
Introduction

Powdery mildew is the most common and serious
disease that affects cultivated strawberries. It is caused
by the fungus Podosphaera aphanis (Wallr.) U. Braun &
S. Takamatsu, which preferentially infects young green
leaves and rapidly spreads over various parts of the
plant, including the stem, buds, flowers, and fruits. Be-
cause infection, especially on fruits, markedly reduces
the quality and marketable yield, immediate control of
the disease is crucial.

P. aphanis is an obligate parasite that only infects
living tissues of cultivated strawberry (Fragaria ×
ananassa Duchesne) and a few kinds of wild strawberry
(Fragaria vesca and Potentilla micrantha)1, 2, 13. There-
fore, it is impossible to cultivate the fungus artificially.
Detached cotyledons, leaves, or leaf segments have
probably been the most commonly used means for
maintaining powdery mildew isolates in culture9. How-
ever, as the infectivity of P. aphanis is lower on the de-
tached leaflets and leaf discs of strawberry11, P. aphanis
cannot survive for a long period of time on the leaf
discs of strawberry. In addition, latent infection of
strawberry leaf by P. aphanis has been reported5. These
facts suggest that preservation using the strawberry leaf
is risky, as the leaf may be infected by other P. aphanis

isolates. For other powdery mildew fungi, various pres-
ervation methods at low temperature have been re-
ported3, 9, 12. For example, Podosphaera fusca, a patho-
gen of cucurbit, could survive under low-temperature
conditions by silica gel treatment14. However, this
method has been used only for restrictive pathogens
such as cucurbit. Thus, we here tested various methods
to preserve P. aphanis on strawberry plants and devel-
oped a new technique for labor-saving preservation us-
ing sterilized seedling culture.

Materials and methods

1. Low-temperature preservation of conidia with
cryoprotectant

Twelve single-conidial isolates were obtained from
diseased strawberry leaves collected in Japan using
Morrison’s method6 (Table 1). The conidia of P. aphanis
(strain KT-1) were used for analyzing the effects of low-
temperature preservation. Fresh conidia were suspended
in 1 mL of 10% dimethyl sulfoxide (DMSO) or 10%
skimmed milk as a cryoprotectant added with 1.5% so-
dium L-glutamate (SM) at a final concentration of 105

conidia/ mL. In another vial (diameter, 3 cm, and
height, 6 cm), an infected strawberry leaf sample (1 cm
x 1 cm) inoculated 14 days prior was embedded in 8 g
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of non-sterile agar powder (Wako Pure Chemical Indus-
tries, Ltd., Osaka, Japan) . Each sample was kept at 0, -
20, −40, or −80�C for 24 h after samples were sub-
jected to pre-cooling treatment at 0, 4, or 10�C for 2 h.
After preservation, the DMSO and SM samples were
rapidly thawed in a water bath at 50�C for 2 min and
transferred directly onto water agar (WA, 2% agar) by
brush. The plates were incubated at 20�C for 24 h, and
the germination rate was determined. A total of 300
conidia were investigated for each experiment. Each
data set represents the mean of three replications.

2. Liquid nitrogen preservation of conidia
Ten infected strawberry leaf samples (1 cm x 1cm)

were kept at 25�C for 6 and 12 h in a desiccator, in
which a beaker containing 100 ml of a MgCl2•6H2O
saturated solution was placed to maintain 33% relative
humidity. Each leaf disc was placed in a cryogenic tube
(2-mL serum tube; Sumitomo Bakelite Co., Ltd., Tokyo,
Japan) and pre-frozen for 1 h each, serially, at 0�C, −
20�C, and −80�C, and then finally frozen at −165�C
conserved in the vapor phase of liquid nitrogen. After
the frozen leaves were kept at −165�C for 24 h, they
were inoculated on WA plates and incubated at 20�C
for 24 h for determination of the germination rate. A to-
tal of 300 conidia were investigated. Each data set rep-
resented the mean of three replications.

3. Preservation of conidia by freeze-drying and
liquid-drying

The fresh conidia, which were suspended in
DMSO or SM at a final concentration of 105conidia/mL,

or the leaf discs embedded in agar powder kept at −20�C
for 24 h were freeze-dried or liquid-dried using a vac-
uum dryer (Taite VD-400F; Taitec Co., Saitama, Japan).
After vacuum-drying for 24 h, the conidia were re-
suspended in 0.5 mL of sterilized water, and the germi-
nation rate was determined as described above.

