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Abstract. A detached leaf disk assay for screening sweet cherry (Prunus avium L.)
genotypes for susceptibility to powdery mildew (PM) [Podosphaera clandestina (Wallr.:Fr.)
Lev.] was developed by evaluating the effects of photoperiod (24 hours light, 0 hours light,
14 hours light/10 hours dark), substrate nutrient content (sterile distilled water, 1%
sucrose), leaf age (old, young, emergent), and leaf explant size (intact leaf, 30 mm, 20 mm)
on PM growth on leaves from the susceptible cultivar Bing. The only parameter described
that had a significant (P ≤ 0.001) effect on PM growth was leaf age. Old leaves, designated
as the third fully expanded leaf from the basal end of current-year’s shoot growth, were
never infected with PM under controlled inoculations. In the absence of significant
differences between treatments, those parameters with the highest treatment means were
selected for subsequent evaluation. To test the leaf disk assay, 14 sweet cherry cultivars
were screened in two experiments, and rated according to level of PM susceptibility. Rank
sum comparison of results from cultivars used for leaf disk screening agreed with earlier
field rankings of the same cultivars. The developed leaf disk assay greatly reduced the
space required to screen sweet cherry cultivars, and was a repeatable and objective
predictor of field resistance that may be useful for screening germplasm or breeding
populations.

trees (Grove and Boal, 1991a). These
cleistothecia serve as the primary inoculum
source. Infections in eastern Washington are
first observed in late April to mid-May, ≈4 to
6 weeks after budbreak. Initially, PM appears
as light-colored lesions on leaves, generally in
the inner portions of the canopy. Developing
colonies are white, and eventually cause blis-
tering and leaf deformation. Young, vigorous
shoots are infected most often, resulting in
stunted growth. Foliar incidence of PM in-
creases through May and June, with rapid
increases in secondary inoculum (i.e., conidia
of the pathogen). Foliar PM continues to be
severe after harvest, partly because Washing-
ton growers stop fungicide applications im-
mediately before harvest (Grove, 1998).

Podosphaera clandestina is controlled with
sterol-inhibiting fungicides. However, recent
reports identified site-specific incidences of
P. clandestina resistant to fenarimol [α-(2-
chlorophenyl)-α-(4-chlorophenyl)-5-
pyrimidinemethanol], a member of this class
of fungicides (Grove, 1997). Grape (Vitis sp.)
PM [Uncinula necator (Schwein.) Burrill],
which has a life cycle similar to that of P.
clandestina, has also developed resistance to
sterol-inhibiting fungicides (Erickson and
Wilcox, 1997; Gubler et al., 1996).

The threat of fungal resistance to primary
control tactics, as well as grower and con-
sumer interest in reducing pesticide use, make
identification and development of PM-resis-
tant cherry cultivars desirable. Little effort has

been made to characterize resistance to P.
clandestina, although variation in susceptibil-
ity exists among cherry species and cultivars.
Hedrick (1915) observed that P. avium and P.
cerasus L. were susceptible, but P. mahaleb L.
was rarely infected by PM. In Washington
State, English (1947) observed that ‘Lambert’
and ‘Napoleon’ had much less PM than did
‘Bing’. Infected fruit were observed on ‘Bing’,
‘Black Tartarian’, and ‘Lambert’ but not on
‘Napoleon’. Only ‘Hoy’ and ‘Wood’ were
identified as being resistant (Hedrick, 1915;
Hesler and Whetzel, 1937). More recently,
‘PMR-1’, a chance seedling identified in the
stone fruit breeding program at Washington
State Univ.’s Irrigated Agriculture Research
and Extension Center (IAREC) near Prosser,
Wash., has proven to be immune to foliar PM
infection (Toyama et al., 1993). To identify
resistant cherry genotypes, a rapid, reliable,
and economical method of screening is needed.

