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Summary: In this review, some important features of biology and epidemiology are summarised for apple powdery mildew (Podosphaera
lewcotricha). In the first part of the review, the geographical distribution of the pathogen are discussed, then the morphology and taxonomy of
the causal organism are described. Disease symptoms of apple powdery mildew are also shown and then host susceptibility/resistance is
discussed in relation to durability of resistance. In the second part of this review, the general disease cycle of powdery mildew on apple are
demonstrated and some basic features of powdery mildew epidemiology (such response of the pathogen to temperature, relative humidity, and
rain as well as spore production, spore dispersal. diurnal patterns and temporal dynamics of the pathogen/disease) are also given on apple host.
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Introduction

Powdery mildews are worldwide distributed pathogens
on several host including horticultural crops. Inspite of some
exceptions. general features of the symptoms is the white
epiphytic micelia that covers the plant surface. In fruit crops.
one of the most known powdery mildew pathogen is
Podosphaera leucotricha, which causes enonomic losses
mainly on cultivated apple. In last decades, several new
commercial apple cultivars were introduced that has low to
moderate susceptibility to powdery mildew. Use of these
cultivars decreased P. leucotricha infections and epidemics
in most apple orchards. This resulted in less intensive control
against this pathogen compared to the mid twentieth century.
However, the pathogen is still well distributed worldwide
and causing severe losses in most apple growing region.

The aim of this review was, first, to outline some of the
biological features of apple powdery mildew, and second, to
describe the discase cycle and some epidemiological features
of the disease.

Geographical distribution

Powdery mildew is a worldwide ditributed discase in
most apple growing areas and it is an important disease in
apple nurseries worldwide. It is a major disease of orchard
trees in semiarid regions. Economic loss varies mainly with
cultivar susceptibility and orchard management practices.
The management of powdery mildew in commercial
orchards can be well integrated with several other diseases

(such as apple scab) having different environmental
requirements (Hickey & Yoder, 1990; Holb, 2005, 2008).

Causal organism and its morphology and taxonomy

Salmon (1900) divided Erysiphae into the subfamilies
Erysiphae and Phyllactineae. Then Homma (1937) prepared
the subfamilies Erysiphe. Phyllactineae and Leveilluleae.
Podosphaera has general features from that they are
commonly recognized: superficial mycelium, appendages
dichotomously branched at tip, and one ascus in the fruiting
bodies of chasmothecia (previously known as cleistothecia).
Podosphaera leucotricha (Ell. Ev.) E. S. Salmon (anamorph
Oidium farinosum Cooke), an ascomycetous heterothallic
fungus, causes powdery mildew of apple and pear and quince
(Hickey & Yoder, 1990). Conidia are ellipsoidal and varying
in the size of 20-38 m in diameter. Conidia often contain
distinct fibrosin bodies and they are truncate and hyaline.
Conidia are produced on long chains on thin mycelium. The
sexual fruiting bodies. chasmothecia (cleistothecia) are
subglobose and varying in the size of 75-96 m in diameter.
Sexual fruiting bodies are globose and have apical and basal
appendages. The number of apical appendages are 3 to 11 per
chasmothecia. They are widely spreading and their length is
3 to 7 times the diameter of the chasmothecia. The basal
appendages are short-tortuous, and mostly irregularly
branched. General size of an ascus within the chasmothecia
is 55-70 x 44-50 m. Their shapes are oblong to subglobose.
The ascus contains eight ovate to elliptical ascospores with
the size of 22-36 % 12—15 m.
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Symptoms

On apple, this fungus affects twigs, foliage, blossoms and
fruits. Infected twigs often are stunted and may also die.
When young leaves are infected, they tend to increase in
length, but they become folded longitudinally (Eflis et al.,
1981).

Infections on leaves appear first as fungal mycelium and
spores on the lower surface. These lesions may spread to the
upper surface and cover the entire leaf with a white mass of
spores and mycelium. Infections often result in leaf curling
or crinkling. Severely infected leaves are narrower than
normal and folded longitudinally, or curled, crinkled. and
stiff (Figure 1). These leaves become brittle, and they can
fall during the summer. (Hickey & Yoder, 1990).

