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Abstract Two new fungicides, flutianil and
pyriofenone were introduced into the Japanese market
in 2013 and 2014, to control powdery mildew on cu-
cumber. Isolates of Podosphaera xanthii, the causal
agent of powdery mildew, were collected in Ibaraki
Prefecture, Japan, between 2017 and 2019 from cucum-
ber greenhouses with a history of flutianil and
pyriofenone usage. They were then tested for sensitivity
to both fungicides by the leaf disc test. First, the sensi-
tivity of three baseline reference isolates to each fungi-
cide was determined. Minimum inhibitory concentra-
tions values were 0.0063 pg/ml for flutianil and
10 pg/ml for pyriofenone, while 50% effective concen-
tration (ECsg) values of these fungicides were 0.00013—
0.00035 pg/ml and 0.39-0.70 pg/ml, respectively. To
determine the current sensitivity of P. xanthii in detail,
23 single-spore isolates were then sampled from five
greenhouses and tested. Nineteen isolates showed high
resistance (Flu-HR/Pyr-HR) with ECs, values of
>100 pg/ml for flutianil and > 1000 pg/ml for
pyriofenone. The low sensitivity of Flu-HR/Pyr-HR
isolates was stable even after 46 subcultures on
fungicide-untreated cotyledons. Additionally, two iso-
lates showed moderate resistance (Flu-MR/Pyr-MR) to
flutianil (ECsy: mean 0.8 pg/ml) and pyriofenone (mean
58.7 ug/ml). The results from foliar inoculation tests on
potted cucumber plants confirmed low efficacies of
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flutianil and pyriofenone against resistant isolates.
Among a total of 122 isolates sampled from 13 green-
houses, 89 isolates (73.0%) were categorized as Flu-
HR/Pyr-HR and two isolates (1.6%) as Flu-MR/Pyr-
MR. This is the first report on flutianil resistance in
any pathogen.

Keywords Podosphaera xanthii - Powdery mildew -
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Introduction

In Ibaraki Prefecture, Japan, cucumber is cultivated
almost all year in greenhouses, mainly in two cropping
periods, summer-fall (July to November) and winter-
spring (December to May) cultivation, each year. Dur-
ing these periods, powdery mildew is one of the major
diseases affecting cucumber production, which is re-
portedly caused by Podosphaera xanthii or
Golovinomyces orontii in Japan (Sato et al. 2013). Ac-
cording to the Fungicide Resistance Action Committee
(FRAC), P. xanthii is a pathogen with a high-risk of
developing resistance, the same as Botrytis cinerea and
Pseudoperonospora cubensis (Russell 2004). The de-
velopment of resistance in this pathogen to various
fungicides, such as sterol demethylation inhibitors
(DMlIs, FRAC code 3) (Ohtsuka et al. 1988), quinone
outside inhibitors (Qols, FRAC code 11) (Ishii et al.
2001), cyflufenamid (FRAC code U06) (Hosokawa
et al. 2006) and succinate dehydrogenase inhibitors
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(SDHIs, FRAC code 7) (Miyamoto et al. 2010; Ishii
et al. 2011), has also been reported in Japan.

To control powdery mildew, the mixed or alternating
application of various fungicides with different modes
of action is being used in cucumber cultivation.
Flutianil, the only fungicide in the cyano-methylene
thiazolidine group (FRAC code U13), was introduced
into the market in 2013 to control powdery mildew on
cucumber. The following year, another fungicide that
also controls this disease, pyriofenone, which belongs to
the aryl-phenyl-ketone group (FRAC code 50), was
introduced. Both fungicides play important roles in ro-
tation spraying with various fungicides, as a strategy to
delay the development of resistance.

The mode of action of the cyano-methylene
thiazolidine group is unknown, and there is no report
of development of resistance to this group. Similarly, the
mode of action of the aryl-phenyl-ketone group is un-
known, but recent studies have suggested that
metrafenone, which is not currently registered for use
in Japan, belongs to the same group as pyriofenone and
interrupts the organisation of the actin cytoskeleton
(Opalski et al. 2006; Schmitt et al. 2006). The emer-
gence of isolates that are less sensitive to metrafenone
was first reported in wheat powdery mildew (Blumeria
graminis f. sp. tritici) in Europe (Felsenstein et al.
2010). Such sensitive isolates were assigned to two
phenotypes; moderately adapted isolates, which were
still controlled by the registered doses, and resistant
isolates, that were not fully controlled. Recently, the
resistance to metrafenone was reported in Erysiphe
necator in European vineyards; the fungicide did not
control the pathogen and the isolates showed cross-
resistance to pyriofenone (Kunova et al. 2016; Graf
2017). According to the FRAC code list (Fungicide
Resistance Action Committee 2019), the intrinsic risk
for developing resistance to the aryl-phenyl-ketone
group is estimated to be medium. Graf (2017) carried
out whole genome sequencing to compare genome se-
quences among three fungi with different levels of sen-
sitivity to metrafenone, including B. graminis f. sp.
tritici. Graf (2017) found some non-synonymous single
nucleotide polymorphisms (SNPs) resulting in amino
acid alterations but did not observe any association
between them and a phenotype related to metrafenone
sensitivity.

