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A Simple and Reliable Method for Evaluating the Effectiveness

of Fungicides for Control of Powdery Mildew
(Sphaerotheca macularis) on Strawberry

Ken’o OKAYAMA*, Tomohiko NAKANO**, Sachiko MATSUTANI*
and Teruhiko SUGIMURA*

Abstract

A simple and reliable method was established for evaluating fungicide efficacy in the control of
strawberry powdery mildew. The lower surface of newly developed leaflets of strawberry runner-tip
plantlets was the best for assay inoculation, and disease severity could be visually evaluated with ease
7 days after inoculation. The youngest leaflets were more susceptible than the intermediate leaflets, and
the oldest leaflets were hardly infected by the fungus. The colonies on the inoculated lower surface of
runner-tip plantlets were observed clearly 7 days after inoculation and remained alive for 28 days.
Disease severity was consistently high when sprayed with conidial suspension containing more than 5.0 X
10* conidia/ml. Maximum infection of inoculated leaflets was observed when incubated at near 20°C.
Infection frequency at 15°C was greater than at 25°C. No disease development was observed at or above
30°C. When leaflets were sprayed with effective fungicides before inoculation, disease development was
remarkably suppressed. The effects of fungicide were more clearly evaluated with leaflets in test tubes
than those on whole plants in the vinyl-covered house. These results indicate the validity of this method
for the accurate evaluating of fungicide effectiveness. This method will be adapted to the screening of
fungicides for powdery mildew control.

(Received May 16, 1995; Accepted August 20, 1995)
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fungicide'®. Thus a reliable method for assessing these
INTRODUCTION correlations is urgently needed.

Since a new cultivar Toyonoka of strawberry (Fra-

gariae X ananassa Duch) was brought into a large acre-
age of cultivation in the Mid-1980s, powdery mildew
(Sphaerotheca macularis (Wallroth et Fries) Lind] has
been a serious problem in strawberry production.
Although various fungicides have been used for the
control of this disease, they were, in most cases, not
effective enough. Mainly DBEDC {complex of bis (eth-
ylenediamine)copper-bis- (dodecylbenzenesulfonic acid}
and sterol demethylation inhibitors (DMIs: bitertanol,
fenarimol, triforine, triflumizole, myclobutanil) have
been sprayed in nurseries and in vinyl-covered houses.
However, the incidence of the disease did not decrease
in spite of the improvement of spray method because the
effectiveness of fungicides is influenced by many factors,
especially by the extent of fungicide deposit on the
lower surface of leaves in the field”. More importantly,
poor fungicide efficacy also has been correlated with
development of resistance in the fungus to the

* Nara Agricultural Experiment Station, Shijo-cho, Kashihara 634, Japan
** Uda Agricultural Extension Office, Hagihara, Haibara-cho, Uda-gun, Nara 633-02, Japan

This study establishes a reliable method for rapidly
evaluating fungicide efficacy in the control of straw-
berry powdery mildew.

MATERIALS AND METHODS

Plants. Strawberry runner plants, cv. Toyonoka,
were used for the experiments. To establish the most
reliable inoculation method, lower surfaces of newly
developed leaflets of runner-tip plantlets, potted plants,
detached young leaflets, and leaf discs (6 mm in diame-
ter) were inoculated with the fungus. Youngest, interme-
diate, and oldest leaflets of runner-tip and runner plants
were used to test the effect of leaf age on infection.
Runner-tip plantlets were grown in a vinyl-covered
house.

Preparation of inoculum. Conidia of S. macu-
laris were collected from several diseased strawberry
leaves and fruits in fields at the Nara Prefectural
Agricultural Experiment Station. Sporulating colonies
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on leaves were put into a glass vial containing distilled
water and condia were detached by brushing. Leaves
were inoculated by spraying the conidial suspension
onto leaves and leaf discs, or dipping ‘leaves into a
conidial suspension, or by rubbing colonies with conidia
onto leaves. Leaflets, leaf discs, and plants were inocu-
lated with 1 ml, 1 ml (approximately 3 X 10° spores/cm?),
and 10 ml, respectively, of a conidial suspension adjusted
to 10° conidia/ml.

Incubation. Inoculated leaflets of runner-tip
plantlets, leaf discs or whole plants were incubated at
20°C with a photoperiod of 12 hr under fluorescent light
(3000 lux) per day for 1-5 weeks. Inoculated leaflets on
runner-tip plantlets were placed into a test tube contain-
ing 10 ml distilled water, and were used to investigate
the relationship between inoculum density and the devel-
opment of powdery mildew. Artificially and naturally
infected leaflets of runner-tip plantlets were used to
study the disease development at 15, 20, 25, and 30°C.