Figure I: Severe infection caused by Podosphaera leucotricha on apple leaf
showing a mass production of mycelia and conidia. (Photo by Imre Holb)

Severely infected terminals have shortened internodes
and are covered with mycelium. During summer, the white
fungal micelium turns brown, and may produce dark brown
fruiting bodies (Figure 2). These inected shoots may survive
summer but often they die before autumn. If the spring or
summer infections survive then these symptoms on the
woody shoots can be seen from late autumn until early spring
during the dormant season (Holb, 2005; Holb & Abonyi,
2007; Figure 3). The overwintered terminals act as a source
of inoculum for the coming season (Hickey & Yoder, 1990;
Szentivanyi & Kiss, 2003). These overwintered, infected
terminal are very susceptible to winter injury and they can
die during long. cold winter (above -20 °C for several
weeks). If they survive the winter. buds of the infected shoots
start to open 5-8 days later than healthy buds (Holb et al.,
2005). Apple blossoms emerging from infected buds may
produce small and russeted fruit (Hickey & Yoder, 1990).

The flower parts as a part of cluster leaves can also be
covered with white mycelium. The white micelial mat may
cover all parts of the flower including petals, sepals.
receptacles and penducles. The petals of infected flowers are
often light green and stunted. Although blossom infection is
not very common, infected flower buds are more susceptible
to spring frost and also often fail to set fruit (Hickey & Yoder,
1990: Holb, 2008).

Figure 2: Severely infected terminals caused by Podosphaera leucotricha
showing a mass production of mycelia and conidia. (Photo by Imre Holb)

Figure 3: Severely infected terminals caused by Podosphaera leucorricha
showing a mass production of mycelia and conidia. (Photo by Imre Holb)
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Fruit infections are common on severely infected trees.
Fruits are susceptible in the early stages in spring. Older fruit
infection is seldom. Infected fruits are smaller and they
surface severely russeted. Mycelia or conidia can bee seen
rarely on older infected fruits (Hickey & Yoder, 1990).

As it was noted P. leucotricha can cause symptoms on
pear especially on fruit. White mycelium is visible on young
fruits, but later fruit become russetted as cells die (Hickey &
Yoder, 1990).

Host susceptibility and durability of resistance

Several older apple cultivars are susceptible to apple
powdery mildew. According to Hickey & Yoder (1990).
moderately to highly susceptible apple cultivars are
Jonathan, Baldwin. Cortland, Idared, Rome Beauty, Monroe,
Gravenstein, Stayman Winesap, Cox’s Orange Pippin,
Granny Smith, and Prima. Apple cultivars with low
susceptibility are Golden Delicious, Winesap, York
Imperial, Nittany and Lord Lambourbe (Hickey & Yoder,
1990).

Borovinova (1982a) studied the susceptibility of 59 apple
cultivars to powdery mildew in a five-year study. It was
found that all cultivars studied were infected by powdery
mildew, but their infection differed greatly by cultivar
susceptibilty. Only cv. Kolotny was very lowly susceptible
and the shoot infection was below 1%. Cultivars Linda, Gray
Renette, Boiken, White winter Kalvil, Rik’s Renette, Renette
des grandes villes, Beforest, Jonathan, Fenuette grise,
Fenuette rouge. Wellington, Jonathan type 3 and Pepin
Shafran were highly susceptible to both leaf and shoot
infestations (incidence was above 20%).

Borovinova (1982b) also investigated the effect of the
fertilization on the powdery sensitivity of cv. Jonathan to
powdery mildew. Application of N, P,O and K,O by 100.
40, 40 mg active ingredient per 1 kg dry soil, respectively,
both separately and in a combination of the three nutrient
elements, increased the sensitivity of cv. Jonathan to the

powdery mildew pathogen. The greatest increase in the
sensitivity was induced by the combined fertilization with N,
P,O; and K,O. The fertilizer combinations prolonged the
period of shoot growth and decreased the sugar content in
leaves, causing higher sensitivity of trees to the powdery
mildew pathogen.

Cimanowski et al. (1988) showed that cultivars Liberty,
Macfree, Paulared. Priam and Priscilla can be ranked as
susceptible to apple mildew. The varieties James Grieve,
Prima. Redfree. Tydeman’s Red were less susceptible to the
disease.

According to Jeger et al. (1986), for some cultivars the
association between the resistance components permitted
resistance to be classified as very high (cv. Discovery), very
low (cv. Golden Delicious) or intermediate (cvs. Bramley's
Seedling. Suntan).