The objectives of the current study were as follows:
(1) to monitor flutianil and pyriofenone sensitivity of
powdery mildew isolates collected from cucumber
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greenhouses that had a history of use of both fungicides
in Ibaraki Prefecture, Japan, and (ii) to investigate the
stability of the resistance of isolates after a series of
consecutive subcultures on fungicide-untreated de-
tached leaves.

Materials and methods
Collection of cucumber powdery mildew isolates

From March 2017 to May 2019, leaves with sporulating
mildew were collected from cucumber plants commer-
cially grown in 13 greenhouses in three cities, Jousou,
Ishioka, and Omitama, in Ibaraki Prefecture, Japan. Cu-
cumber was cultivated twice a year, and flutianil and
pyriofenone were used to control powdery mildew in
all of the greenhouses examined. A total of 122 single-
spore isolates, derived from a single lesion sampled
randomly in a greenhouse, were obtained. These isolates
were maintained on new cotyledons of cucumber
(Cucumis sativus cv. High green 22; Saitama Gensyu
Ikuseikai, Saitama, Japan) placed on 0.5% agar plate with
2% mannitol and 1% sucrose (MS medium) in Petri dish
at 25 °C under fluorescent light at 12-h photoperiod and
subcultured at 10- to 20-day intervals on new cotyledons
until used for sensitivity tests. To differentiate whether
the powdery mildew had been caused by P. xanthii or by
G. orontii, the lesions that developed on inoculated cot-
yledons were observed under a light microscope and the
characteristics of the conidia, namely, the presence of
fibrosin bodies and the production of conidia in chains
(Uchida et al. 2009), were examined.

In addition, two isolates, N1 and N2, which were
collected from melon greenhouses in 1997 with no prior
history of flutianil and pyriofenone usage and main-
tained at the Plant Biotechnology Institute, Ibaraki Ag-
ricultural Centre, Ibaraki Prefecture, and one isolate
K-7-2, which was kindly supplied by ZEN-NOH Agri-
cultural R&D Centre (Kanagawa, Japan), were used as
sensitive reference isolates. These isolates were main-
tained on detached healthy cotyledons of cucumber (cv.
High green 22), on MS medium in Petri dishes as
described above.

Determination of sensitivity with leaf disc test

To determine the sensitivity to flutianil and pyriofenone
of field isolates of P. xanthii, 23 chosen single-isolates



Eur J Plant Pathol (2020) 156:953-963

955

obtained from five greenhouses with a history of both
fungicides usage were initially tested by leaf disc tests
using a method (Ohara and Tsutsumi, 2015) developed
for testing penthiopyrad, which belongs to the SDHIs.
Leaf discs (8 mm in diameter), cut with a cork borer
from healthy cucumber true leaves, were temporarily
placed on a moist filter paper in a Petri dish. Then, the
discs were immersed for a few seconds into fungicide
suspensions and placed with the upper side up on a 0.6%
agar plate in a square dish (96 x 96 mm). Using a
modified inoculation method, the conidia from a lesion
on cotyledon was transferred to the center of each disc
using a platinum hook. The concentrations of fungicides
used for the sensitivity tests were 0, 0.01, 0.1, 1, 10 and
100 pg/ml, and 0, 0.1, 1, 10, 100 and 1000 pg/ml of
active ingredient (a. i.) for flutianil (Gatten™; OAT
Agrio, Tokyo, Japan) and pyriofenone (Property™;
ISK Biosciences, Tokyo, Japan), respectively, at which
the second highest concentrations were equivalent to the
doses registered for practical use in controlling cucum-
ber powdery mildew. Moreover, to assess the sensitivity
in more detail, additional tests were carried out with the
following fungicide concentrations; 0, 0.0001, 0.0004,
0.0016, 0.0063, 0.025 and 0.1 pg/ml for flutianil and 0,
0.01, 0.04, 0.16, 0.63, 2.5 and 10 pg/ml for pyriofenone
against sensitive (S) isolates, and 0, 0.098, 0.391, 1.56,
6.25, 10, 25 and 100 pg/ml for flutianil and 0, 0.977,
3.91, 15.6, 62.5, 100, 250 and 1000 pg/ml for
pyriofenone against moderately resistant (MR) isolates.

