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The Pacific Northwest has become one of the nation’s premier sweet cherry, 

Prunus avium, production areas.  As production of sweet cherries has flourished in 

Oregon and Washington, so has powdery mildew, caused by the fungus 

Podosphaera clandestina, which infects both foliage and fruit causing severe 

economic damage to growers.  Sweet cherry powdery mildew starts in the early 

spring on the leaves and then spreads to cause fruit infections.  Studies were 

undertaken to address particular concerns of regional orchardists.  The timing of 

cherry fruit infection is a key piece of information for effective control and 

management strategies of P. clandestina.  Laboratory and field studies employed to 

identify the period of time fruit become infected indicated that fruit remain 

susceptible to infection by P. clandestina throughout the growing season.    Recent 

dramatic changes in sweet cherry production may have encouraged the spread of 

powdery mildew.  A series of disease evaluations indicated that the training system, 



rootstock, and cherry cultivar influence the level of foliar mildew.  Mildew severity 

was significantly less on Edabriz, a dwarfing rootstock, than Mazzard, a vigorous 

rootstock.  Mildew severity was significantly less on training systems termed ‘steep 

leader’ and ‘Vogel central leader’, which encourage greater air circulation and 

moderate growth, than the ‘Spanish bush’ system, which encourages dense foliage 

and heavy branching.  A range of susceptibilities existed among the five cultivars, 

with ‘Regina’ was considered highly resistant.  Orchardists have reported concerns 

about lowered sensitivity of P. clandestina to the class of fungicides demethylation 

inhibitors (DMI’s).  A leaf disk assay showed that P. clandestina is resistant to four 

DMI’s labeled for use on sweet cherry, myclobutanil, fenarimol, propiconazole, 

and tebuconazole.    Another concern is that mildew-infected fruit are more prone 

to develop pits after harvest.  Pits are sunken depressions in the fruit surface related 

to an injury or bruise incurred during handling after harvest and often appear weeks 

after the injury, creating problems for the fresh market industry.  Mildew infection 

is thought to predispose cherry fruit to pitting.  Results of this work indicated that 

mildew-infected fruit were more susceptible to pitting in certain years. 
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BIOLOGY OF SWEET CHERRY POWDERY MILDEW 

 

1 Introduction 

The Pacific Northwest has become one of the nation’s premier sweet cherry, 

Prunus avium, production areas.  Sweet cherries grown in Oregon and Washington 

help fulfill a world demand for fresh fruit, with cherries often being shipped to 

Japan, China, and/or European countries.  As a whole, the state of Oregon was 

projected to produce about 50,000 tons of sweet cherries in the year 2006, and 

Washington was projected to produce about 150,000 tons (2006d).  Combined, the 

two states produce nearly 75% of the country’s sweet cherries (2006c).   

In Oregon, the typical sweet cherry orchard is about 40.5 hectares in size 

(Seavert, White, and Long 2002).  In a mature orchard, one acre produces between 

13,590 and 15,073 kilograms of sweet cherries, with an estimated return of $5,185 to 

$7,900 per hectare (Seavert, White, and Long 2002).  Fruit destined for the fresh 

market generates the greatest return on investment; while fruit deemed unsuitable for 

fresh market consumption is brined for the maraschino cherry industry.  This 

industry of sweet cherries has become one of the most profitable agricultural 

ventures in the state, with an estimated 16 to 22% rate of return on investment 

(Seavert, White, and Long 2002). 

Most of the current sweet cherry cultivars are thought to have originated near 

the areas of the Caspian and Black seas and can now be found throughout the world 

in the Americas, India, Europe, Asia, and Australia (1996).  Cherries are best suited 
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to climates with warm, dry summers and winters that are more temperate, conditions 

that are common in the Pacific Northwest (1996).  Though dry summers are ideal, 

supplemental irrigation is often needed to achieve maximum fruit size and quality.  If 

a rain event occurs too close to harvest, fruit are susceptible to rain cracking 

(depending on cultivar), which can render the crop unharvestable.  This a major 

limiting factor for sweet cherry production in many areas of the world.   

Sweet cherries in the Pacific Northwest were introduced in the late 1800’s by 

settlers coming to Oregon.  Henderson Lewelling and his son, Seth, are credited with 

the establishment of about 300 trees just south of Portland, in Milwaukie, and 

starting a breeding program that resulted in cultivars still used today, most 

importantly cultivar Bing (1996).  Markets for sweet cherry continue to expand 

worldwide, and great efforts have been made to develop tasty fruit of large size 

through breeding programs, training system selection, pruning strategies, nutrition, 

and irrigation management 

As production of sweet cherries has flourished in Oregon and Washington, so 

has powdery mildew, caused by the fungus Podosphaera clandestina. Powdery 

mildew on sweet cherry was first reported in the Pacific Northwest in 1947 (English 

1947).  Recent dramatic changes in sweet cherry production, such as the 

implementation of high-density plantings, the use of powdery mildew susceptible 

cultivars, and changes in pruning strategies, may have encouraged the spread of 

powdery mildew by creating a more favorable habitat for mildew.  Epidemics have 

emerged in recent years and have caused significant financial loss, particularly in the 
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fresh market.  Some growers have reported rejection of over half their crop for fresh 

market use due to cherry powdery mildew.  Fruit infected with powdery mildew 

develop unsightly blemishes postharvest, making them less desirable for the 

consumer.   

 

1.1 Development of surface pits on cherry fruit 

Another concern is that mildew-infected fruit are more prone to develop pits 

after harvest.  Pits are sunken depressions in the fruit surface related to an injury or 

bruise incurred during handling after harvest, usually from the packing line.  Pits 

often appear days or weeks after the injury, creating problems for the fresh market 

industry.  Pitted fruit are very unappealing to consumers.  Theories abound as to 

what predisposes fruit to pitting, and studies have shown relationships between 

pitting and the temperature at which the injury occurs, fruit firmness, and fruit 

maturity (Facteau and Rowe 1979;Facteau 1982;Crisosto et al. 1993;Toivonen et al. 

2004).  The traditional method of handling sweet cherries is to chill the fruit 

immediately after harvest and then package them.  However, bruising of fruit tissue 

was greatest when fruit were cooled below 10 °C in a study by Crisosto et al. 

(Crisosto et al. 1993).  These results confirmed reports by Lidster and Tung, where a 

positive correlation between cooler temperatures at handling and pitting incidence 

was found (Lidster, Muller, and Tung 1980). In an earlier study, fruit with a lower 

soluble solid content and a lower weight were more susceptible to pitting (Facteau 

and Rowe 1979).  Toivonen et al. found a negative correlation between fruit 
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maturity, as measured by the color stage, and pitting incidence (Toivonen et al. 

2004).  Other studies have concluded that the year of harvest had a greater impact on 

pitting severity than fruit quality indices such as soluble solids, firmness, and acidity 

(Drake and Elfving 2002).  Facteau and Rowe even noted that some orchards 

consistently had a greater incidence of pitting than others, causing them to speculate 

that site specific characteristics, such as soil, rootstock, or even management 

practices, may impact pitting (Facteau and Rowe 1979).   

Cultivars exhibit a range in their pitting susceptibility.  For example, Crisosto 

et al. (Crisosto et al. 1993) found the cultivar Bing had the least pitting when 

compared to Brooks, King, and Tulare.  Toivonen et al. found that Bing had the most 

severe pitting when compared with Lapins and Sweetheart.  They also concluded that 

other physiological factors, such as water loss in storage and/or respiration, may 

impact pitting on cultivars differently (Toivonen et al. 2004).  Only one preliminary 

study has been published on the effect of powdery mildew infection on pitting 

(Spotts and Cervantes 2002).  In that study, fruit with severe mildew infection had 

significantly more moderate and severe pitting than healthy fruit (Spotts and 

Cervantes 2002). 

 

1.2 Taxonomy of Podosphaera clandestina 

Many aspects of the disease cycle of P. clandestina are unknown; however, 

powdery mildew fungi in general share many characteristics.  All causal agents of 

powdery mildews are obligate parasites, meaning that their host must remain alive 
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and viable throughout the infection.  As a consequence, powdery mildews have not 

yet been successfully cultured on artificial media, and the host plant is rarely killed 

but is compromised.  The penetration peg and haustorium are the only structures on 

powdery mildews that invade plant tissues.  Otherwise, they grow and reproduce on 

the surface.  Massive amounts of conidia are typically formed on the host surface, 

giving the host a powdery appearance. 

Powdery mildews are most common in warm, dry climates with a high 

relative humidity.  Unlike many plant pathogens, standing water is detrimental to 

powdery mildews.  For example, free water on the surface of leaves has been shown 

to reduce infection efficiency (Jarvis, Gubler, and Grove 2002).  One theory 

contends that rain physically washes spores off the leaf and fruit surfaces and thus 

prevents infection (Jarvis, Gubler, and Grove 2002).  This is one possible 

explanation to reports that young leaves are more susceptible to powdery mildew 

than mature leaves.  Studies have shown that a continuous film of water does not 

readily form on young, immature rose leaves as compared with mature leaves 

(Jarvis, Gubler, and Grove 2002).  On immature leaves, discreet droplets of water 

formed, as opposed to the continuous film that forms on mature leaves, thereby 

allowing dry areas on the immature leaf for conidia to germinate (Jarvis, Gubler, and 

Grove 2002).  In some instances, water decreases the viability of powdery mildew 

conidia and their ability to germinate (Goszczynski and Cimanowski 1985;Sivapalan 

1993).  Epidemiological studies on sweet cherry trees have demonstrated that leaf 

age has a significant effect on cherry powdery mildew growth, while photoperiod, 
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nutrient content, and leaf size had no effect (Olmstead, Lang, and Grove 2000).  

Interestingly, immature cherry fruit are also thought to be more susceptible to 

powdery mildew than mature fruit close to harvest.  One stage of P. clandestina does 

require free standing water, however; ascospores of most mildews do require rain for 

release from overwintering cleistothecia.   

P. clandestina, the causal agent of sweet cherry powdery mildew, is an 

Ascomycete in the order Erysiphales and the tribe Cystotheceae that primarily infect 

Prunus species.  P. clandestina is identified by epiphytic mycelia, massive amounts 

of conidia formed in true chains borne on conidiophores, and the production of 

numerous chasmothecia (syn. cleistothecia) that bear one ascus and have bristle-like 

appendages dichotomously branched at the tip.  The taxonomic classification of P. 

clandestina is as follows: 

 

  Phylum:  Ascomycota 
  Subphylum:  Pezizomycotina 
  Class:  Leotiomycetes 
  Order:  Erysiphales 
  Family:  Erysiphaceae 
  Genus:  Podosphaera 
  Species:  clandestina 
 

The genus Podosphaera only infects woody plants; hosts of P. clandestina 

include sweet cherry and hawthorn.  Cherry powdery mildew infects both the leaves 

of sweet cherry and fruit, and the most significant economic damage is caused by 

fruit infection.  Mildew reduces growth and vigor of the host by reducing 
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photosynthesis, being parasitic, and stimulating early leaf senescence.  On 

grapevines, the leaf tissue visibly infected by powdery mildew has reduced carbon 

assimilation, and adjacent, unifected leaf tissue has reduced rates of carbon 

assimilation due to lower availability of CO2 intercellularly (Moriondo et al. 2005).  

In addition to causing early leaf senescence of grape leaves, powdery mildew 

infections also negatively impact shoot lengths and the fresh and dry weights of 

shoots the following season (Nail and Howell 2005).  Leaf and fruit infections are 

linked.  More severe leaf infections are correlated with fruit infections (Grove and 

Boal 1991a). 

Symptoms and signs of sweet cherry powdery mildew include the typical 

white mycelium that grows epiphytically and produce masses of spores, imparting a 

powdery texture to the leaf surface.  Powdery mildew frequently infects sweet cherry 

fruit, especially if foliage infections are severe.  Primary infections occur on newly 

emerging leaves early in the spring that subsequently infect fruit.  No floral 

infections have been observed.  Light fruit infections usually are noted in the stem 

bowl, while heavily infected fruit are often misshapen and are completely covered 

with mycelia and spores.  The exact time of fruit infection is unclear, although Grove 

and Boal have noted a trend whereby spore germination was greater on immature 

fruit having a soluble solid content below 15% in laboratory studies (Grove and Boal 

1991a).  Therefore, they suggested that fruit infections occur relatively early in fruit 

development but is not detected until sporulation is triggered by a rain event close to 

harvest (Grove and Boal 1991a). 
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1.3  Disease cycle of sweet cherry powdery mildew 

Studies have shown that powdery mildew fungi have different strategies for 

perennation between crops, including surviving on wild hosts or volunteers, 

formation of cleistothecia, and overwintering as mycelia or conidia in buds.  The 

method of perennation is related to climate.  For example, grape powdery mildew, E. 

necator, can overwinter in buds in central California and Italy but overwinters as 

cleistothecia in New York and eastern Washington (Pearson and Goheen 

1988;Cortesi, Ottaviani, and Milgroom 2004;Grove 2004;Rumbolz and Gubler 

2005).  Prolonged periods of drought and/or cold temperatures stimulate production 

of cleistothecia (Braun 1987).  Curiously, some mildews produce nonfunctional 

cleistothecia, such as P. clandestina on hawthorn, Crataegus monogyna, (Khairi and 

Preece 1978a).  Khairi and Preece observed that cleistothecia of hawthorn powdery 

mildew never dehisced and that ascospores were never released (Khairi and Preece 

1978a).  In fact, differentiation to ascospores rarely occurred (Khairi and Preece 

1978a).  Later it was determined that in the U.K. P. clandestina overwinters as 

mycelium and conidia in buds, especially when hawthorn is trimmed or pruned late 

in the previous season when inoculum is abundant (Khairi and Preece 1978b).  

However, no evidence was found that P. clandestina overwinters in buds on sweet 

cherry trees in eastern Washington (Grove and Boal 1991b).  P. clandestina 

overwinters as cleistothecia on senescent sweet cherry leaves on the orchard floor 

and in bark fissures on tree trunks.  In eastern Washington, ascospores within 
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cleistothecia initiate the primary infection of sweet cherry upon bud break in the 

spring (Grove and Boal 1991b).   

Often cleistothecia remain attached to their host, where they formed, while 

many other species have cleistothecia suited for wind and/or water dispersal.  

Gadoury and Pearson characterized dispersal of E. necator cleistothecia primarily by 

rain and even stated that water dispersal was integral for survival of ascospores 

(Gadoury and Pearson 1988).  Only three percent of cleistothecia released ascospores 

when they overwintered on the senescent leaf tissue on which they were formed; in 

comparison, over 45% of cleistothecia that overwintered in bark tissues were viable 

(Gadoury and Pearson 1988).  However, Grove found that a much greater proportion 

of cleistothecia were viable on senescent grape leaves than by overwintering on the 

bark in eastern Washington (Grove 2004).  Cleistothecia present in bark fissures and 

branch crotches of sweet cherry trees are most likely washed off senescent leaves by 

rain and are in a prime location to ensure infection of new leaves emerging on the 

tree trunk in the spring. Cleistothecia of P. clandestina have also been detected in 

orchard air samples in April in eastern Washington and were noted on newly 

emerged spring leaves (Grove and Boal 1991b), hinting at the possibility that 

cleistothecia are wind dispersed.  Also interesting in this study, Grove commented 

that following use of an air blast sprayer, cleistothecia were observed on newly 

emerged leaves, further supporting the notion that P. clandestina cleistothecia are 

adapted to wind dispersal (Grove and Boal 1991b).  Braun noted that even the 

physiology of P. clandestina cleistothecia contribute to dispersal by wind, since they 
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are likely to shrivel in dry conditions and easily become detached from their host 

tissue (Braun 1987). 