4. Confirmation of latent infection of healthy leaves
Four-hundred leaf discs (diameter, 2 cm) were ob-

tained from apparently healthy strawberry leaves col-
lected in five disease-free green houses at Kurume,
Fukuoka, Japan (Table 2). Eight leaf segments were
placed abaxial side up in Petri dishes (diameter, 9 cm)
lined with wet filter paper. Fifty Petri dishes, with a to-
tal of 400 leaf segments, were used in this experiment.
Visible symptoms were investigated after a 10-day treat-

Table 1. Podosphaera aphanis strains used in this study

All strains were maintained using the method developed in this study.

Table 2. Number of leaf discs latently infected with
Podosphaera aphanis

a) Healthy leaf disks were kept at 20�C for 10 days and
the number of discs showing visible symptoms were
counted.

Strain no. Site of collection Isolation cultivar Date of sampling

KT-1 Kurume, Fukuoka, Japan Toyonoka April 5, 2000

KT-2 Kurume, Fukuoka, Japan Toyonoka April 5, 2000

KS-1 Kurume, Fukuoka, Japan Sachinoka April 5, 2000

KS-2 Kurume, Fukuoka, Japan Sachinoka April 16, 2000

YT-1 Miyahara, Kumamoto, Japan Nyohou May 8, 2000

UN-1 Utsunomiya, Tochigi, Japan Nyohou January 18, 2001

UN-2 Utsunomiya, Tochigi, Japan Nyohou January 18, 2001

ON-1 Oyama, Tochigi, Japan Nyohou January 18, 2001

AN-1 Ashikaga, Tochigi, Japan Nyohou January 18, 2001

SN-1 Souma, Fukushima, Japan Nyohou January 19, 2001

NN-1 Natori, Miyagi, Japan Nyohou January 20, 2001

WT-1 Watari, Miyagi, Japan Toyonoka January 20, 2001

Cultivar Date of sampling No. of diseased leaf discs a)

(per 400 discs)

Toyonoka April 8, 1999 3

Toyonoka April 8, 1999 3

Toyonoka April 10, 1999 0

Sachinoka April 12, 1999 1

Sachinoka April 12, 1999 0
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ment under a 12-h light/12-h dark cycle at 20�C.

5. Preservation of conidia on aseptic seedlings culture
Fully mature strawberry fruits (cultivar, Toyonoka)

(600 g) were mashed in 500 mL of distilled water in a
juicer (MX-M2; National House Industrial Co., Osaka,
Japan), and the juice was filtered using gauze to collect
the strawberry seeds. Seeds were completely dried in a
clean bench. Then, the seeds (20 g) were immersed in
50 mL of 100% H2SO4 for 5 min and stirred by glass
rod to remove the seed coat. The seeds were washed in
flowing water for 1 h and rinsed using 70% ethyl alco-
hol to obtain sterilized seeds. Twenty seeds obtained in
this manner were sown in a polycarbonate pot (CB-1B;
AS ONE Co., Osaka, Japan: diameter, 80 mm and
height, 102 mm) containing 50 g of autoclaved soil, and
then the pot was completely sealed by cap to avoid con-
tamination and kept at 20�C in a clean room. The ger-
mination rate of strawberry seeds treated with 100% H2

SO4 solution was higher than that of non-treated seeds,
as previously reported13.

The conidia spread on WA plate were subjected to
isolation of a single conidium (strain KT-1) under a
stereoscopic microscope. Each single conidium was in-
oculated on a first true leaf by needle 20 days after
sowing. The inoculated place on the leaf was marked
with a felt-tipped marker.

Table 1 lists 12 strains of powdery mildew isolated
from strawberry plants collected from various regions of
Japan. The strawberry seedlings bearing visible lesions
as a result of the inoculation were preserved in the
room regulated at 5�C under 12-h light/day conditions
(Fig. 2). Illumination was maintained using a plant-
growing fluorescent light (plant FL40S•BRN; Toshiba,
Tokyo, Japan). Light is placed at about 20 cm above the
surface of strawberry. After the infected seedlings were
preserved for six months, the seedlings were transferred
to a room (20�C) and incubated for seven days. The
fresh conidia produced were used for inoculation on
healthy strawberry leaves by the dusting method. The
growth of P. aphanis on strawberry leaves was observed
for 10 days after inoculation. Other isolates (11 isolates)
collected from various region of Japan were also exam-
ined for re-inoculation.