Ten to eleven days after inoculation, mildew develop-
ment on each leaf disc (five leaf discs in total) was
recorded with a stereoscopic microscope, using the fol-
lowing index; 0 = no visible mildew development, 1 =>0
t0 5%, 2 =>5 10 25%, 3 = >25 to 50%, 4 = >50 to 75%
and 5 = >75% of the disc surface covered with mildew.
To avoid effects of outliers, the highest and lowest values
of disease indexes were removed. Subsequently, disease
severity (DS) was calculated from the sets of remaining
three values: [(SA + 4B + 3C + 2D + E)/5F] x 100, where
A, B, C, D and E are the numbers of leaf discs corre-
sponding to indexes of 5, 4, 3, 2, and 1, respectively, and
F is the total number of leaf discs assessed. The percent-
age of growth inhibition was then calculated in relation to
the DS in the control treatment: (each DS/control DS) x
100. The 50% effective concentration (ECsy) value of
each fungicide for growth inhibition was calculated using
log-linear model software kindly supplied by ZEN-NOH
(Tokyo, Japan). The sensitivity tests were repeated three
times for each isolate.

To investigate the stability of the resistance, the min-
imum inhibitory concentration (MIC) and ECs, values
of both fungicides were evaluated for five resistant
isolates (S-1sp, N-C2, N-E4, M1-D1 and M2-E) after
the 10th, 27th and 46th subcultures from the first isola-
tion on fungicide untreated cotyledons by the above-
mentioned leaf disc test.

Sensitivity test with foliar spray inoculation

An inoculation test was performed using four true-leaf
stage potted cucumber plants (cv. High Green 22) to
evaluate the controlling effects of flutianil and
pyriofenone on the isolates resistant to both fungicides.
Three isolates highly resistant (HR) against flutianil and
pyriofenone (Flu-HR/Pyr-HR) (N-C2, M1-D1 and M2-
E), two MR isolates (Flu-MR/Pyr-MR) (H-B1 and
Ic1905-1) and three S isolates (Flu-S/Pyr-S) (N2, N1
and K-7-2) were used in this test. The inoculation test
was replicated two times for each isolate. The first to
third true leaves were each sprayed with suspensions of
flutianil at 2.5 and 10 pug/ml or pyriofenone at 25 and
100 pg/ml, as 1/4 and the manufacturer’s registered field
doses, respectively. Mepanipyrim (Frupica™; Kumiai
Chemical Industry, Tokyo, Japan), an anilinopyrimidine
fungicide, at 200 pg/ml and tap water were sprayed as
positive and negative control, respectively. Five repli-
cate plants were prepared for each treatment. After the
treatments, the plants were air-dried, followed by inoc-
ulation with the above-mentioned isolates by spraying
the spore suspensions (ca. 2 x 10%/ml suspended in dis-
tilled water containing 0.01% Tween-20). Plants were
kept in a greenhouse, at temperatures ranging from
about 25 °C to 30 °C. Disease development on each
leaf was recorded 12 days after inoculation using the
same index as described previously. Disease indexes of
15 leaves sprayed with each fungicide and tap water for
each isolate were compared using a Kruskal-Wallis tests
followed by a post hoc Steel-Dwass test at the 5%
significance level. These analyses were performed with
EZR (Saitama Medical Center, Jichi Medical Universi-
ty) (Kanda 2013), which is a graphical user interface for
R (The R Foundation for Statistical Computing).

Monitoring study with the leaf disc test
A monitoring study was performed using the leaf disc

test with 99 isolates that were not used in sensitivity test
described above. The concentrations of fungicides were
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0, 0.1, 1 and 100 pg/ml for flutianil and 0, 10 and
1000 pg/ml for pyriofenone. To assess levels of resis-
tance to flutianil and pyriofenone, isolates were catego-
rized according to their sensitivity to each fungicide:
flutianil; Flu-S (complete inhibition at 0.1 pg/ml), Flu-
MR (growth at 1 pg/ml but complete inhibition at
100 pg/ml) and Flu-HR (growth at 100 pg/ml),
pyriofenone; Pyr-S (complete inhibition at 10 pg/ml),
Pyr-MR (growth at 10 pug/ml but more than 80% inhi-
bition at 1000 pg/ml) and Pyr-HR (<50% inhibition at
1000 pg/ml).