Many powdery mildews thrive in arid/semi-arid conditions and are even 

inhibited by free water, particularly the anamorphic stage.  However, free water in 

the form of rain or irrigation is required for ascospore release in many species, as is 

the case for E. necator (Gadoury and Pearson 1990).  The effects of temperature and 

moisture on P. clandestina ascospore release have been evaluated in laboratory 

conditions.  At least one hour of free standing water was required at temperatures 

ranging from 5 °C to 30 °C for ascospores to be released (Grove 1991).  High 

relative humidity alone, from 90 to 100%, was insufficient (Grove 1991).  The 

optimal temperature was 15 °C to 20 °C (Grove 1991).  Sampling of orchard air 

detected ascospores during or after rain events greater than 2.8 mm and after only 

one hour of continuous wetness (Grove 1991).  Most ascospores were released after 

three to four hours of wetness.  Therefore, free water is required for P. clandestina 

ascospore release. 

Ascospore germination has been intensively studied for a number of powdery 

mildews in an effort to create prediction models of primary infections based on 

weather factors.  Free standing water and/or high relative humidity have proven to be 

deleterious for ascospores of some mildews.  Ascospores of E. necator frequently 

burst in water between November and April and rarely burst in water after April 

(Gadoury and Pearson 1990).  Grove has shown that ascospores of P. clandestina 

germinate after 8 hours of continuous wetness at 25 °C and 16 hours at 15 to 20 °C, 
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but germination never exceeded 30% (Grove 1991).  In many cases, ascospore 

detection by spore traps preceded visible infections by several days (Gadoury and 

Pearson 1990;Grove 1991;Grove 2004).  In eastern Washington, ascospores are 

solely accountable for the inoculum of primary infections on sweet cherry (Grove 

and Boal 1991b), and temperature and moisture have a direct impact on the intensity 

of the initial infection.  Discreet colonies of sweet cherry powdery mildew are first 

noted between late April and early May in the Pacific Northwest, shortly after initial 

bud burst and full bloom. 

Once an ascospore germinates, an appressorium forms and attaches the germ 

tube to the host tissue.  A haustorium forms from the appressorium, penetrates into 

the host’s epidermal cell, and acts as the mildew’s feeding structure.  Mycelia of P. 

clandestina grow ectophytically and form conidiophores bearing true chains of 

conidia, the anamorphic stage.  Conidia of sweet cherry powdery mildew are typified 

by being barrel-shaped, 11-20 µm width, and 24-34 µm length.  Secondary and 

subsequent infection cycles are prompted by conidia. 

Many species of powdery mildews release conidia in a diurnal pattern, often 

affected by wind, humidity, temperature, and rain.  In many cases, the majority of 

conidia are detected in air samples midday (Sutton and Jones 1979;Grove 

1998;Blanco et al. 2004).  Concentrations of Sphaerotheca macularis conidia were 

found to be related to temperature, relative humidity, and rainfall (Blanco et al. 

2004).  Most conidia were detected at a temperature of about 15 °C, and there was a 

negative correlation between concentrations of conidia and both rain and relative 
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humidity (Blanco et al. 2004).  A diurnal pattern was also noted where most conidia 

were present in air samples from about 1300 to 1500 h (Blanco et al. 2004).  Apple 

powdery mildew caused by P. leucotricha also has a diurnal dispersal pattern, with 

peaks of conidia detected early afternoon and then again shortly after dark (Sutton 

and Jones 1979).  Wind velocity and temperature are positively correlated with 

concentrations of conidia, and relative humidity and leaf wetness are negatively 

correlated (Sutton and Jones 1979).  Sutton and Jones categorize apple powdery 

mildew conidia dispersal patterns as either being well correlated with meteorological 

conditions, having no correlation to meteorological conditions, and occurring during 

a rainfall event (Sutton and Jones 1979).  Similarly, Grove found that concentrations 

of airborne conidia of P. clandestina are negatively correlated with relative humidity 

and positively with wind speed and temperature (Grove 1998).  Usually a diurnal 

pattern is observed where the greatest number of conidia in air samples is present 

between late morning and early afternoon (Grove 1998).  Grove also observed the 

three dispersal patterns described by Sutton and Jones on sweet cherry powdery 

mildew (Grove 1998). 

Once a conidium has been released and lands on a suitable host, 

environmental conditions dictate the success of infection.  Given the right 

environment, a conidium can germinate and form an appressorium within six hours 

and a haustorium within 24 hours (Celio and Hausbeck 1998).  Conidiophores of P. 

clandestina on hawthorn can develop within two days of inoculations (Khairi and 

Preece 1979)!  Powdery mildew conidia can germinate and cause infection under a 
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wide range of environmental conditions, most of the time not requiring free water.  

For example, grape powdery mildew conidia can reportedly germinate at 

temperatures as low as 6 °C, and colonies can develop at 7 °C (Delp 1954).  In many 

cases, relative humidity has a much less significant effect than temperature on 

germination.  At extremely humid conditions, or 0 mm vapor pressure deficit, 

germination of conidia was less at all tested temperatures on grape powdery mildew 

than at less humid conditions (Delp 1954).  When temperatures are low (around 5 

°C), the effect of relative humidity on germination is much less than when 

temperatures are high (around 20 °C) of P. clandestina on hawthorn (Khairi and 

Preece 1979).  The optimum temperature is 18-20 °C for conidia germination (Khairi 

and Preece 1979) and 18-24 °C for mildew colony development (Xu and Robinson 

2000).  The latent period, or time from inoculation to sporulation, was reported as 

five days at temperatures of 21, 22, and 25 °C, and sporulation did occur at a 

temperatures as low as 11 °C (Xu and Robinson 2000).  Once a colony is visible, 

sporulation occurs within less than one day at temperatures 10-28 °C (Xu and 

Robinson 2000).   

The optimal temperature for germination of apple powdery mildew conidia, 

caused by P. leucotricha, is 20 °C regardless of relative humidity, but germination 

did increase with increasing humidity (Coyier 1968).  Contrasting this study, Xu & 

Butt found that statistically temperature has no effect on conidia germination (Xu 

and Butt 1998).  However, they found that colony development on young apple 

leaves is best at 22 °C, and that vapor pressure deficit has little to no effect on colony 
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development (Xu and Butt 1998).  They concluded that early colony development is 

mostly affected by temperature rather than moisture stress (Xu and Butt 1998).  

Similar results were evident with P. clandestina.  Grove and Boal found that vapor 

pressure deficit has no significant effect on germ tube length (Grove and Boal 

1991a).  Grove and Boal’s conclusion about sweet cherry powdery mildew is that the 

conidia germinate best under conditions of high relative humidity but that some 

conidia germinate under low humidity conditions on cherry leaves (Grove and Boal 

1991a).  The optimum temperature for germination is 20 °C after 24 hours 

incubation and 25 °C after 16 hours incubation (Grove and Boal 1991a).   

Fruit infections by powdery mildew are common on a number of fruit crops, 

including strawberry, peach, plum, apple, pear, and grape.  In all cases, fruit become 

unmarketable.  Once strawberry fruit are infected, they become hard and are covered 

with white mycelium (Howard and Albregts 1982).  A positive correlation was 

identified between concentrations of Sphaerotheca macularis in air samples and fruit 

infection (Blanco et al. 2004).  Peach rusty spot, caused by P. leucotricha, can cause 

brown lesions on the fruit surface that eventually coalesce and appear russeted 

(Furman, Lalancette, and White, Jr. 2003).  Peach fruit infection is greatest during 

the first stage of development, just before pit hardening, and did not increase as fruit 

mature (Furman, Lalancette, and White, Jr. 2003).  Powdery mildew on plum, S. 

pannosa, also causes the fruit surface to appear brown and russeted, and that fruit 

infections are more severe than leaf infections (Reuveni, Cohen, and Itach 2006).  In 

the case of grapes, infections occur very early in the fruit development cycle; near 
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immunity was reported within two weeks of fruit set (Gadoury et al. 2001).  Again, 

fruit infections exceeded leaf infections, especially early in fruit development 

(Gadoury et al. 2001).  Eventually, studies on grape powdery mildew pointed to a 

phenomenon titled “ontogenic resistance,” where grape berries are resistant to 

mildew upon reaching a certain physiological state (Gadoury et al. 2003).  The exact 

mechanism of resistance has yet to be determined.  Early studies indicated a 

correlation between susceptibility of fruit and the percent soluble solids; once fruit 

accumulate 7% soluble solids, infection rarely occurs (Chellemi and Marois 1992).  

Spore attachment, germination, and appressorium formation are not affected by the 

age of the grapes, but penetration, formation of haustoria, and development of 

secondary hyphae decline, especially two to three weeks post bloom (Ficke et al. 

2004).  Even with apple powdery mildew, caused by P. leucotricha, the period of 

disease development begins during the bloom period and ends four to six weeks later 

when the fruit are less than 30 mm diameter (Ruess and Blatter 1990). 

Grove and Boal conducted experiments evaluating germination of conidia on 

sweet cherry fruit as well as foliage, and they sought to investigate the possibility of 

ontogenic resistance occurring on sweet cherry (Grove and Boal 1991a).  A range of 

vapor pressure deficits, all at 20 °C, was tested on fruit of varying levels of maturity.  

Fruit were incubated for a maximum period of 24 hours post-inoculation, and 

germination was declared when the length of the germ tube was greater than the 

width of the spore.  They found that the proportion of germination was much greater 

on unripe, green fruit with soluble solids below 15% than on fruit with soluble solids 
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greater than or equal to 15% (26% and 2% germinated, respectively), and that there 

was a negative correlation with vapor pressure deficit (Grove and Boal 1991a).  

Exact timing of cherry fruit infection was not identified, but was thought to happen 

when fruit are immature.   

 

1.4  Disease Forecasting and control strategies 

Elucidating the specifics of the disease cycle ideally leads to the development 

of a disease forecasting model that can aid in selecting best management practices.  

Weather conditions and host growth patterns can influence the amount of disease 

development, such as primary and secondary infections in powdery mildews, and 

understanding the impact of these two factors on disease development is an 

important step in designing a disease management program.  Apple powdery mildew 

disease levels are a function of the amount of primary P. leucotricha infections and 

fungicide concentrations; therefore, fungicide concentrations necessary to control 

mildew are based on primary infection levels (Lalancette and Hickey 1986).  

Epidemics of apple powdery mildew end when plant growth reaches its carrying 

capacity and young tissue is no longer available ((Lalancette and Hickey 1986).  

Models of apple powdery mildew predict secondary infections and account for 

meteorological data that impacts sporulation, dispersal, and infection and have been 

translated into computer programs to help time fungicide applications (Xu 

1999;Berrie and Xu 2003).  The Gubler-Thomas model for forecasting grape 
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powdery mildew is based on temperature and leaf wetness data to predict the risk of 

infections by ascospores and temperature only for infections by conidia (Gubler et al. 

1999;2005).  This model has been adapted for cherry and hop powdery mildew (P. 

macularis) to reduce fungicide use (Grove, Boal, and Bennett 2000;Mahaffee et al. 

2003). 

Various strategies have been employed to control cherry powdery mildew, 

including numerous sprays of elemental sulfur and/or fungicides throughout the 

growing season.  To date, no spray regimen has been deemed adequate by 

orchardists.  Traditionally, sprays are applied shortly following a rain shower in an 

effort to prevent infection.  However, these sprays are not usually very effective, 

unless they contain some type of antisporulent.  Only a few of the sprays are 

eradicants, such as horticultural mineral oils and bicarbonates, and these can only be 

applied early in the fruit development.  If  oils are applied after the stage of pit 

hardening, the fruit are often damaged by the sprays.  The other sprays are 

protectants and offer no eradicating properties.  Incubation of foliar symptoms is 

about four to five days from the time a conidium infects tissue to sporulation and is 

unknown for cherry fruit (Olmstead, Lang, and Grove 2000).  It is believed that 

infection occurs prior to a rain event; therefore, the sprays are of little benefit.  A rain 

shower likely promotes sporulation either directly or indirectly though the resulting 

increased relative humidity (Grove and Boal 1991a).   

 

1.5  Fungicide Resistance 
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While fungicides are often chosen as a method to control plant diseases, 

fungicide resistance is a very real possibility and has been documented in many 

pathogen systems, especially powdery mildews.  Their polycyclic nature and 

propensity for genetic recombination have enabled powdery mildew fungi to 

overcome sensitivity to certain fungicides.  Fungicide resistance is defined as when a 

chemical fungicide loses its effectiveness against a fungus, and this change in the 

fungus is considered stable and inheritable.  Fungicides have many different modes 

of action and are categorized based on their mode of action.  Fungicides that have a 

single site mode of action, such as many systemic fungicides, are much more prone 

to reduced sensitivity than those that have an effect at multiple sites, such as many 

contact fungicides.  Fungi are more capable of overcoming single site mode of action 

fungicides, because modification of only one gene is necessary to reduce the 

sensitivity to the fungicide.  Often this type of resistance, qualitative resistance, 

develops very quickly and is absolute.  An example of this is the development of 

resistance to strobilurins by cucumber powdery mildew (P. fusca), where a single 

point mutation at the target site of the cytochrome b gene conferred resistance (Ishii 

et al. 2001).  One amino acid substitution of alanine for glycine (GGT to GCT) at 

codon 14 in the cytochrome b gene was implicated as the source of the newly 

developed resistance (Ishii et al., 2001).  Even more troublesome was that surveys of 

cucumber production areas where no strobilurin usage had been reported showed P. 

fusca isolates resistant to strobilurins (Howard and Albregts 1982;Ishii et al. 2001).  
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Ishii et al. proposed that long distance wind dispersal of conidia helped spread this 

stable resistance (Ishii et al. 2001).   

Changes can also occur to two or more interacting genes of the fungus that 

collectively reduce the effectiveness of the fungicide; this is quantitative resistance.  

In this case, resistance tends to develop slowly, and a range of fungicide sensitivity is 

evident.  An example of this is the shift towards reduced sensitivity of grape 

powdery mildew, Erysiphe necator, to sterol demethylation inhibiting (DMI) 

fungicides (Savocchia et al. 2004;Miller and Gubler 2004).  Studies of grape 

powdery mildew in regions of Australia indicated a wide range of sensitivity to the 

DMI triadimenol (Savocchia et al. 2004).   In California even after twelve years of 

little to no usage of the DMI triadimefon, resistance among populations of E. necator 

increased (Miller and Gubler 2004) Before triadimefon use was restricted, selection 

pressure ensured that resistant isolates prevailed and most likely overwintered as 

cleistothecia (Gubler, Ypema, and Bettiga 1996).  The cost of triadimefon resistance 

to E. necator is most likely not enough for the fungus to abandon it, as resistance 

actually increased after twelve years of minimal usage (Miller and Gubler 2004).  