Results and discussion

1. Effects of low-temperature preservation on
P. aphanis

We used the low-temperature preservation method
for powdery mildew reported by Ozaki, Takahashi, and
Sirakawa12, i.e., the conidia were suspended in DMSO

or SM and frozen. However, no germination was ob-
served after 24 h of low-temperature preservation treat-
ment in either DMSO or SM (Table 3). We also at-
tempted to preserve conidia by the freeze-drying and
liquid-drying methods, but were unsuccessful. The coni-
dia transferred to WA from liquid nitrogen did not ger-
minate. The result suggests that P. aphanis cannot be
preserved in liquid nitrogen, although the fungus caus-
ing powdery mildew of cucurbits can be preserved in
liquid nitrogen10.

One of the most popular methods for the long-term
preservation of the fungi causing powdery mildew is to
use cleistothecia, which are small saclike bodies con-
taining ascospores. Dried cleistothecia obtained from
Blumeria graminis f.sp. hordei have been reported to be
preserved for 13 years7. P. aphanis causing powdery
mildew in strawberry plant has been reported to be het-
erothallic, and the formation of cleistothecia has been
reported overseas4. However, we did not find cleistothe-
cia of P. aphanis on strawberry plants in Japan, as
Nakazawa and Uchida8 did. Thus, we considered it diffi-
cult to use this method for the long-term preservation of
the conidia of P. aphanis.

P. aphanis causing powdery mildew in cucurbits
has been reported to be successfully preserved for 320
days at −20�C using the agar-embedding method12.
However, this method was also ineffective for the pres-
ervation of the conidia of P. aphanis in this experiment:
i.e., the germination rate of the conidia was only 22.3%
at 0�C for 24 h and reduced to 0% after a 10-day pres-
ervation period (Table 3). In addition, no germination
was observed for 24 h at −20�C, −40�C, or −80�C.
These results suggest that low temperature can be as-
sumed to not be preferable for preservation of P. apha-
nis.

Table 3. Germination rate (%) of conidia preserved
for 24 h at low temperature

a) Conidia were suspended in 10% dimethyl sulfoxide
and frozen.

b) Conidia were suspended in skim milk (10% SM
added with 1.5% sodium-l-glutamate) and frozen.

c) Conidia were embedded in 8 g of non-sterile agar
powder and frozen.

Preservatives Temperature

0�C −20�C −40�C −80�C

DMSOa) 00.0 0 0 0

S Mb) 00.0 0 0 0

Agar powderc) 22.3 0 0 0
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2. Preservation of P. aphanis using sterilized seedlings
grown from sterilized seed

When a single conidium was inoculated on a first
young leaf of a seedling, many colonies of the fungus
causing powdery mildew in strawberry rapidly appeared
on the upper surface of the leaf after 10 days (Fig. 1),
unlike in mature plants that normally show symptoms
on the lower leaf surface.

The fresh conidia produced on the seedlings pre-
served at 5�C for six months successfully produced on
strawberry leaves (Fig. 2). The resultant conidia had the
ability to cause powdery mildew on other strawberry
leaves. The subculture could be maintained for eight

months in this experiment. In addition, the subculture
could be maintained at least for two years by transfer-
ring it to new strawberry pots every six months.

All isolates (12 isolates) collected from various re-
gions of Japan also formed conidia under the same con-
ditions, and the resultant conidia showed infectivity.
These results indicate that the sterile seedling method
developed in this study could be a simple and conven-
ient method as a labor-saving method for the preserva-
tion and preparation of stable stock of P. aphanis.

In confirming the latent infection of healthy leaves,
a few leaves showed typical symptoms after a 10-day
incubation period at 20�C (Table 2). This indicates that
naturally intact leaves are insufficient for stock cultures
of mildew because contamination with other mildew
strains often occurs. For Rosaceae belonging to straw-
berry, the latent infection by Sphaerotheca pannosa16

and Podosphaera clandestina17 have been reported on
rose and hawthorn, respectively. It is important to use
seedlings from sterilized seeds as described in this paper
to prevent contamination with other powdery mildew
strains. Because this method can be used with ease in a
low-temperature room with light, it should be applicable
as a simple technique for preservation of powdery mil-
dew of strawberry.
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