Detached leaf culture may be useful for
screening cherry genotypes for PM resistance.
Dependence on natural field epidemics is un-
reliable during years with low disease inci-
dence (Welty and Barker, 1993). The use of
controlled environment testing allows mul-
tiple screenings in a single growing season,
which is otherwise impossible in a perennial
tree fruit crop. Detached leaf screening has
been used, with varying degrees of success, as
a resistance assay for a wide range of diseases
on many horticultural and agronomic crops
(Brown et al., 1999; Dolar et al., 1994; Dorrance
and Inglis, 1997; Fanourakis, 1990; Randhawa
and Civerolo, 1985; Reddy et al., 1994; St.
Amand and Wehner, 1995; Tedford et al.,
1990). Detached leaf culture has been used to
identify germination requirements of PM
conidia on sweet cherries and peaches (Prunus
persica Batsch); however, these tests were
terminated before colony growth started (Grove
and Boal, 1991b; Weinhold, 1961). To reli-
ably predict resistance, detached leaf culture
conditions must be conducive to optimum PM
growth.

The objectives of this study were to de-
velop a rapid, reliable, and economical cherry
PM resistance screening assay based on de-
tached leaf culture, and to utilize this assay to
screen a number of existing cherry cultivars
for resistance.

Materials and Methods

Culture and inoculation conditions. De-
tached leaves were collected in July 1998 from
the known susceptible cultivar, ‘Bing’, from
an orchard near Prosser that had not been
treated with fungicide during the 1998 grow-
ing season. Only young leaves that had not yet
expanded fully (emergent) were used (Grove
and Boal, 1991b). Detached leaves were col-
lected in polyethylene bags and transported on
ice to the IAREC, where they were inspected
visually and those showing PM symptoms
were discarded. Detached leaves were surface
disinfested for 30 s in a 70% ethanol solution,
then rinsed immediately with sterile, distilled
water (Spurr, 1979). Detached leaves were
allowed to air-dry completely in a fume hood

Powdery mildew (PM) is the most serious
preharvest disease of sweet cherry in Wash-
ington State (Grove, 1991, 1998; Grove and
Boal, 1991a, 1991b); it commonly infects fo-
liage, but can also infect fruit. Fruit infections
can result in severe financial losses when
entire lots of fruit are rejected because of
infection and reduction of fruit quality via
flesh degradation (Grove, 1991). Fruit infec-
tions are more prevalent in orchards with high
incidence and severity of foliar PM (Grove
and Boal, 1991b).

The life cycle of the pathogen, its overwin-
tering survival mechanism, and the environ-
mental conditions conducive to infection have
recently been characterized (Grove, 1991;
Grove and Boal, 1991a, 1991b). The fungus
survives in the sexual stage as cleistothecia on
senescent leaves on the orchard floor, trapped
in tree crotches, or in bark fissures of cherry
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before inoculation with P. clandestina conidia.
All inoculations were performed with a

spore settling tower (Reifschneider and
Boiteux, 1988), using a composite of P.
clandestina conidial isolates (Grove and Boal,
1991b) collected from orchards near Prosser.
Source leaves for inoculations were uniformly
and heavily infected. Test leaves were inocu-
lated on the abaxial side (Grove and Boal,
1991b), with each block inoculated separately.
An average of 25 conidia/mm2 were allowed
to settle on the detached leaves for 5 min
before the leaves were moved from the settling
tower.

Three photoperiods (24 h light, 0 h light, or
14 h light/10 h dark) and two substrate nutrient
levels (sterile distilled water or 1% sucrose)
were tested initially to determine optimal con-
ditions for pathogen development. To main-
tain a high relative humidity (RH), inoculated,
detached leaves were floated individually in
sterile, plastic petri dishes (100 × 15 mm),
abaxial side up (Weinhold, 1961), on either
sterile distilled water or a 1% sucrose solution.
Petri dishes were placed in random order in a
controlled-environment chamber (Precision
Scientific Group, Chicago) with white fluo-
rescent lights and incubated at 22 ± 2 °C under
a 24-h photoperiod [photosynthetic photon
flux (PPF) ≈50 µmol·m–2·s–1]. To accommo-
date the entire experiment in a single incuba-
tor, the treatments requiring complete dark-
ness were wrapped tightly in aluminum foil,
whereas treatments requiring a 14-h photope-
riod were wrapped in aluminum foil for 10 h
each day.

The experiment was designed as a two-
factor experiment (photoperiod and substrate
nutrient content), with treatments arranged in
a randomized complete-block design. Within
the controlled-environment chamber there
were five replications per treatment. The num-
ber of days to first colony formation (incuba-
tion period), presence of contaminating or-
ganisms, and evidence of tissue necrosis were
monitored daily. The number of P. clandestina
colonies was counted on the 14th day using a
dissecting microscope (Bausch and Lomb,
Rochester, N.Y.) at 30×.