Field survey of fungicide application history and change
in powdery mildew incidence from 2016 to 2018
cropping seasons

In four greenhouses, Jousou-A, and -B, Omitama and
Ishioka-A, the records for the application of fungicide
spray were surveyed from 2016 to 2018 for each farmer.
Additionally, in three greenhouses, Jousou-A, Omitama
and Ishioka-A, changes in the incidence of powdery
mildew were investigated every month during the same
period. The disease incidence was calculated based on
the observation of 40 arbitrarily selected cucumber plants
in each greenhouse, 10 leaves from the middle part of
each plant, and 400 leaves per greenhouse in total.

Results

Sensitivity of single-spore isolates to flutianil
and pyriofenone

In the leaf disc assays, disease development of the
sensitive reference isolates, N1, N2 and K-7-2, which
had never been treated with both fungicides, was

completely inhibited at 0.0063 pg/ml of flutianil
and 10 pg/ml of pyriofenone, respectively, and the
ECsy values for these fungicides were 0.00013—
0.00035 pg/ml (mean 0.00027 pg/ml) and 0.39—
0.70 pg/ml (mean 0.54 pg/ml), respectively
(Table 1).

The sensitivities of 23 single-spore isolates to both
fungicides were determined initially. Two isolates col-
lected from Ishioka-A, H-1 and H-2, showed sensitivity
similar to that of sensitive reference isolates (Table 2).
The remaining 21 isolates were divided into two resis-
tant phenotypes, Flu-HR/Pyr-HR and Flu-MR/Pyr-MR.
All of the 19 isolates from Jousou-A, -B and Omitama
were categorized as Flu-HR/Pyr-HR, with MIC and
ECsy values of >100 pg/ml for flutianil and >
1000 pg/ml for pyriofenone. Isolates H-B1 from
Ishioka-A and Ic1905—1from Ishioka-G were Flu-MR/
Pyr-MR, with MIC value of 25 pg/ml for flutianil and >
1000 pg/ml for pyriofenone and ECs, value of 0.61 and
0.99 pg/ml, and 51.0 and 66.3 pg/ml, respectively.
Inhibition rate of mildew growth at the highest concen-
trations by flutianil was 100% against Flu-MR and
ranged from 5.5-27.0% (mean 17.8%) against Flu-HR
isolates. That value by pyriofenone was 90.5 and 93.0%
against Pyr-MR and ranged from 8.3-32.7% (mean
21.3%) against Pyr-HR isolates.

When five Flu-HR/Pyr-HR isolates (S-1sp, N-C2,
N-E4, M1-D1 and M2-E) were subcultured repeated-
ly on cucumber cotyledons in the absence of both
fungicides, their resistances were maintained even
after subculturing 10, 27 and 46 times (Table 3). Upon
subculturing 46 times, more than 29 months had
passed since the most recent exposure to the
fungicides.

In foliar spray tests, disease development of isolate
N2, N1 and K-7-2 was almost completely inhibited at

Table 1 Sensitivity to flutianil and pyriofenone of Podosphaera xanthii isolates that were not received prior selective pressure from both

fungicides
Isolate Greenhouse Location Collection time Host MIC? (ug/ml) ECso® (pg/ml)
Flutianil Pyriofenone Flutianil Pyriofenone
N1 Hokota 1997 Melon 0.0063 10 0.00032 0.54
N2 Hokota 1997 Melon 0.0063 10 0.00013 0.39
K-7-2 Unknown Unknown Unknown 0.0063 10 0.00035 0.70

* MIC Minimum inhibitory concentration
b ECso: 50% effective concentration
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Table 2 Flutianil (Flu) and pyriofenone (Pyr) sensitivity of single-spore isolates of Podosphaera xanthii collected from cucumber
greenhouses in Ibaraki Prefecture

Isolate Greenhouse Location®  Collection time ~ MIC® (pg/ml) ECso° (ug/ml) G (%) at