Van der Scheer (1989) also sorted apple cultivars
assessing their sensitivity to powdery mildew, the highest
disease incidence were found on cvs Gloster and Cox’s
Orange Pippin. Borovinova (1994) studied the susceptibility
of scab resistant apple varieties to powdery mildew. All the
evaluated varieties were susceptible to powdery mildew but
to a different degree. Cultivar Moira was the most
susceptible. Evaluated varieties (except for cv. Moira) do not
require any special control against powdery mildew in the
first 4 years after planting. Pedersen et al. (1994) studied the
susceptibility of 15 apple cultivars to powdery mildew. Thier
results were compared with foundings of other researchers,
this comparison is shown in Table I.

Cimanowski & Millikan (1970) showed that high osmotic
values of cell sap are associated with resistance of apple to
powdery mildew. This relationship occurs within a single
variety in comparisons between young susceptible and old
resistant leaves and among four clones of McIntosh having
different levels of resistance.

Several study were made on powdery mildew resistance
genes. Monogenic or oligogenic resistances have been
identified in wild Malus species such as Malus robusta (PI1).

Table 1. Comparison of powdery mildew susceptibility 15 apple cultivars (partly adopted from Pederson et al.. 1994)

Cultivar Susceptibility to powdery mildew

‘Belle de Boskoop’
‘Bramleys Seedling

‘Cox's Orange’
Hickey & Yoder, 1990 Pedersen et al., 1994)

‘lldrod Pigeon®
‘Ingrid Marie’

‘James Grieve’
‘Mutsu’

High (Norton, 1981: Pedersen et al., 1994)
Low (Pedersen et al., 1994)

Low {Pedersen et al., 1994; Norion, 1981)
Low (Pedersen et al., 1994)

Medium (Pedersen et al., 1994)

Medium (Pedersen et al., 1994; Norton, 1981),

‘Red Ananas’
‘Skovfoged’
‘Summerred’
‘Transparente Blanche'

Low (Mygind, 1965; Cimanowski et al.. 1988; Pedersen et al., 1994:)

Low (Mygind, 1963: Norton, 1981 Jeger et al.. 1986; Pedersen et al.. 1994)
Medium (Mygind, 1963; Jeger et al., 1986), high (Jeger & Burr, 1983b: Jeger & Butt, 1986; van der Scheer, 1989;

Low (Norton, 1981: Jeger & Butt, 1983b; Jeger & Buut, 1986; Jeger et al., 1986: van der Scheer, 1989; Pedersen et al., 1994)

‘Discovery’

‘Filippa’ Low (Mvgind, 1963; Pedersen et al., 1994)

‘Gravenstein’ Low (Norton, 19813, medium (Pedersen et al., 1994), high (Mvgind, 1963 Hickey & Yoder, 1990)
| ‘Guldborg® Medium (Pedersen et al., 1994), high (Mygind. 1963)

Low (Pedersen et al., 1994:, low-medium (Mygind, 1963)

Medium (Pedersen et al., 1994) high (Mygind, 1963)
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Malus zumi (P12) and Mildew Immune Selection (MIS), or in
ornamental crab apples such as White Angel (Phw) and the D
series (Pld) (Knight & Alsion, 1968; Dayton, 1977; Visser &
Verhaegh, 1979; Korban & Dayton, 1983; Gallott et al.,
1985). Selection for resistance to powdery mildew, caused
by P. leucotricha, is based mainly on major resistance genes,
which provide a high level of resistance (Lespinasse, 1983;
Fischer, 1994; Kriiger, 1994), However, it is also known that
the use of cultivars carrying major resistance genes are able
to overcome the resistance (e.g. Wolfe & McDermott, 1994,
Lebeda & Zinkernagel, 2003). The resistance from M. zumi
has been used mainly in the apple-breeding in France. Knight
& Alsron (1968) demonstrated that this resistance was
mitially considered to be the result of one dominant gene.
However, additional studies have shown that it might be
more complex and at least two genes are involved in the
resistance (Seglias & Gessler, 1997). The source of
resistance in M. zumi was considered to involve at least one
single major resistance gene, named P/[2. The resistance
introgressed from M. zumi seemed to be stable under field
conditions (Kriiger, 1994) and in one study it stayed stable
over 17 years in unsprayed orchards (Alston, 1983).
Recently, an increase of susceptibility to powdery mildew
was observed on apple genotypes carrying P12 (Caffier &
Laurens, 2005). It was demonstrated by tests of
pathogenicity that isolates of P. leucotricha sampled in this
orchard were virulent to PI2. Authors demonstrated that
additional quantitative resistance genes may influence the
durability of resistance P[2.