Leaf age and size. Detached ‘Bing’ leaves
of three distinct ages were collected in July
1998, as follows: 1) old leaves (designated as
the third fully expanded leaf from the base of
current-year’s shoot growth), 2) young leaves
(designated as the first or second fully ex-
panded leaf from the apex of current-year’s
shoot growth), and 3) emergent leaves (desig-
nated as those that were not yet fully ex-
panded) (Grove and Boal, 1991b). To test for
possible effects of tissue size on P. clandestina
colonization of detached leaves, three tissue
sizes (full-size leaves, and 30- and 20-mm leaf
disks cut with a cork borer) were used for each
leaf age group. Each tissue size was obtained
from separate leaves corresponding to each
leaf age.

Leaf collection, transport, and inspection
were as described above, followed by cutting
into the three different tissue sizes. Surface
disinfestation and P. clandestina inoculation
were performed as described previously, after

cutting the leaves into different tissue sizes.
After inoculation, detached leaves and leaf
disks were placed singly into separate sterile
petri dishes (150 × 15 mm), abaxial side up.
Since the substrate solutions occasionally had
splashed onto the surface of the leaf tissue in
the first experiment, a piece of sterile filter
paper, saturated with 1% sucrose solution, was
used to support the detached leaves. Petri
dishes were randomized in the same con-
trolled-environment chamber as described pre-
viously, and incubated at 22 ± 2 °C under a 14-
h photoperiod (PPF ≈50 µmol·m–2·s–1). All
treatments were monitored daily for drying of
the filter paper; 1% sucrose solution was added
if necessary.

The experiment was designed as a two-
factor experiment (leaf age and size) with five
replications per treatment. All treatments were
arranged in a randomized complete-block de-
sign. The incubation period, presence of con-
taminating organisms, and evidence of tissue
necrosis were monitored daily. Since P.
clandestina growth by the 14th day was too
extensive to discern individual colonies, the
percentage of leaf area covered by powdery
mildew was estimated visually using a dissect-
ing microscope at 30×.

Field screening. On 10 June 1998, mature
trees of 50 sweet cherry genotypes were rated
visually for susceptibility to PM under field
conditions near Prosser. The trees had not
been treated with fungicides during the 1998
season, and had been indexed previously as
virus-free. Multiple trees were available for 13
of the genotypes. Visual ratings were made by
examining the whole tree to identify a repre-
sentative branch that was used to score PM
colonization based on a qualitative, five level
scale: 1 = No PM; 2 = distinct leaf mottling but
no visible mildew colonies; 3 = a few distinct
colonies on young leaves; 4 = large numbers of
colonies on young leaves; 5 = colonies no
longer distinct, PM covering most of the leaf.

Detached leaf disk cultivar screening. The
detached leaf disk procedure was used to iden-
tify differences in susceptibility of sweet cherry
cultivars to P. clandestina. Young, emergent
leaves of 14 cultivars were collected in July
and Aug. 1998 from mature trees near Prosser.
Included in the detached leaf screening were
three cultivars (‘Moreau’, ‘PMR-1’, and ‘Ve-
nus’) that had shown no evidence of PM in the
field, and four (‘Bing’, ‘Lapins’, ‘Rainier’,
and ‘Van’) that constitute the majority of cherry
production in Washington State. Two recently
released cultivars from WSU/Prosser (‘Chelan’
and ‘Tieton’) were included. The remaining
cultivars (‘Black Republican’, ‘Black
Tartarian’, ‘Lambert’, ‘Sam’, and ‘Stella’), all
of either historical or minor significance in
Washington State, were chosen according to
their varying levels of PM susceptibility in
field observations.

Emergent leaves were collected, trans-
ported, inspected, surface disinfested, and in-
oculated as described previously, using 30-
mm leaf disks. Following inoculation, each
leaf disk was placed individually in a sterile,
plastic petri dish (150 × 15 mm) on a single
piece of filter paper saturated with 1% sucrose

solution. Petri dishes were randomized in a
controlled-environment chamber maintained
at 22 ± 2 °C under a 14-h photoperiod (PPF
≈50 µmol·m–2·s–1). All treatments were moni-
tored daily, and 1% sucrose solution was added
as needed.

