", and HydR3* have
been reported in Botrytis field isolates.” The sensitivity of the
low-sensitive isolates in this study suggests that they may have

Table 2. Sensitivity of Botrytis cinerea isolates to fenpyrazamine

Sensitive? Low-sensitive? Resistant?

268 (83%) 55 (17%) 0

“No mycelial growth observed among the isolates on the PDA
containing 10 mg/L fenpyrazamine. "Mycelial growth observed among
the isolates on the PDA containing 10 mg/L fenpyrazamine, but the germ-
tube elongations were strongly inhibited on the PDA containing 2 mg/L
fenpyrazamine. “Mycelial growth observed among the isolates on the
PDA containing 10 mg/L fenpyrazamine. Germ-tube elongations were
not inhibited on the PDA containing 2 mg/L fenpyrazamine.
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been HydR1 or HydR2. Leroux et al. (2002)® described HydR1
as being grouped within Botrytis pseudocinerea, while HydR2
was B. cinerea. In accordance with a previous report,” we deter-
mined whether the low-sensitive isolates were B. cinerea. Twen-
ty-three low-sensitive randomly selected isolates were used, and
all 23 were identified as B. cinerea (data not shown); thus, the
low-sensitive isolates from Japan were HydR2-type-resistant B.
cinerea. Albertini and Leroux (2004)® reported that HydR2 has
no mutation in the 3-keto reductase gene. Therefore, we am-
plified and sequenced a 3-keto reductase gene (erg27) from 15
randomly selected low-sensitive isolates. Among them, 12 had
both P57A and A378T mutations, while three had no mutations.
However, no distinguishable differences were found in their sen-
sitivities to fenpyrazamine (data not shown). Additionally, the
erg27 genes of 19 randomly selected sensitive isolates were am-
plified and sequenced. Only one sensitive isolate had both P57A
and A378T mutations (data not shown). Although Yin et al. re-
ported that these two mutations lead to partial resistance to fen-
hexamid, which targets 3-keto reductase,” these two mutations
were also detected in one sensitive isolate (ECsy: 0.013 mg/L;
data not shown). Thus, we hypothesize that the two mutations
do not affect the antifungal activity of fenpyrazamine against B.
cinerea. Further studies are needed to determine why the results
differed between the previous report” and the current study.

2. Baseline sensitivity of B. cinerea to fenpyrazamine

For mycelial sensitivity, the ECs, value showed a single peak
centered at 0.0125-0.025 mg/L (Fig. 1). The average ECs, was
0.020%0.0097 mg/L. Sixty-one sensitive isolates had no mycelial
growth on PDA containing 0.5 mg/L fenpyrazamine. Conversely,
mycelia from the low-sensitive isolates grew on PDA contain-
ing 10 mg/L fenpyrazamine. B. cinerea has two types of myce-
lial sensitivity to fenpyrazamine: sensitive and low-sensitive.
For germ-tube-elongation sensitivity, the ECy, value of the sen-
sitive and low-sensitive isolates showed a single peak centered
at 0.02-0.1mg/L. The average EC;, of the sensitive isolates was
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Fig. 1. Baseline mycelial sensitivity of Botrytis cinerea isolates in
Japan. Sixty-one randomly selected sensitive isolates were used. Stock
fenpyrazamine solution was added to PDA to form test concentrations
of 0.005-2mg/L. The 5mm disks of marginal mycelia of tested isolates
precultured at 18°C were placed on the PDA, and the mycelial radii were
measured 2d after inoculation. The ECs, value was calculated using the
probit method. [a, b) means a=<EC;,<<b.
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Fig. 2. Baseline conidial sensitivity of Botrytis cinerea isolates in Japan.
Twenty-one sensitive and nine low-sensitive randomly selected isolates
were used. Stock fenpyrazamine solution was added to PDA to form test
concentrations of 0.005-5mg/L. The conidial suspension (10 4L, ~50,000
conidia/mL) was placed on the PDA and incubated at 18°C for 24 hr, and
then the germ tube lengths (25 germ tubes/isolate) were measured micro-
scopically. The ECs, value was calculated using the probit method. [a, b)
means a=EC;,<b.

0.060+0.044 mg/L, which did not significantly differ from the
average ECy, of the low-sensitive isolates (0.058=0.015mg/L;
Fig. 2). The average ECs, of the 30 sensitive and low-sensi-
tive isolates together was 0.059+0.038. These ECs, values of
0.020mg/L and 0.059 mg/L represent the baseline sensitivity lev-
els of B. cinerea in Japan before introducing fenpyrazamine.