Further complicating matters is the difficulty in predicting resistance for the 

following year.  Population shifts were reported to occur within two weeks on 

cucurbit powdery mildew (Tuttle McGrath and Shishkoff 2001).  The life cycle of 

powdery mildews plays an important role as well, since cleistothecia often form 

early in the season before fungicide sprays have concluded.  Therefore, the 

population shift towards resistance may have occurred after cleistothecia 
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development and genetic recombination.  So, the population for the following year 

may not have been selected based on resistance. 

When a fungus develops resistance to one fungicide in a group, it is likely 

that reduced sensitivity to other fungicides within the group is also present (2003).  

This phenomenon is called cross resistance.  Cross resistance within DMI’s has been 

noted, especially for powdery mildew fungi.  In New York, cross resistance was 

noted in isolates of grape powdery mildew, E. necator, to the three DMI’s evaluated, 

triadimefon, fenarimol, and myclobutanil (Erickson and Wilcox 1997).  Of all the 

isolates resistant to triadimefon, 64% were resistant to myclobutanil, 18% were 

resistant to fenarimol, and 17% of all the isolates tested were resistant to all three 

(Erickson and Wilcox 1997).  Similar studies of the three DMI’s and E. necator in 

California also showed cross resistance, even though only triadimefon was applied 

(Gubler, Ypema, and Bettiga 1996).  Studies in Australia also noted cross resistance 

of triadimenol and fenarimol; 46% of the isolates resistant to triadimenol were 

resistant to fenarimol (Savocchia et al. 2004).  Older DMI’s, such as triadimefon, 

have a lower inherent activity than newer DMI’s and are therefore more likely to 

have resistance concerns (Gubler, Ypema, and Bettiga 1996;Erickson and Wilcox 

1997).  E. necator may be unable to completely overcome sensitivity to fenarimol 

and myclobutanil, due to the greater activity of these fungicides (Gubler, Ypema, and 

Bettiga 1996). 

In filamentous fungi, DMI’s inhibit the enzyme eburicol 14α-demethylase, 

which is encoded by the CYP51 gene.  As a result, 14α-methylated sterols 
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accumulate and are deleterious to fungal growth.  Sterols are integral components of 

cell membranes and are thought to help regulate membrane fluidity and permeability 

(Benveniste 2004).  Investigations of the mechanisms used by fungi to overcome 

sensitivity to DMI’s focus on the gene CYP51 and have uncovered possible 

strategies including efflux pumps, single point mutations in CYP51, and 

overexpression of CYP51 (Delye, Laigret, and Corio-Costet 1997a;Delye, Laigret, 

and Corio-Costet 1997b;Akallal et al. 1998;Ma et al. 2006).   

Resistance to tebuconazole was attributed to mutations in at least three genes 

in Nectria haematococca that enabled less uptake of the fungicide through the use of 

an energy dependent efflux pump system (Akallal et al. 1998).  These efflux pump 

systems are part of the ATP binding cassette (ABC) transport family.  Studies on 

peach found a specific ABC transporter gene, MfABC1, of Monilinia fructicola, that 

is most likely the mechanism conferring resistance to myclobutanil and 

propiconazole (Schnabel, Dai, and Paradkar 2003).  MfABC1 was induced upon 

treatment with the fungicides (Schnabel, Dai, and Paradkar 2003).  Later studies 

determined that isolates of Saccaromyces cerevisiae transformed with the MfCYP51 

gene had reduced sensitivity to myclobutanil (Schnabel, Dai, and Paradkar 2003).   

A single amino acid substitution of phenylalanine for tyrosine at position 136 

in the gene CYP51 was identified in all isolates of E. necator resistant to triadimenol 

(Delye, Laigret, and Corio-Costet 1997b).  This point mutation, a possible 

contributing factor to resistance, was not associated with any of the triadimenol-

sensitive isolates and is located in a highly conserved region thought responsible for 
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substrate recognition (Delye, Laigret, and Corio-Costet 1997b).  The single mutation 

would presumably reduce the affinity of triadimenol (Delye, Laigret, and Corio-

Costet 1997b).  The same point mutation was identified in DMI resistant strains of 

Erysiphe graminis (Delye, Laigret, and Corio-Costet 1997b).  

Overexpression of CYP51 was implicated in resistance of Blumeriella jaapii, 

causal agent of cherry leaf spot, to fenbuconazole (Ma et al. 2006).  Expression of 

CYP51 was five to twelve times greater in the resistant isolates than sensitive 

isolates (Ma et al. 2006).  An upstream insertion was positively correlated with 

increased expression of CYP51 (Ma et al. 2006).  Insertions upstream of CYP51 that 

act as transcriptional enhancers have been identified in resistant isolates of 

Penicillium digitatum (Hamamoto et al. 2001). 

Many of the fungicides registered for use on sweet cherry powdery mildew 

are DMI’s, and resistance management programs need to be employed to ensure the 

utility of these pesticides.  For example, at-risk fungicides should be applied at the 

full labeled rate and at the recommended spray interval.  Reduced application rates 

of fenarimol are believed to have significantly encouraged resistance in Venturia 

inaequlis (Koller 1996).  Another key component to resistance management is using 

a diversity of fungicides and alternating at-risk fungicides.  Fungicides from the 

same class should not be applied consecutively, and no more than three applications 

of any one at-risk fungicide should be applied per season.  At-risk fungicides are not 

eradicants, and therefore should only be applied as protectants, preferably at the most 

critical time in the epidemic.  Heavy use of triadimefon at the lowest labeled rate and 
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reliance on it as an eradicant are likely responsible for the occurrence resistance in E. 

necator in California (Gubler, Ypema, and Bettiga 1996). 

In addition to being cost prohibitive, fungicide applications are legally 

regulated such that sprays cannot be applied immediately before or during cherry 

harvest.  Planting cherry powdery mildew resistant cultivars has been considered as a 

control strategy, but few resistant cultivars exist that also meet a grower’s needs of 

consistent yield and quality fruit for fresh market.  In fact, two of the most 

commonly planted cultivars, Bing and Lapins, are considered highly to slightly 

susceptible (Olmstead, Lang, and Grove 2000).  Cultivar selection is based on many 

characteristics, including tree size, fruiting precocity, consistent fruit set, and ideal 

fruit characteristics.  Sweet cherry trees by nature are large, deciduous trees, reaching 

about 20 m in height.  Trees of this large size are difficult to manage, particularly 

since pruning and harvest are primarily done by hand.  In addition, they are often 

slow to come into full production.  Dwarfing trees through rootstock selection not 

only helps encourage precocity but also ensure that the trees are much more 

manageable to work with.  Dwarfing rootstocks and new canopy management 

strategies to reduce tree vigor are the objects of considerable research in sweet cherry 

production. 
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2.1 Introduction 

The Pacific Northwest has become the nation’s premier sweet cherry, Prunus 

avium, production areas.  Combined, Oregon and Washington produce nearly 75% of 

the country’s sweet cherries (2006b).  As production of sweet cherries has increased 

in these two states, so have problems with powdery mildew, caused by the fungus 

Podosphaera clandestina.  Epidemics in recent years have caused significant 

financial loss, particularly in the fresh market.  Intensive fungicide spray programs 

are the primary control strategies employed by area orchardists (2006a). 

The genus Podosphaera only infects woody plants; hosts of P. clandestina 

include sweet cherry and hawthorn.  Some of the aspects of the disease cycle of P. 

clandestina are unknown, particularly with regard to fruit infection.  Studies by 

Grove and Boal (Grove and Boal 1991a) found that leaf infection is optimal at 20 - 

25 °C, and that infection occurs under a wide range of temperature and relative 

humidity combinations.  Conidia produced from leaf infections most likely initiate 

infection on cherry fruit.  Optimal conditions for sweet cherry fruit infection, 

including temperature and relative humidity, have not been well documented.  

Conidia germinate on cherry fruit after 24 hours when incubated at 20 C and 80%, 

90%, 95%, and 100% relative humidity (Grove and Boal 1991a). Knowledge of the 

optimal temperature and relative humidity for fruit infection will aid in development 

of a powdery mildew prediction model for fruit infection. 

Also unknown is whether cherry fruit acquire resistance to P. clandestina as 

they mature. Immature cherry fruit are thought to be more susceptible to powdery 
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mildew (Grove and Boal 1991a).  Germination of sweet cherry powdery mildew 

conidia declined once cherry fruit were more mature with a soluble solids content of 

15% (Grove and Boal 1991a).  In that study, the detached fruit were evaluated after 

only 24 hours post-inoculation, and infection was not confirmed (Grove and Boal 

1991a).  Studies on grape powdery mildew have indicated that the berries become 

resistant as they develop; this was defined as ontogenic resistance (Gadoury et al. 

2003;Ficke et al. 2004).  Powdery mildew on peach and apple, both caused by P. 

leucotricha, is known to infect fruit very early in development; infections can start at 

bloom and typically end before pit hardening on peach and before apples are 30 mm 

in diameter (Ruess and Blatter 1990;Furman, Lalancette, and White, Jr. 2003).  The 

timing of cherry fruit infection is a key piece of information that can be invaluable in 

control and management strategies of powdery mildew.   

The objectives of this study were to identify temperature and relative 

humidity conditions conducive to conidia germination and infection on cherry fruit 

surfaces, to determine if and when cherry fruit become resistant to P. clandestina, to 

relate temperature and precipitation data to infection levels and concentration of 

conidia in orchard air, and to quantify P. clandestina DNA on fruit surfaces 

throughout the growing season. 

 

2.2 Materials & Methods 

 

2.2.1 Laboratory Inoculations 
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2004. A preliminary assessment of using a vacuum-operated spore settling 

tower on detached fruit was conducted in 2004.  Twenty fruit (cvs. Lapins and 

Sweetheart) free of powdery mildew infection were collected weekly from 5 May 

until 29 June, which corresponds to week four through eleven on cv. Lapins and 

week twelve on cv. Sweetheart after full bloom.  The fruit were placed on sterile 

filter paper moistened with sterile distilled water in 90 mm diameter Petri plates.  

Petri plates were positioned on the main platform at the bottom of a vacuum-

operated spore settling tower.  Heavily infected leaves, cultivar Bing, with abundant 

P. clandestina sporulation were affixed to the inoculum platform at the top of the 

tower with cellulose tape.  An air compressor generated a vacuum pressure of 67 

kPa.  Valves were then opened, releasing the vacuum and dislodging spores from the 

leaf surface.  Spores were allowed to settle for ten minutes, after which the vacuum 

and settling time were repeated.  The Petri plates with fruit were then incubated at 22 

°C at 100% relative humidity in a 16 hour photoperiod.  A glass slide coated with 

silicon grease was included in each inoculation event to estimate the concentration of 

conidia in inoculations.  The slides were immediately examined under a light 

microscope at 250X, and four transects, each 0.72mm, were made across a 24 x 60 

mm area of the slide.   

After a 24 hour incubation period, the inoculated fruit surface was coated 

with a thin layer of plastic cement (Testor Corp., Rockford, IL).  The glue was 

allowed to dry for about two hours and was carefully peeled off the fruit surface.  

Each peel provided an exact imprint of the fruit surface and was examined under the 
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microscope at 250X.  Spore germination was recorded.  Fruit size was determined 

with digital calipers (model CD-8” C, Mitutoyo Corporation, Takatsu-ku, Kawasaki, 

Kanagawa, Japan).  Color was determined with the Color Code chart for cherries 

(Afcofel, Paris, France).  Percent soluble solids were measured with a digital 

refractometer (model PR-101α, Atago Co., Ltd., Itabashi-ku, Tokyo, Japan). 

2005 and 2006. Based on the results of the preliminary detached fruit 

inoculation study in 2004, a series of artificial inoculations were designed and 

conducted in the laboratory in 2005 and 2006 to assess the effects of temperature and 

relative humidity on infection of immature, green fruit.  Shoots (cv. Bing) of about 

15 cm in length with small clusters of developing fruit, were collected from a 

commercial orchard in Hood River.  The number of fruit was thinned to three per 

shoot, and all fruit were inspected to ensure the presence of no naturally occurring 

powdery mildew infections.  Branches were held in sterile distilled water until 

inoculation, which occurred within two hours of collection.  Four branches per 

treatment were used. 

Leaves of cv. Bing heavily infected with P. clandestina were collected and 

used for the inoculations.  The immature fruit were inoculated by touching the 

sporulating colony to a 1 cm diameter area delineated on the fruit surface with a 

permanent marker.  After inoculation, branches were placed individually in relative 

humidity chambers.  Transparent glass jars capable of holding 947 ml (quart-sized 

Mason jars) were used as the chambers.  Each chamber was filled with an 

appropriate concentration of KOH and sterile distilled water to achieve the desired 
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relative humidity (Buxton and Mellanby 1937).  After inoculation, branches were 

placed individually in a 50 ml plastic conical centrifuge tube that was held upright 

and kept stable in the chamber with sculpted chicken wire.  Two separate chambers 

were constructed to house narrow range humidity sensors (American Instrument Co., 

Silver Spring, MD) that monitored the relative humidity of each KOH solution with 

a hygrometer (American Instrument Co., Silver Spring, MD).  The relative humidity 

chambers were then placed in growth chambers set at the appropriate temperature 

and a 16 hour photoperiod.   

In 2005, temperature and relative humidity treatments were selected based on 

the average climate conditions in Hood River, OR at four stages of fruit 

development; full bloom, early pit hardening, the conclusion of pit hardening, and 

harvest.  Maximum temperature and relative humidity weather data were collected 

from AgriMet (US Bureau of Reclamation, Boise, ID), a network of weather stations 

in the Pacific Northwest, over the period from 1994 to 2004 in Hood River and 

averaged for the following periods:  full bloom, usually occurring from 8-15 April; 

beginning of pit hardening, usually occurring from 4-11 May; pit hardening, usually 

occurring from 24-31 May; and harvest, usually occurring from 1-7 July.  A total of 

12 combinations of temperature and relative humidity were selected for the 

experiments (Table 1), and the study was performed twice in the 2005 season.  Fruit 

were collected 21 May and 31 May. 

Based on the results from 2005, studies in 2006 were adjusted to include one 

temperature, 18 °C, and six levels of relative humidity (Table 2).  The study was 
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repeated once in its entirety in the 2006 season.  Fruit were collected on 17 May and 

18 May. 

After a six-day incubation period, the area of the fruit surface inoculated was 

removed by carefully peeling the epidermal cell layers away from the fleshy fruit 

tissue.  The epidermal peel was mounted on a glass slide and stained with 

lactophenol and 0.1% cotton blue.  Fifty spores per peel were randomly selected and 

evaluated for germination.  Successful germination was defined as a conidium 

having at least one hyphal strand at least twice the length of the conidium.  Extensive 

colonization of the fruit surface and any sporulation also was noted.  The proportion 

of conidia germinated and the proportion of conidia with extensive hyphal 

colonization were calculated.  Data were transformed with the logit transformation.  