The experimental design was a random-
ized complete block within the incubator, with
five replications per cultivar. The incubation
period, presence of contaminating organisms,
and evidence of tissue necrosis were moni-
tored daily. On the 14th day, the percentage of
leaf area covered by P. clandestina and pres-
ence of cleistothecia were estimated visually
as before. The experiment was performed two
times.

Statistical analysis. Data for the culture
and inoculation condition experiment and the
leaf age and size experiment were analyzed
using Minitab Data Analysis Software
(Minitab, State College, Pa.) with the analysis
of variance (ANOVA) option. Data from both
detached leaf disk cultivar experiments were
analyzed using the general linear model in
SAS (SAS Institute, Cary, N.C.), and treat-
ment means were separated with Fisher’s pro-
tected LSD (P ≤ 0.05). The Wilcoxon rank sum
test (Ott, 1993), a nonparametric procedure,
was used to compare ranking of the detached
leaf disk screening with field observations for
the cultivars.

 Results and Discussion

Assay cultural conditions. The results be-
low indicate that the simple detached leaf disk
screening method described above can be used
to rate the foliar susceptibility of sweet cherry
cultivars to P. clandestina. The optimum tem-
perature and RH for germination of P.
clandestina conidia on cherry leaves was iden-
tified previously as 22 °C and nearly 100% RH
(Grove and Boal, 1991b). In this study,
ANOVA for the incubation period and the
number of PM colonies present after 14 d
detected no significant (P > 0.05) effects of
photoperiod or substrate nutrient levels. The
interaction between photoperiod and substrate
nutrient content also was not significant (P >
0.05). Although not significant, the shortest
incubation period and highest number of PM
colonies were observed with leaves cultured
on 1% sucrose in a 14-h photoperiod (Table 1),
which resembles the natural photoperiod dur-
ing field epidemics.

Previous PM germination studies in cherry
(Grove and Boal, 1991b) and in peach
(Weinhold, 1961) were conducted in com-
plete darkness. Spencer (1978) also noted that
plants could be infected readily with PM in
darkness. However, Yarwood (1946) found 1)
that detached leaves did not senesce as rapidly,
and were less susceptible to contaminating
fungi in light than in darkness, and 2) that
adding sugar to the substrate on which leaves
are kept reduces the effect of darkness.
Randhawa and Civerolo (1985), in culturing
detached peach leaves, found that continuous
dark favored growth of contaminant organ-
isms and resulted in extensive water-soaking
of some leaves. We obtained a similar result,
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with contaminating organisms and extensive
tissue necrosis occurring only in leaves cul-
tured in complete darkness (Table 1). For all
other treatments, surface disinfestation with
70% ethanol (Spurr, 1979) completely sup-
pressed saprophytic organisms. The addition
of 1% sucrose to the substrate had no signifi-
cant effect on growth of PM; however, de-
tached leaves had a higher number of mildew
colonies when cultured on a 1% sucrose solu-
tion (Table 1).

Leaf age and size. The ability to select any
leaf from a cherry tree to use in detached leaf
disk screening would be advantageous.
Fanourakis (1990), studying PM of cucumber
(Cucumis sativus L.), found that mildew de-
veloped uniformly on leaves of all ages, but in
our studies, leaf age was the only variable of
those tested that had a significant impact on
PM infection levels. The cultural conditions
identified in the initial experiment as being
most favorable (14-h photoperiod, 1% su-
crose) resulted in so much PM growth in the
second experiment that after 14 d the percent-
age of infected leaf area was estimated visu-
ally rather than by counting individual colo-
nies. ANOVA for percentage of diseased leaf
area after 14 d detected highly significant
differences (P ≤ 0.001) for leaf age. Emergent
cherry leaves had higher PM percentages than
did older leaves in both the current study and
that of Grove and Boal (1991b). Old leaves
had no PM (Table 2). This agrees with field
observations made in Washington State, where
field epidemics end soon after harvest, a time
that generally coincides with the setting of
terminal buds and cessation of new growth.
When data for old leaves were omitted, leaf
age became nonsignificant (P > 0.05).