3. Efficacy of fenpyrazamine against a low-sensitive isolate in a
pot test

The mean radius of the low-sensitive isolate-induced lesions in the
untreated pot was 19mm, which was comparable to the radii of
the lesions induced by a sensitive isolate (mean, 20 mm). This indi-
cated that the pathogenicity of the low-sensitive isolate was nearly
equal to that of the sensitive isolate. Fenpyrazamine showed high
efficacy against the low-sensitive isolate, even at 62.5mg/L (Fig. 3),
which is 25% of the registered concentration. The efficacy against
the low-sensitive isolate was comparable to that against the sensi-
tive isolate (Fig. 3), which indicated that the low-sensitive isolate
did not affect fenpyrazamine efficacy in the pot test.

4. Efficacy of fenpyrazamine against a low-sensitive isolate in a
field trial
Of the fruits, 21.4% were diseased. The disease pressures were
moderate to strong enough to evaluate the fungicidal efficacy.
Monitoring the untreated pots revealed that the frequency of
the low-sensitive isolate was approximately 32%, which was suf-
ficient to evaluate the fungicidal efficacy against low-sensitive
isolate. Under these conditions, fenpyrazamine showed a high
efficacy against gray mold in the presence of low-sensitive isolate
(2.5% of fruits were diseased). The efficacy was comparable to
that of the reference chemical fludioxonil (2.8% of fruits were
diseased), indicating that a low-sensitive isolate did not affect
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Fig. 3. Comparison of fenpyrazamine efficacy against low-sensitive and
sensitive Botrytis cinerea isolates. The 50% dry flowable fenpyrazamine was
diluted in deionized water to a predetermined concentration. The solution
was sprayed onto cucumber cotyledons (four cucumbers/treatment) until
run-off occurred. After drying, 10uL of PDA gel containing conidia of a test-
ed isolate (~50,000 conidia/mL) was inoculated onto cotyledon leaves and
incubated at 12°C and high humidity (100%) in the dark for 5d. The lesional
radii were then measured. UTC means untreated control. Different letters
indicate statistical differences as per the Tukey-Kramer method (p<<0.05).

the fenpyrazamine efficacy even in a field trial (Table 3). This
is the first report to show the high efficacy of fenpyrazamine,
which targets 3-keto reductase, against a low-sensitive B. cinerea
isolate at a practical field level.

In this study, we evaluated the sensitivity levels of >300 iso-
lates collected in Japan before the commercial introduction of
fenpyrazamine. Although we detected low-sensitive isolates at a
low frequency and detected no resistant isolates, we determined
that low-sensitive isolates do not affect fenpyrazamine efficacy.

B. cinerea sporulates profusely, and dry conidia are dispersed
through the air to susceptible crops.” Thus, B. cinerea inocula
are conidia, not mycelia. Although the mycelia of low-sensitive
isolates exhibited low sensitivity to fenpyrazamine, conidia of
the low-sensitive isolates were equally as sensitive as the sen-
sitive isolates. Consequently, fenpyrazamine showed good dis-
ease-control performance in the presence of low-sensitive iso-
lates in the field trial. We hypothesize that very few B. cinerea
isolates in Japan were resistant to fenpyrazamine before its com-
mercial release. At present, fenpyrazamine resistance remains
unreported in Japan. However, according to Fungicide Resis-
tance Action Committee classifications, 3-keto reductase inhibi-

tors are classified as low-medium risk,'” and B. cinerea is classi-
fied as the causal agent of high-risk disease.? Isolates resistant to
3-keto reductase inhibitors have been reported in the European
Union'*'®) and the United States.!*"'®) We believe that the situa-
tion in Japan is likely similar. Consequently, we should continue
to survey for resistant isolates in the field. If resistant isolates are
identified, then the sensitivity of B. cinerea isolates to fenpyraza-
mine should be monitored throughout Japan.
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Table 3. Efficacy of fenpyrazamine against gray mold on eggplant in a field trial in Hyogo Prefecture in the presence of low-sensitive Botrytis cinerea
isolate”
% of diseased fruits
Chemical Conc. mg/L
Ist rep. 2nd rep. 3rd rep. Average

Fenpyrazamine 50DF 250 3.5 (3/86)° 1.2 (1/82) 2.7 (2/75) 2.5a%

Fludioxonil 20SC 200 0.0 (0/65) 5.3 (6/114) 3.2 (2/63) 2.8a

Untreated 33.0 (32/97) 14.6 (13/89) 16.7 (8/40) 21.4b

“Frequency of low-sensitive isolate: 32%. Y Different lowercase letters indicate statistical differences as assessed by the Tukey-Kramer method (p<0.05).

9Total number of diseased fruits/total number of diseased and healthy fruits.
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