In 2005, a Chi-squared test for homogeneity was performed to assess the effect of 

temperature on hyphal growth. 

 

2.2.2 Greenhouse Inoculations 

In 2004, a greenhouse study was initiated to help determine when sweet 

cherry fruit become infected by P. clandestina.  In October 2003 fifteen four to five 

year old cherry trees (cv. Regina) were removed from an orchard and transplanted 

into 25 gallon pots filled with a soil-less potting mix of 80% bark, 10% pumice, and 

10% compost.  The trees overwintered in a protected area outside.  On 1 March, 

these trees were brought into a greenhouse.  Temperatures were maintained between 

7.2 and 27 °C. 
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Flowers were artificially pollinated by applying pollen (cv. Lapins) to each 

stigma with a paintbrush.  Pollinations were done daily from 12 – 17 March 2004.  

Pollen was tested for viability by dusting onto a plate of water agar and determining 

the percent germination was recorded 24 hours later by examining the plates under 

dissecting scope.  Fruit were to be inoculated weekly 1 April with a spore suspension 

of P. clandestina conidia collected September 2003 and stored at -70 °C.  However, 

the experiment was discontinued when fruit failed to set. 

 

2.2.3 Field Inoculations 

In years 2004, 2005, and 2006, developing fruit on orchard trees were 

artificially inoculated to determine at what point in the growing season fruit are 

susceptible to P. clandestina.  Inoculum was prepared by collecting leaves (cv. Bing) 

heavily infected with P. clandestina.  Conidia were gently washed off with a solution 

of sterile distilled water and Tween 20 (0.0025%).  The spore suspension was filtered 

through sterile cheesecloth, adjusted to a concentration of 1 x 105 conidia per ml, and 

held on ice until inoculation about 15 minutes.   

Five trees (cv. Lapins) were selected in a commercial orchard in Hood River.  

One week after full bloom, a developing fruit cluster per tree was randomly selected 

and inoculated with a spore suspension.  A negative control of sterile distilled water 

and Tween 20 was included.  Inoculations were done with a Badger air-brush 

(Badger Air-Brush Co., Franklin Park, IL, US).  About 200 microliters of a fine mist 

of the spore suspension was applied to each fruit cluster until fruit were covered with 
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a fine mist but not to drip.  Inoculations began 16 April 2004, 20 April 2005, and 4 

May 2006, then continued weekly until harvest. 

To reduce natural infections, the five trees were sprayed with fungicides 

every other week.  Sprays included a 1% solution of petroleum oil (Omni Oil) at 

947.5 L ha-1, myclobutanil (Rally 40WP) at 354.4 g ha-1, propiconazole (Orbit) at 0.3 

L ha-1, or sulfur at 11.335 kg ha-1.  All of the developing fruit clusters included in the 

inoculations were covered with plastic bags prior to fungicide application.  An hour 

after fungicide application, the plastic bags were removed. 

At harvest, all fruit were collected and assessed for disease incidence and 

severity.  Harvest was timed to coincide with the commercial harvest of the 

surrounding orchards.  Fruit were rated on a scale based on their level of infection, 

where 0 = no infection, 1 = slight infection (1-33% of the fruit surface colonized), 2 

= moderate infection (between 34 and 66% of the fruit surface colonized), and 3 = 

severe infection (greater than 67% of the fruit surface colonized).  Incidence of 

powdery mildew also was determined.  Additionally, leaf samples were collected 

from the five inoculated trees and from five randomly selected neighboring trees.  

Ten shoots per tree were collected, and the terminal ten fully-expanded leaves of 

each shoot were assessed for disease severity to evaluate effectiveness of the 

fungicide spray program. 

 

2.2.4 Field Exclusion Study 
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To better understand development of ontogenic resistance of sweet cherry to 

P. clandestina under orchard conditions, a set of studies was implemented from 2003 

to 2006 in three commercial orchards.  In 2003, two different commercial orchards in 

The Dalles, OR were selected.  Cultivars Bing, Lapins, and Regina were located at 

the Morgan Ranch orchard, and cv. Sweetheart was located at the Cemetery Block 

orchard.  Ten trees of each cv. Bing, Lapins, and Regina and seven trees of cv. 

Sweetheart were included.  In years 2004 to 2006, an orchard in Hood River at the 

Oregon State University Mid Columbia Agricultural Research and Extension Center 

(MCAREC) with ten trees of each cv. Bing and Lapins replaced the Morgan Ranch.  

The seven Sweetheart trees in the Cemetery Block were used in all four years of the 

study.  Throughout the duration of the study, no fungicides were applied to these 

trees, but all other standard management practices, such as pruning, irrigation, 

fertilization, and insecticide applications, were carried out according to standard 

commercial practices. 

Treatments were randomly applied to the trees and began immediately 

following full bloom and pollination.  Fabric sleeves were fitted over branches to 

cover a developing cluster of fruit and were secured snugly with string ties.  Once a 

week, a single sleeve would be removed from a tree, exposing the developing fruit 

cluster, and would be replaced the following week.  This was done every week 

throughout the entire growing season until harvest, typically a twelve to thirteen 

week period.  A treatment was defined as the week past full bloom that the 

developing fruit cluster was uncovered and exposed to ambient levels of P. 
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clandestina.  Both a positive control, where the fruit cluster remained covered by the 

fabric sleeve the entire growing season, and a negative control, where a fruit cluster 

was never protected by the fabric sleeve, was designated on each tree.  Each tree was 

considered a replication.   

In 2003, sleeves were crafted from Typar (DuPont, U.S.), a non-woven, 

polypropylene fabric that allows water movement and is common in many industrial 

uses.  Sleeves were 60 x 60 cm in size and were secured along one edge with staples 

so that the finished size was 30 x 60 cm.  In years 2004 through 2006, sleeves were 

constructed from a white Teflon-coated nylon fabric.  This fabric was selected based 

on its durability, lightness in color, gas and moisture exchange abilities, and mesh 

smaller than the size of P. clandestina conidia.  Squares were stitched together along 

one edge.  

Two HOBO Pro Series (Onset Computer Corp., Bourne, Massachusetts) data 

loggers provided measurements of temperature and relative humidity inside a fabric 

sleeve and in the tree canopy.  A Burkard volumetric spore trap (Burkard Scientific 

Sales, Ltd., Rickmansworth, Hertfordshire, England) was placed in the Cemetery 

Block to collect air samples to determine the concentration of P. clandestina conidia 

throughout the growing season.  Ten liters of air per minute were sampled and 

deposited on cellophane tape lightly coated with silicon grease.  The tape was 

subsequently cut into 14 x 48 mm sections, each representing a 24 hour period.  Each 

section was affixed to a glass slide and stained with lactophenol and 0.1% cotton 

blue.  Each slide was examined under the microscope at 250X power and 0.72 mm 
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diameter with four transects.  The number of P. clandestina conidia was recorded 

and used to calculate the mean number of conidia per liter of air per day. 

Harvest was timed to coincide with commercial harvests in the surrounding 

orchards.  All remaining fabric bags were removed, and ten or less fruit per replicate 

tree were collected.  Fruit infection was rated on a scale based on the degree of the 

surface colonization by P. clandestina, where 0 = 0%, 1 = slight (1 - 33% of the fruit 

surface colonized), 2 = moderate (34 - 66% of the fruit surface colonized), and 3 = 

severe (67 - 100% of the fruit surface colonized).  Incidence of powdery mildew was 

also determined, with a maximum of 1.0 set. 

 

2.2.5 Fruit Washes 2004 

To monitor cherry fruit surface populations of P. clandestina, quantitative 

PCR (qPCR) was performed at weekly intervals in 2004.  Weekly collections of ten 

fruit per tree from three randomly selected trees used in the Field Exclusion Studies 

were initiated, starting 27 April.  Cultivars Bing, Lapins, and Sweetheart were all 

included.  After stems were removed, the ten fruit collected from one tree were 

placed in a beaker with sterile distilled water and Tween 20 shaken for five minutes 

on a rotary shaker (model R4139-5A2, American Hospital Supply Co., Miami, FL) 

and then sonicated (model Transistor/Ultrasonic T-14, L&R Manufacturing, Inc., 

Kearny, NJ) for five minutes.  Fruit were removed and set aside for measurements of 

maturity indices. Fruit diameter was determined with digital calipers (model CD-8” 

C, Mitutoyo Corporation, Takatsu-ku, Kawasaki, Kanagawa, Japan).  Color was 
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determined with the Color Code chart for cherries (Afcofel, Paris, France).  Percent 

soluble solids were measured with a digital refractometer (model PR-101α, Atago 

Co., Ltd., Itabashi-ku, Tokyo, Japan).  

Washes were centrifuged in the following succession:  200 ml of the original 

fruit wash was spun at 15,850 x g for ten minutes, the bottom 45 ml was spun at 

6030 x g for ten minutes, and the bottom 1.5 ml was spun at 17,418 x g for ten 

minutes.  A final volume of 100 μl was collected and subsequently used for DNA 

quantification. 

All DNA extractions were performed with a FastDNA Kit (MP Biomedicals, 

LLC., Solon, OH, US).  Primers were designed based on the sequence of the ITS 

region of ribosomal DNA extracted from cleistothecia.  The forward primer used was 

Pclan-ITS-89f:  CTCCACCCGTGTGAACTGA.  The reverse primer used was 

Pclan-ITS-506r:  GAGGTCATCCAAAATATATGTGT.  Specificity of these 

primers to P. clandestina was confirmed through a series of tests with other 

commonly found powdery mildew fungi, including dandelion, pear, grape, and rose 

mildews (data not reported).  Assay standards of P. clandestina DNA were prepared 

from extractions of conidia, as described previously.  DNA concentration of the 

standards was determined by measuring optical density at 260 nm and ranged from 

0.0625 to 625 pg μl-1.  Five ten-fold serial dilutions were prepared.   

All qPCR reactions were done in 20 ul aliquots (10X native Pfu buffer, 25 

mM MgCl2, 10X SYBR Green I (Sigma-Aldrich Co., St. Louis, MO), 2 mM 

dNTP’s, 20 uM primers, and Pfu polymerase) with an Opticon 2 Light and 
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Thermocycler (Bio-Rad Laboratories Inc., Hercules, California, US).  Reaction 

conditions were10 min at 95 °C, 40 cycles of 10 sec at 94 °C, 15 sec at 58 °C, and 5 

sec at 72 °C, and ending with 10 min at 72 °C.  Standard curves were generated by 

plotting the known DNA amounts against the Ct values calculated by the Opticon 2 

Analysis software and determining a regression equation.  A negative control of no 

template and positive controls of the DNA standards were included in every assay.  

All samples were run in triplicate. 

 

2.2.6 Statistics 

Regression analyses were generated using S-Plus (Insightful Corporation, 

Seattle, WA). 

 

2.3 Results 

 

2.3.1 Laboratory Inoculations 

2004.  Inoculum concentrations were always between 20 and 25 spores/mm2.  

Spores applied with the spore settling tower germinated on detached fruit within 

twenty-four hours.  The lowest germination was 5% and 6% spores/mm2, both 

eleven weeks after full bloom, for cultivar Lapins and Sweetheart, respectively 

(Figure 1).  The highest germination was 40% spores/mm2 nine weeks after full 

bloom and 38% spores/mm2 eight weeks after full bloom on cv. Lapins and 

Sweetheart, respectively (Figure 2.1).  No trend emerged to describe the proportion 
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of conidia germination over time for either cultivar.  Significant differences in the 

proportion of germinated conidia on fruit surfaces as a function of the week of 

inoculation existed for cv. Lapins but not Sweetheart (P < 0.01, and P = 0.54, 

respectively).  An increase in one week was associated with a decrease of percent 

conidia germination of 2% on cv. Lapins and 1% on Sweetheart.  The regression 

equation for cv. Lapins was  

 

I(percent of germinated conidia) = 32 - 2(week inoculated); 

 

this model explains 4.98% of the variation ( R2 = 0.0498).   

The regression equation for cv. Sweetheart was  

 

E(percent of germinated conidia) = 27 - 1(week inoculated); 

 

this model explains 0.24% of the variation (R2 = 0.002). 

 

2005.  Results from the two experiments were not statistically different, and 

data were combined.  Green fruit still attached to small branches were infected with 

P. clandestina under artificial conditions in the lab and could be held for up to six 

days in the moisture chambers previously described.  After six days, fruit quality 

declined noticeably; fruit turned brown and abscised from the branches.  The greatest 

spore germination occurred at 18.6 °C, which corresponds to the average day time 
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maximum temperature during pit hardening, usually the last week of May or seven to 

eight weeks after full bloom, in Hood River (Table 2.1).  About 10% of the 

inoculated fruit developed secondary hyphae and/or an extensive colony of hyphae at 

the point of inoculation but did not sporulate. The majority of fruit in this category 

were incubated at 18.6 °C (Table 2.1).  There was no evidence that germination was 

related to the temperature and relative humidity conditions tested (P = 0.73), 

indicating that P. clandestina can infect sweet cherry fruit under the temperature and 

relative humidity conditions common during four major stages of fruit development 

(full bloom, early pit hardening, pit hardening, and harvest).  A one degree increase 

in temperature (C) was associated with an increase in conidia germination of 0.1%.  

Likewise, an increase in one unit of percent relative humidity was associated with an 

increase of conidia germination of 0.1%.  The regression model to describe conidia 

germination as a function of temperature and relative humidity was 

 
E(percent of germinated conidia) = 1 + 0.1(°C) + 0.1(percent relative humidity); R2 = 

0.002. 
 

Extensive secondary hyphae production was not independent of temperature 

– relative humidity conditions according to a Chi-squared test for homogeneity.  The 

greatest number of fruit with an extensive development of hyphae occurred at 18.6 

°C and declined as relative humidity increased (Table 2.1).  The least number of fruit 

with extensive hyphal development were at 23.8 °C with no effect of the level of 
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relative humidity (Table 2.1).  Of the 288 total fruit inoculated, sporulation occurred 

on only one after the six day incubation at 15.5 °C and 68% relative humidity. 

  2006. Results from the two experiments were not statistically different, and 

data from the two experiments were combined.  There was no evidence that 

germination on fruit surfaces is related to the range of conditions tested (P = 0.59), 

indicating that P. clandestina can infect sweet cherry fruit under the levels of relative 

humidity tested.  An increase of one unit of relative humidity was associated with an 

increase of conidia germination of 0.1%.  The regression model to describe the 

relationship of conidia germination as a function of relative humidity at 18.6 °C was 

 

E(percent of germinated conidia) = 3 + 0.1(percent relative humidity);  R2 = 0.002.   
 

Conidia germination was lower in 2006 than in 2005.  An average of 6.8% of 

conidia germinated in 2006, while 14.2% germinated in 2005.  In 2006, 5.6% of the 

inoculated fruit developed secondary hyphae and/or an extensive colony of hyphae at 

the point of inoculation but did not sporulate (Table 2.2).  In 2005, this value was 

9.4% (Table 2.1).  In 2006, fruit held at 92% relative humidity had the highest 

germination rate (0.1), and fruit incubated at 86% had the lowest germination rate 

(40%) (Table 2.2).   