Although fully expanded, young, whole

leaves had the highest percentage of mildew
growth, the effect of leaf disk size was not
significant. ANOVA indicated nonsignificant
effects (P > 0.05) of leaf age, size, and the
interaction between the two. There was no
evidence of contaminating organisms on any
leaf sample evaluated in this experiment. On
all cut leaves (20- and 30-mm treatments), a
small ring of necrotic tissue formed around the
circumference of the leaf disks, although this
appeared to have no effect on PM growth. The
shortest incubation period and highest per-
centage of PM were found on emergent leaves
cut into 20-mm disks (Table 2). Therefore, the
smallest leaf disk size could be used reliably,
decreasing the allotted space required to con-
duct the test, and thereby facilitating the use of
multiple samples from a single leaf (although
that was not done in these experiments).

Field screening. Of the 50 sweet cherry
cultivars rated for natural infection by PM
under local orchard conditions, a subset of 12
was selected to provide a wide range of ge-
netic susceptibilities (Table 3). These were
tentatively classified as highly resistant (no
mildew colonies or symptoms present), mod-
erately resistant (distinct leaf mottling but few
or no actual colonies visible), slightly suscep-
tible (a few distinct colonies visible), moder-
ately susceptible (large numbers of colonies
visible), and highly susceptible (massive colo-
nies covering most of the leaf). This provided
a range of apparent genetic diversity for sub-
sequent testing of the reliability of the de-
tached leaf screening procedure.

Detached leaf disk cultivar screening. Re-
sults from the two detached leaf disk screening
trials were not significantly different (P >
0.05), so the data were pooled for final statis-
tical analyses. Cultivars with the largest PM

infection areas also had the shortest incuba-
tion periods. Cleistothecia were present after
14 d on all cultivars except those having no
incidence of disease (data not shown). Culti-
vars were separated by class according to
Fisher’s protected LSD (P ≤ 0.05), and rated for
their susceptibility to PM colonization (Table
4). In contrast with the tentative rating classes
used in the field observations, statistical analy-
sis identified only four classes (a, b, c, d) with
two intermediate subclasses (bc, cd). The 12
cultivars used for both the detached leaf disk
screening and field observations were ranked
from most susceptible to most resistant, and
found to be statistically equal (P ≤ 0.05) using
the Wilcoxon rank sum test. The cultivars in
classes a, b, and c in the former screening
segregated similarly (5, 4, and 3, respectively)
in the field ratings (Tables 3 and 4). Cultivars
field-rated 1 or 2 were included in detached
leaf statistical class d, although there is a clear
distinction between cultivars that fall in this
class. Both ‘Lambert’ and ‘Black Tartarian’
exhibited minor PM infection, whereas other
cultivars in class d (‘Chelan’, ‘Moreau’, ‘PMR-
1’, and ‘Venus’) showed no evidence of infec-
tion in either test (Tables 3 and 4). Therefore,
‘Lambert’ and ‘Black Tartarian’ are listed as
moderately resistant in Table 4. When labeled
in this manner, classes identified in the de-
tached leaf disk screening method match those
in the tentative field classification.

In four cases, cultivar classifications de-
fined by the detached leaf disk screening
method did not match classifications based on
field observations. The most obvious of these
was for ‘Black Tartarian’, a cultivar found to
be highly susceptible in field observations
(Table 3) but susceptible to moderately resis-
tant in detached leaf testing (Table 4). ‘Chelan’
was highly resistant in detached leaf studies, a
result that has not yet been confirmed in field
observations. Identification of ‘Lambert’ as
moderately resistant agrees with observations
made by English (1947).

The assay conditions most conducive to
PM growth in this study were whole, emergent
leaves, cultured on a 1% sucrose solution at 22
°C for a 14-h photoperiod. Further refining the
variables that promote PM growth while de-
laying leaf senescence may be feasible. How-
ever, the extent of the agreement between field
observations and two detached leaf screening
experiments demonstrates the utility of the
assay conditions developed thus far.

Table 1. Effects of sucrose level (in distilled water) and photoperiod on average number of days until first
visible powdery mildew colony (incubation period), number of colonies present, and leaf integrity of
‘Bing’ cherry leaves.