Chemical treatment. Polyoxins (109 WP
polyoxin), Baycoral (2596 WP, bitertanol), Trifmine
(309% WP triflumizole), Rubigan (12% fenarimol), Rally
{10% WP myclobutanil), Sanyol {20% EW DBEDC=
complex of bis(ethylenediamine)copper-bis-(dodecylben-
zenesulfonic acid} and spreader (dialkyldimethylammo
nium polynaphthylmethanesulfonate - polyoxyethylene
fatty acid ester) were tested for their fungicidal activi-
ties. Mildew-free leaflets of runner-tip plantlets were
dipped in solutions containing these chemicals at three
different concentrations within the range of registration,

Table 1.

Susceptibility of strawberry leaves at differ-
ent ages to powdery mildew fungus (Sphaer-
otheca macularis)
Inoculation Leaﬂets Disease D.ays after
. Leaf age diseased ., . Inocula-
materials %) severity tHon®
Leaflet of undeveloped 8.3 5.2 28
runner-tip youngest 82.5 70.8 28
plantlet  intermediate 57.5 63.5 28
oldest 33.3 23.9 28
Rooted undeveloped 0.0 0.0 >30
plant youngest 73.3 46.7 >30
intermediate 13.3 6.7 >30
oldest 13.3 < 5.0 >30
Leaf youngest 28.1 10.0 15
Leaf disc youngest 30.0 20.0 20

a) Disease severity of each leaflet or leaf discs was as-
signed to 5 categories based on the following scale ; A :
more than 509% on the surface of area of the leaflet
infected, B: 25-50% of leaflet, C: two colonies covering
covered 25% of leaflet, D : one small mycelial colony, E :
no visible mildew development. Disease severity was
calculated as follows: [(4na+3ms+2nc+np)/4 (mat+
9 + 1+ 1o+ 1:)] X 100. 24 to ng represents-the number
of the reaflets or leaf discs in each category.

b) The days that fungus colony remained alive. Germina-
tion of the conidia was observed under the microscope.

allowed to dry and then spray inoculated with conidia.

Leaflets and foliar spray tests. Fungicidal
effects of bitertanol (100 mg/1) and DBEDC (400 mg/1)
assessed with leaflets of runner-tip plantlets in test tubes
were compared with those on whole plants in the field.
Leaflets of runner-tip plantlets were dipped once into a
fungicide before inoculation. Strawberry plants in the
field were sprayed with these solutions three times at an
interval of a week.

The percentage of leaflet area or leaf-disc surface
covered with powdery mildew was assessed 7 days after
inoculation, and mildew development was rated, using
the following scale : A, more than 509 areas of leaflet or
leaf-disc surface were covered by powdery mildew ; B,
25-50% of leaflet covered; C, two colonies to 25% of
leaflet covered; D, one small colony present; E, no
visible mildew development.

RESULTS

Susceptibility of tissues and concentration of

inoculum

The lower surface of newly developed leaflets of
strawberry runner-tip plantlets was found the best for
inoculation, although mycelial colonies appeared on
whole plants. The maximum infection and conidial
proliferation were observed on the lower surface of
runner-tip leaflets. The disease development on leaflets
of runner-tip plantlets was consistently greater than
those on detached leaflets and leaf discs. Moreover, the
youngest leaflets were more susceptible than the inter-
mediate or undeveloped leaflets. The oldest leaflets were
hardly infected by the fungus. Mycelial colonies were
observed obviously 7 days after inoculation on the lower
surface of runner-tip plantlets, and after 9 days on
nursery plants. These colonies remained alive for 15

Table 2. Development of powdery mildew on straw-
berry leaflets of runner-tip plantlets as affect-
ed by inoculum density of the pathogen

Conidial® Leaflets diseased (%) Disease severity

density - 7 16 7 16

4.0x108 86.7 a9 933 a 75.8 a 83.3 a

2.0x10° 83.3ab  100.0 a 71.7 a 88.3 a

10° 63.3 bc 86.7 ab 41.7 b 69.2 ab

5.0 x10* 63.3 bc 93.3 ab 425 Db 76.7 ab

2.5x104 433 cd 80.0 b 21.7bc 575D

1.3x10* 20.0 de 46.7 ¢ 92c 30.0 ¢
6.3<10? 33e 20.0 cd 17¢c 10.8 cd
3.1x103 10.0 e 36.7 cd 33¢c 20.0 cd

1.6 X102 03e 6.7d 03¢ 58d

0.0 0.0e 0.0d 0.0 c 0.0d

a) Runner-tip plantlets were inoculated with 1ml of a
conidial suspension.

b) Days after inoculation.