Flu Pyr Flu Pyr Flu 100 pg/ml  Pyr 1000 pg/ml
S-1sp Jousou-A March, 2017 >100 >1000 >100 >1000 18.2 12.3
S-2sp Jousou-A March, 2017 >100 >1000  >100 >1000 17.4 13.9
S-Al Jousou-A March, 2018 >100 >1000 >100 >1000 14.7 234
S-C1 Jousou-A March, 2018 >100 >1000 >100 >1000 16.6 28.8
N-B1 Jousou-B May, 2017 >100 >1000 >100 >1000 24.2 273
N-B2 Jousou-B May, 2017 >100 >1000 >100 >1000 25.0 23.5
N-C1 Jousou-B May, 2017 >100 >1000 >100 >1000 13.9 17.2
N-C2 Jousou-B May, 2017 >100 >1000 >100 >1000 17.2 29.9
N-E2 Jousou-B May, 2017 >100 >1000 >100 >1000 8.3 10.7
N-E4 Jousou-B May, 2017 >100 >1000 >100 >1000 20.8 23.1
N1805-04a Jousou-B May, 2018 >100 >1000  >100 >1000 16.0 224
N1805-07a Jousou-B May, 2018 >100 >1000  >100 >1000 24.1 29.7
N1805-08a Jousou-B May, 2018 >100 >1000 >100 >1000 27.0 8.3
M1-D1 Omitama May, 2017 >100 >1000 >100 >1000 21.6 11.1
M2-A2 Omitama May, 2017 >100 >1000  >100 >1000 23.6 26.2
M2-E Omitama May, 2017 >100 >1000 >100 >1000 16.0 29.9
M1805-01a  Omitama May, 2018 >100 >1000 >100 >1000 55 16.7
M1805-02a  Omitama May, 2018 >100 >1000 >100 >1000 11.7 16.7
M1805-03a  Omitama May, 2018 >100 >1000 >100 >1000 16.7 32.7
H-1 Ishioka-A August, 2017 0.0063 10 0.00015 0.66 100.0 100.0
H-2 Ishioka-A August, 2017 0.0063 10 0.00066 0.87 100.0 100.0
H-B1 Ishioka-A May, 2018 25 >1000  0.61 51.0 100.0 93.0
1c1905-1 Ishioka-G May, 2019 25 >1000  0.99 66.3 100.0 90.5

# Letters after city name indicate different greenhouses in the

® MIC Minimum inhibitory concentration

“ECso: 50 % effective concentration. Each value was the average from three runs of each experiment
4 GI Growth inhibition rate. Each value was the average from three runs of each experiment

2.5 and 10 pg/ml of flutianil and 25 and 100 pg/ml of which was used as the reference fungicide (Fig. 1). In
pyriofenone, as well as at 200 pg/ml of mepanipyrim, contrast, efficacy of flutianil and pyriofenone was low

Table 3 Flutianil and pyriofenone sensitivity of Podosphaera xanthii isolates after subculture on cucumber cotyledons in the absence of
both fungicides

Isolate MIC? (ug/ml) ECsg
(No. of subcultures) b (pg/ml)
(No. of subcultures)

Flutianil Pyriofenone Flutianil Pyriofenone

10th 27th 46th 10th 27th 46th 10th 27th 46th 10th 27th 46th
S-1sp >100 >100 >100 >1000 >1000 >1000 >100 >100 >100 >1000 >1000 >1000
N-C2 >100 >100 >100 >1000 >1000 >1000 >100 >100 >100 >1000 >1000 >1000
N-E4 >100 >100 >100 >1000 >1000 >1000 >100 >100 >100 >1000 >1000 >1000
MI-D1 >100 >100 >100 >1000 >1000 >1000 >100 >100 >100 >1000 >1000 >1000
M2-E >100 >100 >100 >1000 >1000 >1000 >100 >100 >100 >1000 >1000 >1000

# MIC Minimum inhibitory concentration

b ECs: 50 % effective concentration
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Fig. 1 Efficacies of flutianil (2.5 and 10 pg/ml), pyriofenone (25
and 100 pg/ml), and mepanipyrim against cucumber powdery
mildew inoculated with Podosphaera xanthii isolates in foliar
spray tests. Two experiments (a and b) were independent runs with

even at registered doses against three Flu-HR/Pyr-HR
isolates, N-C2, M1-D1 and M2-E, unlike mepanipyrim.
Against Two Flu-MR/Pyr-MR isolates, H-B1 and
Ic1905-1, both fungicides showed the control efficacy
dependent on the concentration, however a decreased
response at full registered doses.