 

2.3.2 Greenhouse Inoculations 
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Within a week of the conclusion of mechanical pollinations concluded, fruit 

set appeared adequate to begin the inoculations as planned.  However, over half the 

developing fruit were soon aborted and dropped.  Because only two fruit developed 

to maturity, inoculations were canceled.    The pollen was found to be viable, with 

86.3% of pollen grains germinating on water agar.  Cultivar Regina is known to have 

poor fruit set, possibly due to pollination incompatibilities (Nunez-Elisea 2004).   

 

2.3.3 Field Inoculations 

2004. The first inoculation was 16 April on immature fruit.  P. clandestina 

infections were evident among the fruit inoculated; however, mildew incidence was 

greatest on fruit inoculated eight weeks after full bloom (0.8) and least on fruit 

inoculated one week after full bloom (0.4) (Figure 2.2).  No evidence exists that 

incidence of P. clandestina on fruit surfaces is related to the time of artificial 

inoculations (P = 0.34).  An increase in time of one week was associated with an 

increase in the proportion of diseased fruit of 0.01.  The model to describe the 

relationship was: 

 

E(PM incidence) = 0.52 + 0.01(week inoculated); R2 = 0.02.   

 

The lowest mildew rating, 0.5, was on fruit inoculated one week after full 

bloom, and the highest mildew rating, 1.3, was on fruit inoculated nine weeks after 

full bloom (Figure 2.3).  No evidence exists that disease severity is a function of the 
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time of artificial inoculation (P = 0.46).  An increase in time of one week was 

associated with an increase in the rating of disease severity of 0.02.  The model to 

describe this relationship was: 

 

E(PM severity) = 0.81  + 0.02(week inoculated); R2 = 0.01. 

 

The fungicide spray program significantly reduced the incidence of foliar 

mildew compared to the border trees not included in the spray program (average 

6.4% and 1.5%, respectively; P < 0.01).    

2005. The study began 20 April and was discontinued in mid May due to 

extremely poor fruit set in the orchard.  By this time, nearly 90% of the treatments 

had been lost and/or dropped all their fruit.  A brief frost episode likely damaged 

floral buds, and an unusually cool and wet spring throughout the region prevented 

adequate pollination. 

2006. The first inoculation was 4 May.  P. clandestina infections were 

evident among the inoculated fruit; however, incidence and severity of fruit infection 

was not related to the week of inoculation (P = .20 and P = 0.19, respectively).  

Mildew incidence was greatest on fruit inoculated five weeks after full bloom (0.6) 

and least on fruit inoculated eleven weeks after full bloom (0.3) (Figure 2.2).  An 

increase in time of one week past full bloom was associated with a decrease in the 

proportion of diseased fruit of 0.01.  The model to describe incidence as a function of 

the week the fruit were inoculated was: 
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E(PM incidence) = 0.52 - 0.01(week inoculated); R2 = 0.04. 

 

Mildew severity was least (0.3) on fruit inoculated eleven weeks after full 

bloom and highest (0.9) on fruit inoculated five weeks after full bloom (Figure 2.3). 

An increase in time of one week was associated with a decrease in PM severity of 

0.02.  The model to describe the severity of P. clandestina on fruit surfaces of 

inoculated fruit as a function of the week of inoculation was: 

 

E(PM severity) = 0.62 - 0.02(week inoculated); R2 = 0.04. 

 

The fungicide spray program reduced the incidence of foliar mildew; the 

border trees not included in the spray program had significantly more foliar PM 

infection than the five trees in the study (average 6.6% and 1.6%, respectively; P < 

0.01).    

 

2.3.4 Field Exclusion Study 

2003. The fabric sleeves were installed 15 April on cvs. Bing, Lapins, and 

Sweetheart and on 22 April on cultivar Regina.  The Burkard spore trap was placed 

in the Cemetery Block orchard later on 6 May.  The first conidium was detected 7 

May, and the greatest average number of spores per week sampled was 459 spores 
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(m3)-1 the week of harvest (Figure 2.4).  Harvest dates were as follows:  2, 9, 11, and 

17 July for cvs. Bing, Lapins, Regina, and Sweetheart, respectively. 

The number and quality of fruit development was much lower when covered 

with the Typar bags.  Between 60 and 70% of the treatments were lost, depending on 

the cultivar.  In many cases, entire replications had no fruit at harvest.  The fruit that 

did survive were often misshapen, small, aesthetically unappealing, and 

commercially unmarketable.  No consistent pattern emerged, and the results were 

considered inconclusive due to missing data.  There was a consistently higher 

maximum temperature and relative humidity within the Typar sleeves than in the tree 

canopy.  The maximum temperature under a Typar sleeve was always 6-10 °C higher 

than the ambient orchard canopy conditions.  The relative humidity within a Typar 

sleeve was always much higher than the relative humidity in the orchard canopy.  

Thus, the Typar material was discontinued in subsequent years.  Preliminary 

temperature and relative humidity studies with the nylon fabric were more positive 

results; so, the nylon fabric was used for construction of the sleeves in 2004-2006. 

In general, mildew infection on the trees at the Morgan Ranch was observed 

to be extremely low.  Very little foliage and fruit infections were observed on the 

young trees used in the field exclusion study from this site.  Cultivar Regina in 

particular had almost no infection even in other orchards where P. clandestina 

infections were problematic for other cultivars.  Regina had only 0.01 incidence of 

powdery mildew in studies conducted in 2003 to assess the cultivar variability to P. 

clandestina infections.  Thus, Regina was eliminated from subsequent years of the 
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field exclusion study, and an orchard in Hood River with Bing and Lapins and 

consistent powdery mildew levels replaced the Morgan Ranch site. 

2004. The study began 8 April.  The first conidium was detected on 9 April, 

and levels of conidia rose consistently throughout the growing season, except for a 

slight decline ten weeks after full bloom (Figs. 2.4 and 2.5).  The highest spore 

concentration detected was 716 spores (m3)-1 on 3 July 2004 (Figure 2.5).  Fruit 

reached 15% soluble solids between nine and ten weeks after full bloom in Bing and 

Lapins, and between ten and eleven weeks after full bloom for Sweetheart.  Fruit was 

harvested and rated on 30 June for all three cultivars. 

The nylon fabric sleeves were a significant improvement as compared with 

the Typar sleeves.  In general, fruit developed to a normal size, shape, and color 

within the bags.  Brown rot, caused by Monilinia fructicola, was a slight problem in 

the orchard at Hood River.  For Bing, 71.4% of the treatments (limbs) had fruit for 

harvest, and 68.7 % of the treatments of Lapins could be harvested.  In comparison, 

only 4% of all the treatments of Sweetheart were lost due to reasons unknown.  Data 

loggers indicated that temperature and relative humidity values were very similar 

inside and outside of the nylon fabric sleeves.  Temperature was always within 3-4 

°C.  Occasionally the relative humidity inside the sleeves was about 10% higher than 

outside but was usually within 5%. 

Bing.  There was significant evidence of differences in both disease 

incidence and severity by the time (week) the fruit were exposed to naturally 

occurring PM conidia concentrations in the orchard air (P = 0.02 and P < 0.01, 
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respectively).  An increase in time of one week was associated with a decrease in 

disease incidence and severity of 0.03 and 0.05, respectively.  The regression models 

were: 

 

E(PM incidence) = 0.63 – 0.03(week exposed); R2 = 0.07 

E(PM severity) = 0.82 – 0.05(week exposed); R2 = 0.04. 

 

Lapins.  There was no evidence of differences in disease incidence and 

severity as a function of the week fruit were exposed to orchard air (P = 0.75 and P = 

0.65).  An increase in time of one week was associated with an increase of disease 

incidence and severity each of 0.01.  The regression models were: 

 

E(PM incidence) = 0.34 + 0.01(week exposed); R2 = 0.001 

E(PM severity = 0.55 – 0.01(week exposed); R2 = 0.003. 

 

Sweetheart.  There was no evidence of differences in disease incidence as a 

function of the week fruit were exposed to orchard air (P = 0.71), but significant 

differences in disease severity were found (P = 0.04).  An increase in time of one 

week was associated with a decrease in disease incidence and severity of 0.01 and 

0.03, respectively.  The regression models were: 

 

E(PM incidence) = 0.79 – 0.01(week exposed); R2 = 0.001 
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E(PM severity) = 1.39 – 0.03(week exposed); R2 = 0.05. 

 

2005. The fabric bags were applied on 7 April.  The first conidium was 

observed on 7 April, and the greatest number of spores detected was 443 spores (m3)-

1 on 24 June (Figure 2.7).  The number of conidia detected in the orchard air 

remained well below levels detected in previous years (Figure 2.4).  In fact, conidia 

levels declined before harvest, and PM infection on fruit and leaves was less than in 

previous years (Figs. 2.4, 2.6, 2.14, and 2.15).  Fruit, cultivar Sweetheart, reached an 

average 15% soluble solids between ten and eleven weeks after bloom.  Fruit were 

harvested 7 July. 

Studies on cultivars Bing and Lapins were discontinued in mid May, six 

weeks after the study’s initiation, due to extremely poor fruit set at the orchard in 

Hood River.  By this point, over 80% of the treatments had lost no fruit.  A brief 

frost episode likely damaged floral buds, and an unusually cool and wet spring 

prevented adequate pollination. Studies with cultivar Sweetheart were conducted as 

planned, but 40.2% of the treatments had no fruit set in the Cemetery Block in The 

Dalles.  Only data from cultivar Sweetheart were collected and reported. 

Sweetheart.   There was no evidence of differences in disease incidence and 

severity as a function of the week fruit were exposed to orchard air (P = 0.41 and P = 

0.15).  An increase in time of one week was associated with an increase of disease 

incidence and severity of 0.01 and 0.03, respectively.  The regression models were: 
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E(PM incidence) = 0.61 – 0.01(week exposed); R2 = 0.01 

E(PM severity) = 0.79 – 0.03(week exposed); R2 = 0.04. 

 

2006. The fabric bags were applied on 25 April for all cultivars.  The first 

conidium was found on 25 April, and the greatest number of spores detected was 588 

spores (m3)-1 on 10 July (Figure 2.9).  Populations of conidia were greater earlier in 

the growing season than in previous years, and the weekly average highest number 

of conidia detected in the orchard air was highest in 2006 (553 spores (m3)-1) (Figure 

2.4).  Bing and Lapins reached 15% soluble solids between eight and nine weeks 

after full bloom, and cultivar Sweetheart reached this point between nine and ten 

weeks after full bloom.  Bing and Lapins were harvested on 6 July, and cultivar 

Sweetheart was harvested on 11 July. 

The weather in the spring of 2006 was much better for pollination than in 

2005, but there was another frost episode in the Hood River orchard that damaged 

the flower buds.  Very few rain events were recorded in The Dalles early in the 

spring (Figure 2.10).  Cultivar Lapins suffered more damage than cultivar Bing, but 

fruit set of both cultivars was negatively impacted.  As a result, harvest levels for 

cultivars Bing and Lapins were disappointing.  For cultivar Bing, 52.7% of the 

treatments had fruit for harvest, and only 14 % of the treatments of cultivar Lapins 

could be harvested.  Data from cultivar Lapins was not included in any statistical 

analyses in 2006.  Cultivar Sweetheart at the Cemetery Block fared much better; 

79.5% of all the treatments of cultivar Sweetheart were harvested. 
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Bing.  There were no differences in disease incidence and severity as a 

function of the week fruit were exposed to orchard air (P = 0.27 and P = 0.28).  An 

increase in time of one week was associated with an increase of disease incidence 

and severity of 0.02 and 0.03, respectively.  The regression models were: 

 

E(PM incidence) = 0.45 – 0.02(week exposed); R2 = 0.03 

E(PM severity) = 0.69 – 0.03(week exposed); R2 = 0.03. 

 

Sweetheart.  There were no differences in disease incidence and severity as a 

function of the week fruit were exposed to orchard air (P = 0.87 and P = 0.50).  An 

increase in time of one week was associated with an increase of disease incidence of 

0.01 and a decrease in severity of 0.02.  The regression models were: 

 

E(PM incidence) = 0.04 + 0.01(week exposed); R2 = 0.001 

E(PM severity) = 0.80 – 0.02(week exposed); R2 = 0.01. 

 

2.3.5 Fruit Washes 

A successful protocol for qPCR was designed to amplify P. clandestina.  An 

amplicon of the appropriate size was detected in several of the fruit washes, but very 

few washes amplified to ranges within the dilution series and were deemed 

unsuitable for interpolation.  Another concern was the melt curve.  The melt curve in 

many of the fruit washes with an amplified product did not coincide with the melt 
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curve of the standards, indicating that non-specific binding may be occurring.  The 

standard curves generated from the assay standards were consistent, and all of the 

regression equations had R2 values between 0.987 and 0.996. 

 

2.4 Discussion 

Grove has proposed that cherry fruit infections likely occur early in the 

growing season when fruit are immature, and that high moisture conditions typical 

near harvest promote sporulation (Grove 1991).  Our initial study in 2004 on 

detached green fruit was in agreement with Grove and Boals’ (Grove and Boal 

1991a) results, where percent germination of conidia was significantly less on more 

mature fruit than green, immature fruit.  The percent germination declined after fruit 

reached 15% soluble solids; though the differences were not statistically significant.  

However, observations in the laboratory indicated that P. clandestina conidia will 

germinate equally well on a glass slide when incubated 24 hours at 18-20 °C and 95-

100% relative humidity (data not reported).  Thus, percent germination of conidia 

alone was not deemed equivalent to infection, and subsequent inoculation studies set 

out to maintain the fruit for a longer period of time, six days instead of 24 hours, to 

insure that infection had occurred.  A more stringent definition of germination was 

adhered to in our studies.  We defined a conidium as having germinated when the 

germ tube was twice the length of the length of the conidium; whereas previously 

germination was defined as when the length of the germ tube exceeding the width of 

the conidium (Grove and Boal 1991a).  Additionally, fruit in both studies were 
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detached from cherry stems and branches.  Fruit detachment has been suspected to 

influence the development of powdery mildew resistance on grape (Gadoury et al. 

2003).  In fact, early studies of grape powdery mildew on fruit detached from the 

vine reported thresholds of 8% and 15% soluble solids for when grape berries 

become resistant to infection and when established colonies fail to sporulate, 

respectively (Delp 1954;Chellemi and Marois 1992).  Later studies on grape 

powdery mildew on attached fruit determined that ontogenic resistance occurred 

very early in berry development and may not be related to percent soluble solids 

(Gadoury et al. 2001;Gadoury et al. 2003;Ficke et al. 2004) 

Our field inoculations and orchard exclusion studies indicated that cherry 

fruit were susceptible to infection by P. clandestina throughout the entire growing 

season, regardless of their maturity level in terms of percent soluble solids.  No 

differences were found in disease incidence and severity levels after fruit had 

reached or exceeded 15% soluble solids.  No observable pattern of fruit susceptibility 

emerged between the cultivars, and no trends emerged pinpointing a period in fruit 

phenology at which infection occurs or when fruit may become more resistant to 

mildew.  Mildew infections appeared much more related to weather conditions than 

fruit maturity.  However, a range of susceptibility to mildew between cultivars was 

noted.  In 2004, disease incidence and severity was greatest on Sweetheart (0.7 and 

1.0, respectively), as compared with Bing (0.4 and 0.6, respectively) and Lapins (0.6 

and 0.6, respectively).  In 2006, Sweetheart again had greater levels of incidence and 

severity (0.4 and 0.6, respectively) than Bing (0.3 and 0.4, respectively).  Other 
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studies have indicated that Bing is less susceptible to foliar infection by powdery 

mildew when compared with cultivars Sweetheart and Lapins (see Chapter 5). 