¢) The same letter after numbers represents no significant
difference in Duncan’s multiple range test at »=0.05
level.
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days on detached leaves, 20 days on leaf discs and 28
days on leaflets of runner-tip plantlets (Table 1).

The newly developed leaflets were consistently and
successfully infected when inoculated with conidia at a
concentration of 1.6 X10%-4.0X10°/ml. Disease develop-
ment was more severe as the concentration of conidia
was increased. Disease severity was uniformly high over
the range of inoculum concentration from 5.0X10* co-
nidia/ml to 4.0 X 10° conidia/m! and was low below 1.6 X
10® conidia/ml (Table 2).

Temperatures and inoculation method

Maximum infection of both artificially inoculated and
naturally infected leaflets was ohserved when incubated
" at near 20°C. Infection frequency at 15°C was consistent-
ly greater than at 25°C. No disease development was
observed on leaflets incubated at or above 30°C (Table
3). '

No differences in effectiveness between spraying
conidial suspension and direct application of powdery
mildew colonies on leaves to leaflets was observed (data
are not shown.).

Table 3. Effects of temperature on powdery mildew
development on strawberry leaflets of runner-
tip plantlets

Artificially infected Naturally infected

Temper- leaflets leaflets
ature ('C) Leaflets  Disease Leaflets  Diseased
diseased (%) severity diseased (%) severity
15 90.0 67.8 ab® 93.3 57.5 a
20 90.0 825 a 86.7 65.0 a
25 63.3 45.0 b 53.3 475 a
30 0.0 0.0 c 0.0 00b

a) Numbers in columns followed by the same letter are not
significantly different in Duncan’s multiple range test at

Effects of fungicide on leaflets with runner-tip

plantlets in test tubes

Strawberry leaflets sprayed with myclobutanil or
fenarimol before inoculation were not infected by the
fungus. Bitertanol or triflumizole were less effective and
polyoxin was ineffective at every dilution. DBEDC
without the spreader was utterly ineffective at any
concentration. However its effectiveness was increased
when the spreader was combined with DBEDC (Table 4).

Comparison of fungicidal effects on leaflets of

runner-tip plantlets in test tube and on plants in

the vinyl-covered house

The development of strawberry powdery mildew did
not occur when bitertanol was applied to leaflets of

Table 5. Fungicidal effects of bitertanol and DBEDC
on strawberry powdery mildew as assessed
with detached runner leaflets and whole
plants in a vinyl-covered house for compari-
son

Plants® Runner-tip plantlet?

Fungicide Diseased Disease Disee'lsed Diseased Disease
leaflets it fruits leaflets it

(%) severity %) %) severity
Bitertanol 21.2b® 7.4b 46.8 ab 00b 00b
DBEDC 122 b 46b 148Db 100 b 25Db
Water 60.8a 303a 636a 53.3 a 23.3 a

a) Bitertanol (100 mg/l) and DBEDC (400 mg/l) were
sprayed on plants (100 ml/plant) three times every week
(May 6,13,20). DBEDC means the complex of bis (eth-
ylenediamine)copper-bis-(dodecylbenzenesulfonic acid).

b) Leaflets sprayed with fungicide were dried up, and then
inoculated by spraying with conidial suspension of 10°
conidia/ml.

¢) Numbers in columns followed by the same letter are not
significantly different in Duncan’s multiple range test at

»=0.05 level. $»=0.05 level.
Table 4. Fungicidal effects on strawberry powdery mildew assessed with leaflets of runner-tip plantlets
Low conc.® Intermediate conc. High conc.