Monitoring study of sensitivity to flutianil
and pyriofenone

Sensitivity to flutianil and pyriofenone was tested using
99 single-spore isolates collected from the 13 cucumber
greenhouses in addition to the previously described 23
isolates for a total of 122 isolates (Table 4). Ninety-one
isolates (73.0%) sampled from all of the greenhouses
showed resistance to both fungicides. Out of the 91
isolates, only two isolates from Ishioka-A and Ishioka-
G were identified as Flu-MR/Pyr-MR and the remaining
89 isolates from 12 greenhouses as Flu-HR/Pyr-HR.
Detection frequencies of Flu-HR/Pyr-HR isolates
exceeded 50% in 10 greenhouses. In this study, no
isolate with reduced sensitivity to only one fungicide
was detected (Fig. 2). Observation with a light micro-
scope showed that all of the isolates obtained from these
greenhouses were classified as P. xanthii.
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the same experimental design. Error bars represent the standard
error of the means. Different letters indicate significantly different
efficacies within the same isolate according to a Kruskal-Wallis
test employing a post hoc Steel-Dwass test (P < 0.05)

History of spraying with flutianil, pyriofenone and other
fungicides, and change in disease incidence of powdery
mildew

The total number of fungicide applications for control of
powdery mildew from 2016 to 2018 was 7—13 per winter-
spring cultivation and 13-20 times per summer-fall culti-
vation in the greenhouses of Jousou-A and -B and
Omitama (Table 5). In Jousou-A, flutianil and pyriofenone
were applied once or twice in each of the four cultivation
periods except for pyriofenone in winter-spring cultivation
in 2017 (no spray). In Jousou-B, flutianil was applied twice
in summer-fall in the 2017 cultivation period and
pyriofenone was sprayed only once in the winter-spring
in 2016. In Omitama, spraying was performed twice with
flutianil and once with pyriofenone in the summer-fall of
2016-2017. In Jousou-B and Omitama, following our
recommendations, neither of the fungicides was used since
the winter-spring cultivation in 2017, due to the detection
of resistant isolates in the summer-fall cultivation in 2017
(Table 4). In Ishioka-A, the total number of fungicide
sprays was two to three in the winter-spring cultivation
and five to six in the summer-fall. Flutianil was used only
once in the summer-fall cultivation in 20162017, and
pyriofenone once in the summer-fall cultivation in 2016—
2017 and in 2017-2018.



Eur J Plant Pathol (2020) 156:953-963

959

Table 4 Frequency of flutianil and pyriofenone resistance of Podosphaera xanthii isolates collected from cucumber greenhouses with a

history of both fungicides usage in Ibaraki Prefecture

Greenhouse location®  Collection time

No. of isolates tested  No. of resistant isolates®

Frequency of resistant isolates (%)°

Flutianil Pyriofenone
MR HR MR HR Flutianil Pyriofenone
Jousou-A March, 2017 3 0 3 0 3 100 100
March, 2018 6 0 5 0 5 83 83
May, 2018 4 0 4 0 4 100 100
Jousou-B May, 2017 8 0 8 0 8 100 100
May, 2018 4 0 4 0 4 100 100
Jousou-C October, 2017 4 0 1 0 1 25 25
Jousou-D October, 2017 2 0 2 0 2 100 100
February, 2019 8 0 8 0 8 100 100
Jousou-E October, 2017 3 0 3 0 3 100 100
Omitama May, 2017 4 0 4 0 4 100 100
May, 2018 8 0 7 0 7 86 86
Ishioka-A March, 2017 2 0 0 0 0 0 0
August, 2017 5 0 0 0 0 0 0
May, 2018 7 1 0 1 0 14 14
May, 2019 3 0 0 0 0 0 0
Ishioka-B May, 2018 5 0 5 0 5 100 100
May, 2019 9 0 8 0 8 100 100
Ishioka-C October, 2017 3 0 1 0 1 33 33
May, 2019 5 0 1 0 1 20 20
Ishioka-D October, 2017 4 0 4 0 4 100 100
May, 2019 7 0 7 0 7 100 100
Ishioka-E October, 2017 2 0 1 0 1 50 50
Ishioka-F October, 2017 1 0 1 0 1 100 100
May, 2019 5 0 5 0 5 100 100
Ishioka-G October, 2017 5 0 5 0 5 100 100
May, 2019 5 1 2 1 2 67 67

* Letters after city name indicate different greenhouses in the same city

® MR moderately resistant, R highly resistant

¢ Frequency of resistant isolates (%)=No. of MR and HR isolates/No. of isolates tested x 100

89

HR

Number of isolates

- A MR
s Phenotype to

0 pyriofenone
HR

Phenotype to flutianil

Fig. 2 Number of isolates by resistance phenotypes to flutianil
and pyriofenone of Podosphaera xanthii collected from cucumber
greenhouses with a history of usage of both fungicides in Ibaraki
Prefecture

The development of powdery mildew was almost
completely inhibited during the four cultivation periods
in Jousou-A and Omitama, except for the summer-fall
cultivation from 2016 to 2017 in Omitama (Fig. 3). In
contrast, in Ishioka-A, severe disease incidence was
recorded in every cultivation during this study.