The greatest disease incidence and severity was noted in the 2004 growing 

season, where several rain events were recorded in the late spring and early summer 

period, and the greatest concentration of P. clandestina conidia in the orchard air and 

the least disease incidence and severity occurred in the 2006 season.  The 

exponential increase in spore release in 2006 was observed earlier after full bloom 

than in years 2004 and 2005, but less infection occurred.  The weather conditions of 

2006 are suspected to have been less conducive for disease development than in 

years 2004 and 2005.  Full bloom was about two weeks later, and the growing season 

was about ten days shorter than in 2004 and 2005.  The daily mean temperature in 

2006 was greater and had more spikes nearing 25 °C than in the two previous 

seasons.  Precipitation in the spring 2006 was negligible, which might have delayed 

primary infections by ascospores; only one rain event was recorded within the first 

three weeks past peak bloom.  Perhaps the delay in precipitation in 2006 led to a 

delay of foliar infections and ultimately a delay in fruit infection.  Free standing 

moisture in the form of a rain event or irrigation is necessary for ascospore release 

and germination (Grove 1991).  Grove reported that incidence and severity of sweet 

cherry powdery mildew is greater in years with above average precipitation in late 

spring and early summer (Grove 1991;Grove and Boal 1991a;Grove and Boal 

1991b), which corresponds to observations in 2004.  Seven days were reported with 

measurable rainfall within the first three weeks past peak bloom in 2004. 
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The ideal temperature for ascospore release and germination is 15 and 15-25 

°C, respectively (Grove 1991).  In 2005, where the concentration of conidia was the 

least, the mean daily temperature was notably colder in the first few weeks following 

peak bloom, and there were more rain events, especially early in the season.  The 

cooler temperatures of early spring 2005 may have inhibited primary infections 

through lower ascospore release and germination, thereby reducing secondary 

infections by conidia.  Furthermore, the rain events early in the season might have 

been ideal for ascospore release and germination but may have prevented initiation 

of infection by physically removing conidia from leaf surfaces, a phenomenon 

reported previously (Jarvis, Gubler, and Grove 2002). 

In controlled conditions, conidia of P. clandestina were capable of infecting 

cherry fruit under a wide range of temperature and relative humidity conditions, from 

12.8-23.8 °C and 68-98% relative humidity after an incubation period of six days.  

The twelve temperature and relative humidity combinations tested represented 

weather patterns common during each of four stages of fruit development; 

pollination, the beginning of pit hardening, the completion of pit hardening, and 

harvest.  The optimum temperature for germination on fruit was 18.6 °C, within the 

optimal temperature range of 18-20 °C of P. clandestina conidia germination on 

hawthorn leaves reported by Khairi and Preece (Khairi and Preece 1979) and close to 

the optimal temperature of germination on sweet cherry leaves of 20 °C reported 

previously (Khairi and Preece 1979;Grove 1998).    Sporulation was observed on 

only one inoculated fruit, and the latent period was six days at 15.5 °C and 68% 
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relative humidity.  This is in agreement with previous reports that the latent period 

for P. clandestina on cherry leaves held at 15 °C is six days (Grove 1998).  However, 

Grove only included vapor pressure deficits equating to levels of 95-100% relative 

humidity and speculated that increased moisture stress may have a greater impact on 

the latent period (Grove 1998).  Our results indicate that relative humidity is not a 

major factor affecting the latent period.  Relative humidity had no effect on fruit 

infection.  Studies on apple powdery mildew caused by P. leucotricha also found 

little effect of relative humidity on germination of conidia and colony development 

(Coyier 1968;Butt 1978;Xu and Butt 1998). 

In the event that cherry fruit did develop ontogenic resistance, a management 

program could be designed to concentrate fungicide applications during the period 

when fruit are most susceptible to P. clandestina.  Our contradictory observations, 

however, that cherry fruit are susceptible to mildew infection from bloom to harvest 

indicates management programs should be designed according to disease forecast 

models based on weather patterns.  Such programs have successfully reduced 

fungicide applications with equal or better disease control as compared with 

conventional weekly or bi-weekly applications on apple, grape, and hop powdery 

mildew (Lalancette and Hickey 1986;Gubler et al. 1999;Grove, Boal, and Bennett 

2000;Berrie and Xu 2003;Mahaffee et al. 2003).  A disease forecasting model P. 

clandestina on sweet cherry is currently being investigated (Grove, Boal, and 

Bennett 2000;Grove 2007). 
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Quantitative PCR is a powerful tool used to quantify DNA accurately and 

rapidly.  We successfully designed primers and a protocol for use on P. clandestina.  

Quantification of DNA on fruit surfaces had limited success, but with optimization 

of protocol, qPCR would be an ideal method to monitor mildew infections on fruit 

surfaces at different times in the growing season.  Likewise, once the qPCR 

methodology is optimized, quantification of P. clandestina DNA could potentially 

add another dimension to when fruit become infected.   
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Table 2.1.  Percent germination of P. clandestina conidia on cherry fruit and the 
percent fruit with extensive hyphae development six days post-inoculation.  
Germination was not related to the temperature and relative humidity conditions 
tested (P = 0.73). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2.2.  Percent germination of P. clandestina conidia on cherry fruit and the 
percent fruit with extensive hyphae development six days post-inoculation.  All fruit 
were incubated at a temperature of 18.6 °C.  Germination was not related to the 
relative humidity conditions tested (P = 0.59). 

2006 

Relative 
humidity 

Percentage 
of 

germinated 
conidia 

Percentage of 
fruit with 
extensive 
hyphae 

68 8.1 8.3 
74 4.7 8.3 
80 5.8 0 
86 4.4 4.2 
92 11.9 0 
98 6.1 12.5 

 

Temperature
(°C) 

Relative 
humidity 

(%) 

Percentage 
of 

germinated 
conidia 

Percentage of 
fruit with 
extensive 
hyphae 

70 12.3 8.3 
79 15.2 8.3 12.8 
88 11.4 4.2 
68 9.2 12.5 
75 6.5 4.2 15.5 
83 14.0 20.8 
68 12.3 25.0 
74 22.5 16.0 18.6 
80 9.3 8.3 
70 7.3 0 
75 7.5 4.2 23.8 
79 16.6 0 
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Table 2.3.  Disease incidence and severity of fruit harvested from the Field 
Exclusion Studies in years 2004, 2005, and 2006. 

Year Cultivar 
Average 
incidence

Average 
 severity

Bing 0.4 0.6 
Lapins 0.6 0.6 2004 

Sweetheart 0.7 1.0 
2005 Sweetheart 0.5 0.6 

Bing 0.3 0.4 2006 
Sweetheart 0.4 0.6 
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Figure 2.1.  Proportion of germinated conidia on detached cherry fruit, cvs. Lapins 
and Sweetheart, inoculated weekly after peak bloom. 
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Figure 2.2.  Incidence of powdery mildew at harvest on cherry fruit, cv. Lapins, 
inoculated weekly beginning at peak bloom. 
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Figure 2.3.  Severity of powdery mildew at harvest on cherry fruit, cv. Lapins, 
inoculated weekly beginning at peak bloom.  Ratings were based on the percent of 
the fruit surface colonized by P. clandestina:  0=0%, 1=1-33%, 2=34-66%, and 
3=67-100%. 
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Figure 2.4.  Spore counts sampled from orchard air throughout from peak bloom to 
harvest. 
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Figure 2.5.  Average spore concentration in orchard air and mean daily temperatures 
in 2004 from peak bloom to harvest. 
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Figure 2.6.  Daily precipitation (mm) in 2004 from peak bloom to harvest. 
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Figure 2.7.  Average spore concentration in orchard air and mean daily temperatures 
in 2005 from peak bloom to harvest. 
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Figure 2.8.  Daily precipitation (mm) in 2005 from peak bloom to harvest. 
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Figure 2.9.  Average spore concentration in orchard air and mean daily temperatures 
in 2006 from peak bloom to harvest. 
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Figure 2.10.  Daily precipitation (mm) in 2006 from peak bloom to harvest. 
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Figure 2.11.  Incidence of powdery mildew at harvest on cherry fruit, cv. Bing, 
exposed to orchard air concentrations of P. clandestina weekly beginning at peak 
bloom. 
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Figure 2.12.  Severity of powdery mildew at harvest on cherry fruit, cv. Bing, 
exposed to orchard air concentrations of P. clandestina weekly beginning at peak 
bloom.  Ratings were based on the percent of the fruit surface colonized by P. 
clandestina:  0=0%, 1=1-33%, 2=34-66%, and 3=67-100%.  
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Figure 2.13.  Incidence of powdery mildew at harvest on cherry fruit, cv. Lapins, 
exposed to orchard air concentrations of P. clandestina weekly beginning at peak 
bloom.  
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Figure 2.14.  Severity of powdery mildew at harvest on cherry fruit, cv. Lapins, 
exposed to orchard air concentrations of P. clandestina weekly beginning at peak 
bloom.  Ratings were based on the percent of the fruit surface colonized by P. 
clandestina:  0=0%, 1=1-33%, 2=34-66%, and 3=67-100%.  
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Figure 2.15.  Incidence of powdery mildew at harvest on cherry fruit, cv. 
Sweetheart, exposed to orchard air concentrations of P. clandestina weekly 
beginning at peak bloom.  
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Figure 2.16.  Severity of powdery mildew at harvest on cherry fruit, cv. Sweetheart, 
exposed to orchard air concentrations of P. clandestina weekly beginning at peak 
bloom.  Ratings were based on the percent of the fruit surface colonized by P. 
clandestina:  0=0%, 1=1-33%, 2=34-66%, and 3=67-100%.  
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3.1 Introduction 

As production of sweet cherries has flourished in Oregon and Washington, so 

has powdery mildew, caused by the fungus Podosphaera clandestina. Powdery 

mildew on sweet cherry, Prunus avium, was first reported in the Pacific Northwest in 

1947 (English 1947).  Recent significant changes in sweet cherry production, such as 

the implementation of high-density plantings, the use of late-season maturing 

cultivars, and changes in pruning strategies to emphasize a more pedestrian orchard, 

may have encouraged the spread and intensification of powdery mildew.   

Epidemics of P. clandestina have emerged in recent years in Oregon and 

Washington and have caused significant financial loss, particularly in the fresh 

cherry market.  Fruit infections begin shortly after foliar infections (Grove and Boal 

1991a).  Some growers have reported rejection of over half their crop for fresh 

market use due to cherry powdery mildew.  Fruit infected with powdery mildew 

develop unsightly blemishes postharvest, making them less desirable for the 

consumer.   

Primary infections are believed to begin on the leaves and reduce tree vigor.  

Rapid declines in photosynthesis on oak, Quercus robur, are associated with 

powdery mildew infections caused by Microsphaera alphitoides, though the exact 

relationship was not explored (Hewitt and Ayres 1975).  Grape vines infected with 

powdery  mildew, Erysiphe necator, reduce assimilation rates which are related to 

reduced green leaf area and a reduction in intercellular CO2 concentrations 

(Smithyman, Howell, and Miller 1998;Nail and Howell 2005;Moriondo et al. 2005).  
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Reduced assimilation rates may be associated with reduced grape fruit set 

(Smithyman, Howell, and Miller 1998;Nail and Howell 2005).  Studies on sugar 

beets has also shown that powdery mildew infections by E. polygoni D.C. reduce the 

rate of net photosynthesis (Gordon and Duniway 1982).  The light efficiency use of 

sugar beet leaves was reduced, and changes in the mesophyll conductance were 

noted (Gordon and Duniway 1982). 

Growers rely heavily on fungicides to control P. clandestina.  Increased 

consumer demand for reduced pesticide applications and recent grower concerns 

over the development of fungicide resistance have sparked an interest in alternative 

strategies to minimize mildew infections.  Reduced sensitivity of P. clandestina to 

demethylation inhibiting fungicides (DMI’s) has been detected in Oregon and 

Washington (see Chapter 4).  Planting mildew resistant cultivars and choosing 

pruning techniques that encourage an open canopy are two examples of alternative 

strategies employed by growers.  Previous studies have shown that grape powdery 

mildew infection levels are impacted by the selected training system (Zahavi et al. 

2001).  In Israel, training systems that encourage greater air movement and light 

penetration, such as free-positioned, topped vines, have significantly less mildew 

infection than systems that do not encourage light penetration as much, such as 

vertical shoot positioned vines (Zahavi et al. 2001).  To date, there have been no 

studies on the effects of canopy management on cherry powdery mildew infection 

levels.   
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It is accepted that rootstocks do not impart mildew resistance of sweet cherry 

scions (Webster and Schmidt 1996).  However, rootstocks directly control the scion 

vigor, which may indirectly impact the development of P. clandestina (Webster and 

Schmidt 1996).  Sweet cherry rootstocks are generally selected for their tendency 

towards a dwarfing habit and fruiting precocity.  To our knowledge, no studies have 

examined the impact of rootstocks on powdery mildew development on the scion.   

Cherry cultivars are known to vary in their mildew susceptibility (Olmstead, 

Lang, and Grove 2000).  For example, cv. Bing is considered highly susceptible, and 

Lapins is considered moderately to slightly susceptible (Olmstead, Lang, and Grove 

2000).  Many of the cultivars used widely in commercial orchards have not been 

evaluated for mildew resistance.  A range in resistance and susceptibility to E. 

necator has been reported on grape cultivars (Doster and Schnathorst 1985). 

Studies were undertaken to examine the effects of certain horticultural 

management practices on foliar infections of P. clandestina on sweet cherry.  We 

evaluated mildew incidence as a response to three training systems, four rootstocks, 

and five cultivars. 

 

3.2 Materials and Methods 

Two orchards located in The Dalles, OR were selected for leaf collections.  

Both orchards were managed by private orchardists for commercial production.  Pest 

management, including fungicide, insecticide, and herbicide applications, and 

irrigation practices were carried out at the discretion of the orchard manager.  At the 
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Hazel Dell orchard, between five and ten trees, cultivar Bing, were randomly 

selected for leaf collections from a study established in 1997 to evaluate three 

different training systems and several different rootstocks.  The training systems 

were Vogel central leader, Spanish bush, and steep leader.  The Spanish bush 

training system employs extensive heading cuts to ensure a small tree size to enable 

a pedestrian orchard where ladders are not needed for pruning and harvest activities 

(Long 2003).  Both Vogel central and steep leader training systems emphasize 

pruning cuts that establish wide branch angles and minimize overly vigorous 

branches, respectively (Long 2003).  The rootstocks we collected from were Edabriz, 

Maxma (MxM) 14, Mazzard, and Pontaleb 2845.  Mazzard, a P. avium selection, is 

known worldwide for having very vigorous growth (Webster and Schmidt 1996).  