Fungicide Leaflets Disease Leaflets Disease Leaflets Disease

diseased (%) severity diseased (%) severity diseased (%) severity
Myclobutanil 0.0 0.0 d® 0.0 0.0d 0.0 0.0d
Fenarimol 0.0 0.0d 0.0 0.0d 0.0 0.0d
Bitertanol 0.0 0.0d 6.7 25d 0.0 0.0d
Triflumizole 6.7 25d 0.0 0.0d 0.0 0.0d
Polyoxin 13.3 5.0 d 20.0 12.5 cd 13.3 2.5 d
DBEDC 80.0 425 ab 53.3 375 ab 40.0 27.5 be
DBEDC +spreader® 46.7 7.5 cd 20.0 ) 275Db 0.0 0.0d
Water 73.3 52.5 a —a — — —

a) Diluted with water ; myclobutanil : 12.5 (Iow), 25 (intermediate), 50 mg (high)/l, fenarimol : 15 (low), 30 (intermediate), 60
mg (high)/l, bitertanol : 50 (low), 100 (intermediate), 200 mg (high)/1, triflumizele : 50 (low), 100 (intermediate), 200 mg
(high)/1, polyoxin: 50 (low), 100 (intermediate), 200 mg (high)/l, DBEDC means the complex of bis (ethylenediamine)

copper-bis-(dodecylbenzenesulfonic acid) : 100 (low), 200 (intermediate), 400 ml (high)/1.

b) Dialkyldimethylammonium polynaphthylmethanesulfonatespolyoxyethyléne fatty acid ester 1 ml/L
¢) Numbers in columns followed by the same letter are not significantly different Duncan’s multiple range test at p=0.05

level.
d) Not tested.
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runner-tip plantlets in test tubes before inoculation.
DBEDC was slightly less effective than bitertanol. When
whole plants in the vinyl-covered house were sprayed
with these two fungicides three times after the occur-
rence of the disease, subsequent disease development on
leaves was suppressed. This was also observed with
disease development on detached leaflets of runner-tip
plantlets in test tubes. DBEDC was found more effective
than bitertanol in the field test (Table 5).

DISCUSSION

In spite of extensive application of fungicides, the
disease has not been controlled effectively to the extent
that satisfy farmers. The low control efficiency of fun-
gicides may be in part due to the appearance of resistant
strains?, but more importantly to the insufficient fun-
gicide deposit on lower surface of leaves?.

To clearly distinguish fungal resistance to fungicides
from other factors, the development of appropriate
procedure for assaying fungicidal efficacy to powdery
mildew of strawberry was a necessity. Monitoring
methods for detecting increased resistance in powdery
mildew of barley and cucumber have been developed
and its decreasing sensitivity to systemic fungicides has
been investigated®~®. Although the efficacy of fungicides
for controlling powdery mildew of strawberry has been
examined in the field, an easy and reliable monitoring
method had not been developed. The method described
here is simple and reliable for evaluating fungicidal
effects.

We observed that powdery mildew of strawberry
could be produced on newly developed leaflets of detach-
ed runner-tip plantlets in the laboratory, hence these
leaflets were thought to be the best for the assay of
fungicidal activities. These leaflets were uniformly in-
fected by the fungus when inoculated with conidial
suspensions at concentrations greater than 5X%10%/ml.
Disease development occurred in 1 week and disease
severity could be visually evaluated with ease. Runner-
tip plantlets with leaflets could be collected at any time
from nurseries and vinyl-covered house.

Disease development occurred at temperatures in the
range of 15°C to 25°C, maximum development occurring
at 20°C, but was completely suppressed at 30°C. Disease
severity was greater at 15°C than at 25°C. These results
on the effect of temperature on disease development
agree with those previously reported®®. Thus, the meth-
od we established can be utilized not only for the assay
of fungicidal efficacy but also for determining effects of
various environmental factors affecting disease develop-
ment.

When leaflets of runner-tip plantlets were sprayed
with fungicides before the infection, disease develop-
ment was remarkably suppressed and the fungicide
effectiveness was evaluated more accurately and more
rapidly on detached leaflets in test tubes than on whole
plants in the field. Insufficient field performance of

bitertanol might be caused by spraying after disease
development or by the presence of resistant strains in
the field.

Assays of sensitivity of the cucumber powdery mildew
fungus indicated a decreased sensitivity to DMIs*%. The
development of fungicide resistance occurs commonly in
the chemical control of cucumber powdery mildew.
Since both leaves and fruits are infected by the fungus in
strawberry, the loss in strawberry production is much
greater than in cucumber. However, the fungicidal sensi-
tivity of the strawberry powdery mildew fungus has not
been investigated. This method will be useful for screen-
ing of fungicide sensitivity and for developing disease
control strategies.

We wish to thank Dr. N. Tezuka and Dr. K. Abiko,
National Research Institute of Vegetables, Ornamental
Plants and Tea, for critically reading the manuscript and Dr.
J.L. Maas, Fruit Laboratory, U.S. Department of Agricul-
ture, Beltsville MD and Dr. S. Ohuchi, Kinki University, for
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