Disease cycle

Disease cycle of apple powder mildew has generally two
phases: firstoccurs at bud break on leaves, flowers and
shoots, referred as the “primary infection phase™ and the
second occures from these sources (by
conidia) during the whole growing
season and the resultant infections
represent the “secondary infection
phase” (Weoodward, 1927).

P. leucotricha
dormant buds on apple (but not on
pear) as mycelium infected during the
previous growing season (Woodward,
1927; Figure 4). Overwintering
potential is largely affected by
temperature. Rsearch showed that less
than 5% of the infected buds are open
in spring if the temperatures below
—24 °C buti n these temperature
infected buds are also die. However,
another  research  showed  that
temperatures near —12 °C can kill the T
P. leucotricha mycelium in buds and e i
the buds can produce produce healthy
leaves in spring. It is known that
infected buds can survive temperatures

overwinters in

developing buds
bevomu infected

2-10 °C higher than healthy buds (Cimanowski, 1969
Covey, 1969; Burt, 1978; Jeger & Burt, 1983a).

Fruit buds probably provide the earliest source of
inoculum in next spring. Infected buds are open and
overwintered mycelia produce conidia on the young leaf
surface which initiate the primary infections of the fungus
(Figure 4). Because infected buds usually open later than
healthy ones, susceptible tissue is present when the first
conidia are produced. Conidia infect most parts of the trees
including young leaves, shoots, flowers and fruit. These
infections will provide inoculum sources for secondary
disease cycles. Only young tissues are susceptible and leaves
are susceptible for only a few days after they emerge (Hickey
& Yoder, 1990).

It was shown that if leaves are mechanically injured, they
can be infected when they are older. 96-100% relative
humidity and 20-22 °C are necessary for conidia
germination. Germination is slow at temperatues below 4-10
C and approxiamtely 50% after 24 hours. Conidia can not
germinate in free water and/or at above 30 C air temperature
(Coyier. 1968). Formation of appressoria, division of
generative cells, abstriction of conidia, dissemination of
conidia and germination of conidia in Erysiphae occur
principally during the light portion of the day (Yarwood,
1934, 1957). Maturation of conidia in P. leucotricha is also
diurnal. The highest concentration of conidia in the air
occurs from late morning to early afternoon (Stephan, 1988;
Xu et al.. 1995). In the study by Burchill (1965), spore
concentrations reached a maximum in June, thereafter a
series of minor peaks occurred until the end of September.
The June peak of spore release was followed approximately
2 weeks later by a rise in the incidence of new leaf infections.

Infection of buds occurs before the creation of protective
shields of bud scales (Woodward, 1927: Burchill, 1958).
After bud infection the mycelium does not grow and remains

Lungus averwinters
in diseased buds

disease is apparent on
shooes and Jeaves as
they emerge in che spring

R nfecred
P\ cermyinal

wnfected
blossoms

infection of leaves,
shoors, and fruis

Spofes are

dispersed by wind

Figure 4: Disease cycle of apple powdery mildew caused by Podosphaera leucotricha (adopted partly from
and Hickey and Yoder, 1990: Jones and Sutton, 1996; and Bessin et al., 1998}
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quiescent until the following spring. Terminal buds are more
likely to serve as overwintering sites for the fungus
compared to lateral buds (Woodward. 1927: Burchill, 1958).

The sexual stage of P. leucotricha do not appear to be
important in the disease cycle of apple powdery mildew
(Cunningham, 1923). Inoculation of foliage with ascospores
have been unsuccessful (Hickey & Yoder, 1990).

Some features of epidemiology

Powdery mildews, such as rusts, downy mildews and
plasmodiophoras, have not been cultured successfully on
non-living substrata and are called obligate parasites. On
conventional media, such as potato dextrose agar, powdery
mildew conidia may form short germ tubes, but these germ
tubes soon die.

Conidia of P. lewcotricha have failed to germinate at low
relative humidity (Berwith, 1936). Germination was usually
poor under most conditions tested. Perhaps germination of the
fungus is rather dependent on host stimulation (Yarwood, 1957).