Discussion
The leaf disc and foliar spray tests in this study clearly

showed the occurrence of resistance to flutianil and
pyriofenone in P. xanthii isolates. In addition, the
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Table 5 Number of sprays of flutianil, pyriofenone and other fungicides for powdery mildew control in four cucumber greenhouses in

Ibaraki Prefecture

Greenhouse location®  Cultivation Period No. of sprays
Flutianil Pyriofenone  Other fungicides registered  Total
to control powdery mildew
Jousou-A Summer-fall ~ July to November 2016 1 1 11 13
Winter-spring  December 2016 to May 2017 2 1 16 19
Summer-fall ~ July to November 2017 2 0 10 12
Winter-spring  December 2017 to June 2018 2 2 10 14
Jousou-B Summer-fall ~ August to November 2016 0 1 9 10
Winter-spring  January to June 2017 2 0 18 20
Summer-fall ~ August to November 2017 0 0 12 12
Winter-spring  January to June 2018 0 0 13 13
Omitama Summer-fall ~ July to November 2016 0 0 7 7
Winter-spring  December 2016 to May 2017 2 1 16 19
Summer-fall ~ July to November 2017 0 0 7 7
Winter-spring  December 2017 to June 2018 0 0 17 17
Ishioka-A Summer-fall ~ July to November 2016 0 0 2 2
Winter-spring  December in 2016 to May 2017 1 1 3 5
Summer-fall ~ July to November 2017 0 0 3 3
Winter-spring  December in 2017 to May 2018 0 1 5 6

# Letters after city name indicate different greenhouses in the same city

present study suggests that the resistance to both fungi-
cides have already developed and spread among many
greenhouses with a history of spraying; these fungicides
appear to have lost their efficacies to control powdery
mildew on cucumber. This is the first report on resis-
tance to flutianil in P. xanthii and other pathogen.

To avoid the development of fungicide resistance, the
growers in Jousou-A, and -B and Omitama followed the
registered spray dose and the number of usages for
flutianil and pyriofenone per cultivation and adopted
rotational spray patterns with other fungicides with dif-
ferent modes of action. Additionally, in Jousou-A, pow-
dery mildew disease was almost completely controlled
during the research period, so it was deduced that the
pathogen populations exposed to both fungicides were
very small. Despite these anti-resistance strategies, a
grower (at Jousou-A) complained of a decline in the
efficacy of both fungicides against powdery mildew in
March 2017. This complaint led to the detection of rapid
and extensive development of resistance to both fungi-
cides. Considering the results of the present study, it is
suggested that when pyriofenone and flutianil are used
in greenhouses where cucumber is cultivated in two
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cultivation periods per year, there is a high risk of
resistance development. In cucumber cultivation in
Ibaraki Prefecture, extensive development of resistance
to other fungicides, such as Qols, DMIs, and SDHIs,
was also observed in P, xanthii (Miyamoto, unpublished
data). Consequently, it has been recommended that
growers discontinue the use of flutianil and pyriofenone,
in addition to the other fungicides mentioned, for the
control of cucumber powdery mildew, and instead apply
protectant fungicides such as iminoctadine albesilate,
quinoxaline or mepanipyrim. Incidentally, the reason
why powdery mildew was almost controlled in
Jousou-A was that these effective protectants were
sprayed regularly, in combination with cultural manage-
ment, such as the clearance of diseased leaves and the
use of an appropriate planting density.