Rootstocks Pontaleb 2845 and Maxma (MxM) 14 were selected from P. mahaleb 

and a hybrid of P. mahaleb and P. avium, respectively, and they are both considered 

to impart moderate vigor or semi vigorous growth to the scion (Webster and Schmidt 

1996).  Edabriz is the most dwarfing rootstock of our studies and is a selection of P. 

cerasus (Webster and Schmidt 1996).  Between five and ten trees from each of five 

cultivars, Bing, Lapins, Regina, Staccato, and Sweetheart, were randomly selected 

for evaluation from trials implemented in 1996 and 1997 at the Cemetery Block 

orchard.  All were grafted on Mazzard rootstock and trained with the steep leader 

system.  In August 2003 and August 2004, sweet cherry leaves were collected and 

rated individually for disease severity defined as the percent of the leaf surface 
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colonized by P. clandestina.  Ten shoots of current year’s growth were collected per 

tree, and the terminal ten leaves of each branch were evaluated.   

All data were subjected to analysis of variance.  Where treatment effects were 

significant, treatment means were separated by the Tukey-Kramer method at a 

probability level of P < 0.05.  Analyses were performed using S-Plus (Insightful 

Corporation, Seattle, Washington). 

 

3.3 Results 

Training System.  In both years, the severity of mildew was significantly 

greater on trees trained with a Spanish bush system than Vogel central and steep 

leaders (Table 3.1). 

 

Rootstock.  Rootstock Edabriz had significantly less foliar mildew infections 

than the other three rootstocks evaluated in both years of the study (Table 3.2).  In 

2003, there was no difference among the other three.  In 2004, Maxma (MxM) 14 

and Mazzard had the greatest severity (Table 3.2).  

 

Cultivar.  A range of susceptibility was evident among the five cultivars 

evaluated.  Bing and Regina had significantly less mildew infection than the other 

cultivars in both years (Table 3.3).  Mildew severity was significantly greatest on 

Sweetheart in 2003 and Staccato in 2004 (Table 3.3). 
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3.4 Discussion 

These studies showed that management practices such as pruning system, 

rootstock, and cultivar, influenced the severity of P. clandestina on sweet cherry.  In 

both years, mildew severity was significantly greater in trees trained with the 

Spanish bush system than trees trained to a Vogel central or steep leader system.  

This system promotes heavy branching and dense foliage that diminishes air 

movement, spray penetration, and light penetration within the canopy. Greater 

shading within the canopy, as typically observed on trees trained with the Spanish 

bush system, would likely create a microclimate with reduced temperature and 

increased relative humidity as compared with a less shaded canopy, as would be 

expected in orchards trained with either Vogel central or steep leader systems.  These 

are ideal conditions for powdery mildew development.   

Ultimately, these two training systems prompt moderate growth 

characteristics that encourage greater air flow, light penetration, and spray 

penetration within the canopy (Long 2003).  These conditions are much less 

conducive to P. clandestina infections.  Previous studies indicate that high light 

intensity is the primary factor limiting growth of E. necator on grapevines in Israel, 

and that the differences in temperature and relative humidity under the two pruning 

systems studied were not significant (Zahavi et al. 2001).  Other researchers have 

questioned the direct effect of light on mildew development, citing a more indirect 

effect through host susceptibility (Jarvis, Gubler, and Grove 2002).  We did not 

monitor these potential differences among the three training systems in our studies 
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but speculate that lower temperatures and greater relative humidity conditions 

existed in canopies trained in the Spanish bush system than Vogel central or steep 

leader systems.   

Rootstock influenced the severity of mildew infections on the scion.  In both 

years, mildew severity was greatest on Mazzard and least on Edabriz.  This 

difference is likely related to air movement within the canopy, because trees grafted 

onto Mazzard have a much larger, denser canopy.  We observed a correlation 

between the expected canopy vigor associated with the rootstock selection and the 

severity of P. clandestina infection.  Quantification of the vigor of each rootstock, 

such as through the collection of pruned branches, would add a valuable dimension 

to these studies.  An important objective when the rootstock blocks were planted in 

which our studies were conducted was to evaluate the growth and precocity of these 

rootstocks.  Since this study was implemented by other researchers in 1997, interest 

in the Gisela rootstock series from Germany has increased in Oregon and 

Washington.  Results and data from the original study were never published.  It is 

advisable that trees grafted onto Gisela rootstocks be evaluated for mildew severity 

as well. 

A range of powdery mildew resistance was evident among the five cultivars 

that we evaluated.  Regina had the lowest incidence of mildew in both years.  In 

2004, there was no evidence of any foliar mildew infections on Regina.  This is a 

promising cultivar in terms of resistance to P. clandestina and should be evaluated 

for other characteristics desirable for commercial production, such as precocity, fruit 
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firmness, and fruit susceptibility to pitting.  Relative to the four other cultivars in our 

studies, Bing was very resistant to P. clandestina infection.  This is in contrast to 

previous work, where Bing was rated as highly susceptible (Olmstead, Lang, and 

Grove 2000).  We used a different rating system for disease severity than did 

Olmstead, Lang, and Grove (2000).  Their field ratings were based on only one 

representative branch per tree, (Olmstead, Lang, and Grove 2000) while we 

evaluated ten random branches on each tree.  We found Lapins to be moderately 

susceptible because disease development was less on cvs. Bing and Regina and 

greater on cvs. Staccato and Sweetheart.  This also is in agreement with previous 

studies where Lapins was found to be moderately to slightly susceptible (Olmstead, 

Lang, and Grove 2000).  The latest maturing cultivars Sweetheart and Staccato had 

the greatest severity of mildew in 2003 and 2004, respectively. 

These results illustrate the importance of powdery mildew consideration 

when selecting a training system, rootstock, and cultivar, for new orchards.  If the 

orchard has the potential to have high P. clandestina infection levels, then training 

system, rootstock, and/or cultivar should be carefully chosen.  Selecting a cultivar 

such as Regina and/or using a Vogel central leader training system can lower or slow 

the development of a P. clandestina epidemic and ultimately reduce dependence on 

fungicides.  Future studies should include monitoring of light, temperature, and 

relative humidity conditions in different training systems, rootstocks, and cultivars 

evaluated for mildew severity.  A component also should be included to assess fruit 

infection levels.
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Table 3.1.  Effects of training system on severity of P. clandestina on sweet cherry 

leaves. 

 
 Year1 
Training System 2003 2004 
Vogel Central 
Leader 

2.7 b 10.8 b 

Spanish Bush 10.7 a 16.6 a 
Steep Leader 5.3 b 6.9 b 
1Average percent leaf surface colonized by P. clandestina.  Numbers followed by the 
same letter within columns are not significantly different at P < 0.05 according to 
ANOVA.  Means were separated with the Tukey-Kramer method. 
 
 
Table 3.2.  Effects of rootstock on severity of P. clandestina on sweet cherry leaves. 
 
 Year1 
Rootstock 2003 2004 
Edabriz 0.5 b 1.5 c 
Maxma (MxM) 14 7.9 a 17.9 a 
Mazzard 8.8 a 15.7 ab 
Pontaleb 2845 8.5 a 11.0 b 
1Average percent leaf surface colonized by P. clandestina.  Numbers followed by the 
same letter within columns are not significantly different at P < 0.05 according to 
ANOVA.  Means were separated with the Tukey-Kramer method. 
 
 
Table 3.3.  Effects of cultivar on severity of P. clandestina on sweet cherry leaves.  
 
 Year1 
Cultivar 2003 2004 
Bing 7.4 cd 7.2 c 
Lapins 11.2 bc 17.7 b 
Regina 0.1 d 0 c 
Staccato 20.4 b 32.6 a 
Sweetheart 33.4 a 20.4 b 
1Average percent of leaf surface colonized by P. clandestina.  Numbers followed by 
the same letter within columns are not significantly different at P < 0.05 according to 
ANOVA.  Means were separated with the Tukey-Kramer method. 
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4.1 Introduction 

Sweet cherry powdery mildew, caused by Podosphaera clandestina, is 

considered to be the most serious pest problem on sweet cherry (Prunus avium L.) in 

irrigated production regions of Oregon and Washington.  Intensive fungicide 

programs are necessary for disease management.  At full production, fungicide costs 

can easily exceed $500 per hectare per year (Seavert, White, and Long 2002).  Some 

of the fungicides are classed as demethylation inhibitors (DMI’s).  Several 

orchardists in Oregon and Washington have observed a reduction of DMI 

effectiveness to control P. clandestina.  Resistance to DMI’s has been reported for a 

number of powdery mildew fungi, including Erysiphe necator on grape, Blumeria. 

graminis f. sp. hordei on wheat, and P. xanthii on cucurbits (Gubler, Ypema, and 

Bettiga 1996;Delye, Bousset, and Corio-Costet 1998;Tuttle McGrath and Shishkoff 

2001;Wyand and Brown 2005).  Previous reports on E. necator have shown that 

sensitivity to DMI’s varies between geographical regions of California (Gubler, 

Ypema, and Bettiga 1996).   

In filamentous fungi, DMI’s inhibit the enzyme eburicol 14α-demethylase, 

encoded by the CYP51 gene (Benveniste 2004).  As a result, 14α-methylated sterols 

accumulate and are deleterious to fungal growth.  Sterols are integral components of 

cell membranes and are thought to help regulate membrane fluidity and permeability 

(Benveniste 2004).  The polycyclic nature and propensity for genetic recombination 

in powdery mildew fungi likely contribute to their ability to overcome sensitivity to 

certain fungicides.  Fungicides that have a single site mode of action, such as many 
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systemic fungicides, are more prone to development of resistance than those that 

have an effect at multiple sites, such as many contact fungicides (Tuttle McGrath and 

Shishkoff 2001).  Fungi are more capable of overcoming single site mode of action 

fungicides, because modification of only one gene is necessary to reduce the 

sensitivity to the fungicide.  Often this type (qualitative resistance) develops very 

quickly and is absolute (Tuttle McGrath and Shishkoff 2001).   

Investigations of the mechanisms used by fungi to overcome sensitivity to 

DMI’s focus on the gene CYP51 and efflux pumps and have uncovered several 

possible strategies including single point mutations in CYP51 and overexpression of 

CYP51 (Delye, Laigret, and Corio-Costet 1997b;Akallal et al. 1998;Schnabel, Dai, 

and Paradkar 2003;Schnabel and Dai 2004;Ma et al. 2006).  One copy of CYP51 is 

present in powdery mildew fungi (Delye, Laigret, and Corio-Costet 1997a;Delye, 

Bousset, and Corio-Costet 1998).  Point mutations in E. necator and B. graminis f. 

sp. hordei were related to DMI resistance (Delye, Laigret, and Corio-Costet 

1997b;Delye, Bousset, and Corio-Costet 1998;Wyand and Brown 2005).  A single 

base pair substitution of T for A that resulted in an amino acid change of a 

phenylalanine for a tyrosine was correlated with DMI resistant isolates of E. necator 

and B. graminis f. sp. hordei and reduced the affinity of 14α-demethylase to DMI’s 

(Delye, Laigret, and Corio-Costet 1997b;Delye, Bousset, and Corio-Costet 

1998;Delye et al. 1999).  Subsequent studies of B. graminis f. sp. hordei and f. sp. 

tritici also identified this substitution as common in isolates that have high and very 

high resistance to DMI’s; however, other point mutations in CYP51 were also 
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identified in isolates with high and very high resistance (Wyand and Brown 2005).  

Wyand and Brown (Wyand and Brown 2005) speculated that mutations outside of 

CYP51 were additionally responsible for conferring DMI resistance. 

Overexpression of CYP51 was implicated in resistance of Blumeriella jaapii, 

causal agent of cherry leaf spot, to fenbuconazole (Ma et al. 2006).  Expression of 

CYP51 was five to twelve times greater in the resistant isolates than sensitive isolates 

(Ma et al. 2006).  An upstream insertion was positively correlated with increased 

expression of CYP51 (Ma et al. 2006).  Insertions upstream of CYP51 that act as 

transcriptional enhancers have also been identified in resistant isolates of Penicillium 

digitatum (Hamamoto et al. 2001). 

Changes can occur to two or more interacting genes of the fungus that 

collectively reduce the effectiveness of the fungicide; this is quantitative resistance.  

In this case, resistance tends to develop slowly over time, and a range of fungicide 

sensitivity is evident.  An example of this is the shift towards reduced sensitivity of 

grape powdery mildew, E. necator, to DMI fungicides (Savocchia et al. 2004;Miller 

and Gubler 2004).  Studies of grape powdery mildew in regions of Australia 

indicated a wide range of sensitivity to the DMI triadimenol (Savocchia et al. 2004).   

In California even after twelve years of little to no usage of the DMI triadimefon, 

resistance among populations of E. necator increased (Miller and Gubler 2004).  

Before triadimefon use was restricted, selection pressure ensured that resistant 

isolates prevailed and most likely overwintered as cleistothecia (Gubler, Ypema, and 

Bettiga 1996).  Further complicating matters is the difficulty in predicting resistance 
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for the following year because cleistothecia often form before fungicide sprays have 

concluded.  The population shift towards resistance may have occurred after 

cleistothecia development and genetic recombination.  Therefore, the population for 

the following year may not have been selected based on resistance. 

Resistance to tebuconazole was attributed to mutations in at least three genes 

in Nectria haematococca that enabled less uptake of the fungicide through the use of 

an energy dependent efflux pump system (Akallal et al. 1998).  These efflux pump 

systems are part of the ATP binding cassette (ABC) transport family.  Studies on 

peach found a specific ABC transporter gene, MfABC1, of Monilinia fructicola, that 

is most likely the mechanism conferring resistance to myclobutanil and 

propiconazole (Schnabel, Dai, and Paradkar 2003).  MfABC1 was induced upon 

treatment with fungicides (Schnabel, Dai, and Paradkar 2003).  Later studies 

determined that isolates of Saccaromyces cerevisiae transformed with the MfCYP51 

gene had reduced sensitivity to myclobutanil (Schnabel, Dai, and Paradkar 2003).   

When a fungus develops resistance to one fungicide in a group, it is likely 

that resistance to other fungicides within the group is also present (2003).  This 

phenomenon is called cross-resistance, and has been observed in powdery mildew 

fungi resistance to DMI’s.  In New York, cross resistance was noted in isolates of E. 

necator to the three DMI’s triadimefon, fenarimol, and myclobutanil (Erickson and 

Wilcox 1997).  Of all the isolates resistant to triadimefon, 64% were resistant to 

myclobutanil, 18% were resistant to fenarimol, and 17% of all the isolates tested 

were resistant to all three (Erickson and Wilcox 1997).  Similar studies of the three 
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DMI’s and E. necator in California also showed cross resistance, even though only 

triadimefon was applied (Gubler, Ypema, and Bettiga 1996).  Studies in Australia 

also noted cross resistance of triadimenol and fenarimol; 46% of the isolates resistant 

to triadimenol were resistant to fenarimol (Savocchia et al. 2004). 