Sucrose level (%)
0 1

Infection Photoperiod (h) Photoperiod (h)
characteristic 0 14 24 0 14 24
Days until first

visible colony 4.5NS 4.4 4.7 4.6 3.8 4.8
Number of colonies

(14 d) 1.6NS 3.0 3.2 1.2 4.6 2.4
Leaf integrity (14 d) Necrotic areas No necrosis No necrosis Necrotic areas No necrosis No necrosis
nsThere were no significant differences (P ≤ 0.05) among means for any variables as determined by analysis
of variance.

Table 2. Effects of leaf age and size of explant on average number of days until first visible powdery mildew colony (incubation period), percentage of diseased
area, and leaf integrity of ‘Bing’ cherry leaves.

Leaf agez

Emergent Young Old
Explant sizey Explant size Explant size

Infection characteristic 20 mm 30 mm Whole 20 mm 30 mm Whole 20 mm 30 mm Whole
Days until first visible colony 4.2 ax 5.0 a 5.2 a  4.6 a 4.6 a 5.6 a --- --- ---
Diseased areaw (% at 14 d) 60 a 27 a 51 a 10 a 22 a 43 a 0 b 0 b 0 b
Leaf integrity (14 d) Necrotic Necrotic No Necrotic Necrotic No Necrotic Necrotic No

margin margin necrosis margin margin necrosis margin margin necrosis
zEmergent = leaves harvested before full expansion; young = first or second fully expanded leaf from apex; old = third leaf from base of current-year’s growth.
y20- and 30-mm leaf disks cut from intact leaf.
xMean separation within parameters by ANOVA, P ≤ 0.05.
wIndividual colonies no longer distinguishable at 14 d, so percentage diseased area was estimated visually.
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Table 4. Effect of cherry cultivar on mean powdery mildew area, rank, and infection susceptibility rating
based on the 30-mm detached leaf assay.

Cultivar Diseased area (mm2)z Ranky Classification
Bing 68 ax  12 Highly susceptible
Black Republican 61 a 11 Highly susceptible
Sam 57 a 10 Highly susceptible
Rainier 37 b 9 Moderately susceptible
Lapins 23 bc 8 Moderate to slightly susceptible
Van 21 c 7 Slightly susceptible
Tieton 20 c --- Slightly susceptible
Stella 20 c 6 Slightly susceptible
Black Tartarian 12 cd 5 Slightly susceptible to moder-

ately resistant
Lambert 4 d 4 Moderately resistant
Chelan 0 d --- Highly resistant
Moreau 0 d 2 Highly resistant
PMR-1 0 d 2 Highly resistant
Venus 0 d 2 Highly resistant
zMean after 14 d incubation from two pooled experiments with five replications of each cultivar per
experiment.
yRanking of rated cultivars for Wilcoxon rank sum test, where ties are assigned a rank equal to the average
of the ranks they occupy.
xMean separation among cultivars by Fisher’s protected LSD, P ≤ 0.05.

Table 3. Field observational rating and ranking of 12 cherry cultivarsz based on powdery mildew (PM)
infection levels (Prosser, Wash., 10 June 1998).

Cultivar Ratingy Rankx Tentative classification
Black Republican 5.0 12 Highly susceptible
Black Tartarian 4.5 10.5 Highly susceptible
Van 4.5 10.5 Highly susceptible
Bing 4.3 9 Highly susceptible
Rainier 4.0w 8 Moderately susceptible
Stella 3.3 7 Slightly susceptible
Lapins 3.0w 5.5 Slightly susceptible
Sam 3.0w 5.5 Slightly susceptible
Lambert 2.3 4 Moderately resistant
Moreau 1.0 2 Highly resistant
PMR-1 1.0 2 Highly resistant
Venus 1.0w 2 Highly resistant
zSubset of 12 cherry cultivars selected from 50 rated in field observations.
y1 = no PM; 2 = distinct leaf mottling but no visible PM colonies; 3 = very few distinct colonies on young
leaves; 4 = large numbers of colonies on young leaves; and 5 = colonies no longer distinct, PM covering most
of the leaf.
xRanking of rated cultivars for Wilcoxon rank sum test, where ties are assigned a rank equal to the average
of the ranks they occupy.
wRating based on observation of only one tree.
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