Factors thai affect the dispersal of conidia have been
studied several countries (e.g. Burchill, 1965: Cimanowski,
1969: Molndr, 1970; Butt, 1971, 1972). Spore release is
generally diurnal, with a secondary peak after dark
(Cimanowski, 1969; Molndr, 1970; Pady, 1972). Relative
humidity, wind and rainfall have the greatest influence on
spore dispersal. High relative humidity favors sporulation but
not spore release. Release of conidia increases with wind
speeds and rainfall is gencrally unfavorable for dispersal (Buit,
1971; Cimanowski. 1969; Molnar, 1970). Temperatures
greater than 20 C are favor to release of conidia (Molndr,
1970). Butt (1971, 1972) reported that high relative humidity
was unfavorable and increasing wind speed was favourable for
conidia dispersal. Regarding the relationship to rainfall, splash
dispersal at onset on rain was characteristic of many dry air
spores such as for P. leucotricha (Sutton & Jones, 1979). They
confirmed also that warm temperatures were more favourable
than low temperatures for spore dispersal. Temperature was
significantly correlated positively with spore concentration.
Solar radiation also had a positive influence on spore
concentration. Diurnal periodicity of conidia concentration
reported previously (Burchill, 1965; Cimanowski, 1969:
Molndr, 1970; Pady, 1972; Sutton & Jones, 1979).

Coyier (1968) showed that very limited germination
could be observed after 6 hours of incubation at 32.2 °C and
less than 10% of the conidia germinated in 24 hours.
Germination was highest and mycelial growth best at 21 °C.
Incubation at 21 °C resulted in 71% germination in 6 hours
and 88% in 24 hour. Good development of the mycelium
occurred at 15.6, 21 and 26.7 °C; but best growth and
greatest number of germ tubes per conidium were observed
again at 21 °C (Coyier, 1968).

Cimanowski et al. (1975) studied the effect of light on the
development of powdery mildew and they concluded that
exposure of leaves to increased lux of light increases the
photosynthetic activity, but reduces or inhibits the
development of mildew.

Ellis et al. (1981) found that powdery mildew infection
significantly reduced photosynthesis and transpiration of
apple leaves. Photosynthesis inhibition was more severe in
young infected leaves than in mature, fully expanded leaves.
Nine days after inoculation, leaf area covered by mycelia
was 20% for mature leaves, with no reduction of
photosynthesis or transpiration. At 30 days after inoculation,
90% of the leaf was covered and percentage reduction of
photosynthesis and transpiration was approx. 50%. Young
infected leaves were covered by mycelia at a 90% level and
their photosynthesis and transpiration were reduced 85%.
Reductions in photosynthesis and transpiration were
accompanied by a corresponding reduction of leaf
carbohydrate content. Infected leaves did not recover from
inhibition of photosynthesis and transpiration after treatment
with a combination fungicide (Ellis et al., 1981).

Powdery mildew colonies were observed on both older
and younger leaves by Butt & Jeger (1986). Conidiophore
density was higher on younger than on older leaves, higher
on the upper than on the lower leaf surface and decreased
with the age of the colony. The number of conidia/
conidiophore was higher on the younger leaves and on the
upper surfaces and was at maximum 7-12 days after the first
sign of the colony. Athors also found that the number of
conidia/mm? colony was higher on lower surfaces, especially
of the younger leaves.

In the study of Stephan (1988), regression analysis
proved temperature to be the dominant meteorological factor
influencing sporulation and spore dispersal. Spore counts
increased about twofold at temperatures between 15 and
20 °C. The author noted that the night depression in the
diurnal patterns of spore dispersal seems to be due to high
relative humidity. Rains of greater intensity (3 mm and
more) and longer duration (up to 3 hours) caused a
considerable decrease of spore dispersal.

Stephan (1989) found that powdery mildew epidemic
follows a sigmoid curve. The epidemic started if the daily
mean of temperature were above 13 °C. The epidemic
showed three distinct phases. In phase 1, the rates of disease
increase were between 0.084 and 0.200 (when rate of leaf
increase was greater than 0.20/day). While in phase 3, these
rates declined to 0.010 when rate of leaf increase was lower
than 0.10/day. Phase 2 had the characteristics between
phases of | and 3.

Xu et al. (1995) revealed that the temporal pattern of the
number of airborne conidia was similar, generally
following a diurnal pattern with an afternoon peak. In each
year the most important weather variables influencing the
number of airborne conidia were vapour pressure deficit
and rainfall.
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