Resistance factors (RF; the mean ECs, value for
resistant isolates / mean ECs, value for sensitive iso-
lates) for MR and HR isolates were 3015 and > 375,000
for flutianil, and 108 and > 1840 for pyriofenone, re-
spectively. Therefore, it could be easily distinguished as
S, MR and HR to each fungicide. About levels of
resistance to metrafenone, which belongs to the same
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Fig. 3 Changes in incidences of powdery mildew on cucumber leaves in the three greenhouses, Jousou-A (a), Omitama (b) and Ishioka-A

(c), from winter-spring cultivation in 2016 to summer-fall in 2018

aryl-phenyl-ketone group as pyriofenone, there are a
few reports in powdery mildew fungi on other crops.
E. necator isolates that had developed resistance to
metrafenone showed two levels of resistance (Kunova
et al. 2016). Sensitivity to metrafenone in B. graminis f.
sp. tritici was categorized into moderately adapted and
resistant phenotypes (Felsenstein et al. 2010; Graf
2017). The moderately adapted phenotype of
B. graminis f. sp. tritici showed RF of 55, which was
similar to the RF value of Pyr-MR isolates of P. xanthii
in our study, however this phenotype was still well
controlled by metrafenone at the recommended field
dose (375 pg/ml). The differences could be due to the
ECso value of metrafenone for sensitive isolates of
B. graminis f. sp. tritici being about one-sixth the value
of pyriofenone for P. xanthii isolates and the registered
field dose being 3.75 times higher for metrafenone to
wheat than pyriofenone to cucumber. Additionally, fre-
quency of Pyr-MR and Pyr-HR isolates was 1.6% and

73.0% in cucumber greenhouses, respectively, however
the B. graminis f. sp. tritici phenotype moderately
adapted to metrafenone was more frequently isolated
(up to 34%) than the resistant phenotype (0.3—1.5%) in
European wheat growing regions (Graf 2017). This
difference indicates the unique development of resis-
tance to the aryl-phenyl-ketone group in each powdery
mildew fungus.

No isolate that was resistant to only one fungicide
was identified in this study. It is possible that resistance
to both flutianil and pyriofenone developed as a result of
the application of both fungicides at similar frequencies
to control powdery mildew. Moreover, it can be inferred
that there is, unfortunately, similar risks of resistance
developing to both fungicides. To the best of our knowl-
edge, no reports have described that isolates resistant to
metrafenone or pyriofenone were tested for their sensi-
tivity to flutianil. Nonetheless, an analysis such as whole
genome sequencing of the flutianil resistant isolates
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obtained in this study may elucidate the mechanism of
action of the fungicide, which remains unknown.

Our results show that Flu-HR/Pyr-HR isolates main-
tain the resistance even after consecutive subculture on
fungicide-untreated detached cotyledons for more than
two years and can also persist in the cucumber green-
house in the absence of application of either fungicide
for at least one year. A fitness study was performed for
B. graminis f. sp. tritici isolates with reduced sensitivity
to metrafenone (Stammler et al. 2014). Mixtures that
contained combinations of sensitive isolates along with
moderately adapted or resistant isolates, were cultured
for several cycles on fungicide untreated wheat leaves.
The results revealed that the sensitive isolates dominated
after several transfers. Moreover, in the same report, it
was described that single E. necator isolates resistant to
metrafenone were fully sensitive after several cycles of
subculture on untreated grapevine leaves (Stammler
et al. 2014). However, a more detailed study on the
competitiveness of this fungus showed that the change
in the development of metrafenone resistance was de-
pendent on the sensitive and resistant isolates used (Graf
2017). We hypothesise that the high frequency of resis-
tant P. xanthii isolates in cucumber greenhouses where
flutianil and pyriofenone applications and their selection
pressure had been discontinued might have been caused
by a similar fitness level in comparison with
pyriofenone-sensitive strains, or by less influx of sensi-
tive isolates from surrounding cucurbits. From the re-
sults of this study, it can be inferred that flutianil-
resistant isolates also dominated in the greenhouses for
the same reasons as isolates resistant to pyriofenone.

As mentioned above, it is recommended that growers
avoid the use of flutianil and pyriofenone in green-
houses with two cultivation periods per year in Ibaraki
Prefecture. In 2018, flutianil and pyriofenone were in-
troduced onto the Japanese market as products mixed
with other effective fungicides with different modes of
action, namely, iminoctadine albesilate and
mepanipyrim, respectively. These strategies are expect-
ed to play an essential role in reducing the risk of
developing fungicide resistance. Furthermore, cucum-
ber is also cultivated once a year in open fields or
greenhouses in rotation with other crops, such as toma-
to. When cucumber is cultivated in this way, there is a
possibility that the level of disease pressure and the
influx of pathogens differ from those in the greenhouses
surveyed in this study, and that the development of
resistance might be delayed. Therefore, it is necessary
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to continue to carefully monitor pathogen sensitivity to
flutianil and pyriofenone after the introduction of mixed
products to control cucumber powdery mildew in such
cultivation conditions.
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