A preliminary study was undertaken in 2005 to assess DMI resistance in 

cherry PM in three cherry growing regions in Oregon and Washington.  Based on 

those results, more extensive studies were conducted in 2006 that included seven 

cherry growing regions.  Our objectives were to quantify resistance and cross 

resistance of P. clandestina isolates to DMI’s, develop a quantitative PCR (qPCR) 

protocol to clone P. clandestina CYP51, and identify potential mutations of CYP51 

common to DMI-resistant isolates. 

 

4.2 Materials and Methods 

Young leaves, not fully expanded, of cultivar Sweetheart were collected and 

examined microscopically to ensure that they were not infected with mildew.  Leaves 

were prepared for fungicide treatment and inoculation as previously described with 

slight modifications (Olmstead, Lang, and Grove 2000).  Leaf disks were cut with a 

size 10 cork borer, 16 mm diameter, and placed on sterile filter paper moistened with 

sterile distilled water in 90 mm diameter Petri plates.  Ten leaf disks were positioned 

in each plate, abaxial side up. 

Commercial formulations of five DMI fungicides were used, tebuconazole 

(Elite 45DF, Bayer Corp., Kansas City, MO), propiconazole (Orbit, Syngenta Crop 
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Protection, Inc., Greensboro, NC), triflumazole (Procure 50WS, Uniroyal Chemical 

Company, Inc., Middlebury, CT), myclobutanil (Rally 40W, Dow AgroSciences, 

LLC, Indianapolis, IN), and fenarimol (Rubigan E.C., Gowan Company, LLC, 

Yuma, AZ).  Each fungicide tested was tested at 0, 25%, 50%, 100%, and 200% of 

the maximum labeled rate.  A Potter spray tower (Burkard Manufacturing Co., 

Rickmansworth, UK) was used to apply each fungicide.  The air pressure at the 

nozzle (0.3 mm diameter) was set to 27.6 kPa.  The spray volume per Petri plate was 

2 ml of fungicide, and a spray deposition of 2.1 mg (cm2)-1.  One Petri plate with ten 

leaf disks per concentration of fungicide was sprayed. 

2005.  A vacuum-operated spore settling tower was used to inoculate 

fungicide treated leaf disks (Reifchneider and Boiteux 1988).  Petri plates with leaf 

disks were positioned on the main platform at the bottom of the spore settling tower.  

Leaves of sweet cherry heavily infected and abundantly sporulating with P. 

clandestina were collected from ten different orchards in Hood River, OR, The 

Dalles, OR, and Prosser, WA.  Each orchard’s historical use of DMI fungicides was 

classified as being high if DMI’s were used almost exclusively and in heavy rotation, 

moderate if DMI’s were included as part of a diverse spray program that included 

fungicides of at least three different classes, or none if DMI use had never been 

recorded.  The infected leaves were affixed to the inoculum platform at the top of the 

tower with cellulose tape.  An air compressor generated a vacuum pressure of 67 

kPa.  Valves were then opened, releasing the vacuum and dislodging spores from the 

leaf surface.  Spores were allowed to settle for ten minutes, after which the vacuum 
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and settling time were repeated.  The leaf disks were incubated at 22 °C, 100% 

relative humidity (RH), and a 16 hour photoperiod.  A glass slide coated with silicon 

grease was included in each inoculation event to estimate the concentration of 

conidia in inoculations.  The slides were immediately examined under a light 

microscope at 250X, and four transects, each 0.72 mm, were made across a 24 x 60 

mm area of the slide.  The experiment was performed twice in its entirety. 

2006.  Leaves of sweet cherry heavily infected and abundantly sporulating 

with P. clandestina were collected from 19 different orchards located in Hood River, 

OR, Parkdale, OR, Mosier, OR, The Dalles, OR, Prosser, WA, Wenatchee, WA, and 

Yakima, WA.  Ten monoclonal isolates were obtained from each orchard.  Young, 

not fully expanded leaves, cv. Sweetheart, were collected and disinfested in 70% 

ethanol for 30 s followed by a rinse in sterile distilled water.  Disinfested leaves were 

placed on water agar (20 g agar {Difco Laboratories, Detroit, MI} per L water) on 90 

mm diameter Petri plates.  Using an eyelash, a single conidium was transferred to a 

disinfested leaf.  Leaves were incubated for 14 days at 22 °C, 100% RH, and a 16 

hour photoperiod. 

For inoculation, a single chain of five to seven conidia was transferred to a 

leaf disk that had already been sprayed with the appropriate fungicide.  Leaf disks 

were held at 22 °C, 100% RH, and a 16 hour photoperiod.  The experiment was 

repeated once in its entirety for each monoclonal isolate. 

In both years after a 14 day incubation period, leaf disks were evaluated for 

severity of mildew infection, recorded as the proportion of each leaf disk colonized 
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by P. clandestina.  A maximum value of 1.0 was set for disease severity, where the 

entire leaf disk was colonized.  The effective dose at which 50% of mildew growth 

was inhibited (EC50) was calculated for each of the DMI’s tested by using linear 

regression with S-Plus software (Insightful Corporation, Seattle, Washington). 

 

Cloning the CYP51 gene.  DNA extractions of P. clandestina cleistothecia 

were performed with the FastDNA Kit (MP Biomedicals, LLC., Solon, OH).  Eight 

sequences of CYP51 were aligned.  They were collected from B. graminis f. sp. 

hordei, GenBank Accession #AF052515, E. necator, GenBank Accession #U72657 

and U83840, Penicillium italicum, GenBank Accession #Z49750, Ustilago maydis, 

GenBank Accession #Z48164, Venturia inaequalis strain Ent27, GenBank Accession 

#AF227920, V. inaequalis strain Ent 54, GenBank Accession #AF262756, and V. 

inaequalis strain F445, GenBank Accession #AF262757.  Several degenerate 

primers were designed to amplify CYP51 based on conserved regions of the eight 

CYP51 sequences (Table 4.1).  All combinations of the forward and reverse primers 

were used to amplify CYP51 in P. clandestina.  All quantitative PCR reactions were 

done in 40 μl aliquots (20 μl DyNAmo Kit (New England BioLabs Inc., Ipswich, 

MA), 2 mM dNTP’s, 20 μM primers, and UT polymerase) with an Opticon 2 Light 

and Thermocycler (Bio-Rad Laboratories Inc., Hercules, California).  Reaction 

conditions were10 min at 95 °C, 40 cycles of 10 sec at 94 °C, 15 sec at a temperature 

gradient of 40 - 60 °C, and 5 sec at 72 °C, and ending with 10 min at 72 °C.  A 

negative control of no template was included in every assay.  All samples were run 
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in triplicate.  Several previously described primers were also used to amplify CYP51 

(Table 4.2).  Nested PCR was conducted using the primers U14DM and M1I in the 

first round and MUT2(I-II) and MUT2(III) in the second round as described by 

Cortesi, et. al. (Cortesi et al. 2005).  Primers C14 and C14R were paired in another 

PCR as described by Delye et al. (Delye, Laigret, and Corio-Costet 1997b).  The 

remaining six primer combinations and PCR conditions were described by Wyand 

and Brown (Wyand and Brown 2005).  Amplified products were visualized on 1.5% 

agarose gels run in 0.5x tris-borate EDTA buffer and stained with ethidium bromide 

(0.01 μl ml-1).  Amplified products were purified with a QIAquick Gel Extraction Kit 

(Qiagen, Valencia, CA) and sequenced at the Center for Genome Research and 

Biocomputing, Oregon State University, Corvallis, OR. 

 

4.3 Results 

2005.  The inoculum concentration was always between 20 and 25 spores 

(mm2)-1.  Data from the two repetitions were not statistically different and were 

combined for analysis.  Because inoculations with P. clandestina did not come from 

a single spore, the genetic diversity of the mildew population was probably a 

confounding variable.  DMI sensitivity measurements were considered preliminary, 

and resistance was not defined.  Reduced sensitivity to one or more of the DMI’s 

was suspected in five of the ten orchards, including all three orchards in The Dalles 

(Table 4.3).  These three orchards were classified as having a high rate of DMI 

usage.  None of the isolate mixtures exhibited reduced sensitivity to triflumazole 
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(Table 4.3).  Orchard #8 had no history of DMI use but the mixture of P. clandestina 

isolates collected from it had reduced sensitivity to propiconazole (Table 4.3).   

2006.  Data from the two repetitions were not statistically different and were 

combined for analysis.  We encountered difficulties maintaining P. clandestina 

colonies in culture, and many monoclonal isolates did not survive or did not produce 

sufficient conidia to carry out the leaf disk assay.  In total, thirteen monoclonal 

isolates were successfully evaluated. 

Less sensitivity to DMI’s was observed among the monoclonal isolates in 

2006 (Table 4.4) as compared with the mixture of isolates used in 2005’s studies.  

The exception to this was triflumazole, where all of the isolates appeared sensitive to 

this fungicide (Table 4.4).  Great genetic variability was noted between isolates 

collected from the same orchard.  For example, isolates 111 and 113 were collected 

from the same orchard in Wenatchee; yet, isolate 113 exhibited reduced sensitivity to 

tebuconazole (EC50 = 633.9 μg ml-1) as compared with isolate 111 (EC50 = 28.8 μg 

ml-1) (Table 4.4).  Similar variability was found when isolates 35 and 37, 45 and 48, 

and 91 and 96 were compared.  Overall, a range of sensitivity values was evident.  

 

Cloning the CYP51 gene.  No portion of P. clandestina CYP51 was 

successfully cloned with the primer combinations in these studies.  Several 

amplicons from 200 – 1500 base pairs in size resulted from many of the primer 

combinations, but they had greater homology to random genes of zebra fish and 
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mouse than any fungal DNA.  Therefore, variability within CYP51 could not be 

assessed in relation to fungicide resistance.  

 

4.4 Discussion 

Results from our studies should be considered preliminary but confirm that 

resistance to DMI’s exists among populations of P. clandestina in parts of Oregon 

and Washington.  The number of isolates in this study was insufficient to determine 

distinct levels of resistance or to clearly characterize cross-resistance.  Ideally, these 

studies should be repeated in the next two years to establish a baseline of DMI 

sensitivity to which comparisons can be made in years to come.  Our techniques for 

colony maintenance of P. clandestina need improvement.  Many of the monoclonal 

isolates collected did not survive in culture or did not adequately sporulate.  Efforts 

to maintain the monoclonal isolates on living cherry trees or saplings, as opposed to 

detached leaves, may significantly improve the survivability of the cultures.   

The molecular basis for any suspected resistance is unknown.  Other 

researchers have experienced difficulty getting enough DNA from powdery mildew 

fungi to work with protein genes (Schoch 2007).  We observed a range of 

sensitivities to the DMI’s tested; indicating that this is likely is an example of 

quantitative resistance where changes in more than one gene are responsible for a 

loss of sensitivity (Tuttle McGrath 2001).   

Powdery mildew conidia are primarily wind dispersed, and long distance 

wind dispersal of conidia has been proposed to help spread resistance of P. fusca to 
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strobilurin fungicides (Ishii et al. 2001).  This may be occurring in Oregon and 

Washington.  Results in 2005 determined that two orchards, one in Hood River, OR 

and one in Prosser, WA, were resistant to propiconazole and fenarimol, respectively, 

despite no history of DMI usage. 

Given that DMI resistance is a potential threat and that resistance can be 

spread via conidia over long distances, a great effort should be made to encourage 

growers to employ strategies that preserve the effectiveness of the DMI’s currently 

available .  For example, at-risk fungicides should be applied at the full labeled rate 

and at the shortest recommended spray interval.  Reduced application rates of 

fenarimol are believed to have significantly encouraged resistance in Venturia 

inaequlis (Koller 1996).  Another key component to resistance management is using 

a diversity of fungicides and alternating at-risk fungicides.  Fungicides from the 

same class should not be applied consecutively, and no more than three applications 

of any one at-risk fungicide should be applied per season (Tuttle McGrath 2001).  

At-risk fungicides are not eradicants, and therefore should only be applied as 

protectants, preferably at the most critical time in the epidemic.  Heavy use of 

triadimefon at the lowest labeled rate and reliance on it as an eradicant are thought to 

be responsible for the occurrence DMI resistance in E. necator in California (Gubler, 

Ypema, and Bettiga 1996).  A disease forecasting model based on meteorological 

patterns for sweet cherry powdery mildew, currently under evaluation, will likely 

reduce the amount of fungicide applications necessary (Grove, Boal, and Bennett 
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2000;Grove 2007).  Increasing grower awareness is critical in the preservation of 

high-risk fungicides as suitable control strategies for P. clandestina.   
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Table 4.1.  Details of degenerate primers used to amplify CYP51 gene from P. 
clandestina. 
Degenerate primer Degenerate primer sequence (5’-3’)1,2,3,4 
Deg5095 (F) GCAGGGACGTGGTGTACGAYTGYCCNAA 
Deg5096 (R) CCNCTYGTYAAGCGGTGGACGTCG 
Deg5097 (F) CCCAACTCCAAGCTGATGGARCARAA 
Deg5098 (F) TGCCCCAACTCCAAGCTNATGGARCARA 
Deg5099 (F) CGACTGCCCCAACTCCAARYTNATGGARCA 
Deg5100 (F) CGACTGCCCCAACTCCAARYTNATGGA 
Deg5101 (F) CGGCAGGGACGTGGTGTWYGAYTGYCC 
Deg5102 (R) CTYGTYAARCGGTGGGACGTCGACC 
Deg5103 (R) GTYAARCGNTGGGACGTCGACCACTGG 
 
1N wobble (A+C+G+T) 
2R wobble (A+G) 
3W wobble (A+T) 
4Y wobble (C+T) 
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Table 4.2. Details of primers used to amplify CYP51 gene from P. clandestina. 
 
Primer Primer sequence (5’-3’) 
U14DM1 (F) ATGTACATTGCTGACATTTTGTCGG 
MUT2(I-II)1 (F) CTCAATACATTTAACA 
MUT2(III)1 (R) CTCAATACATTTAACC 
M1I1 (R) CGCTATCTCTCGATCAGG 
C142 (F) TAAGGTAGTATTGAGGCGGG 
C14R2 (R) TTCTAACCCTAACACCTGC 
C51Egh3 (F) CCGTCCTTATCGCAAGATTTG 
C51EghR3 (R) CATAGTAGCCTGTAATCTAAGC 
DM13 (F) CCATTTTCCGTCCTTATC 
DM53 (R) GGTACATAAGAGCGGAAG 
DMa3 (F) TCTTAACGACTCCTGTCTTC 
DMbR3 (R) ATCAGTTTCTTTCTGCGTCC 
DM63 (F) CTTCCGCTCTTATGTACC 
DM7R3 (R) GATGCAGAGAAAGTTTCG 
DMc3 (F) TGATCATGCCCAACGGACAG 
DMdR3 (R) TATCACGCCACCAGATCCAG 
DM83 (F) CGAAACTTTCTCTGCATC 
DM43 (R) AAGCATGTCCAAACTATA 
 
1 (Delye et al. 1999) 
2 (Delye, Laigret, and Corio-Costet 1997a) 
3 (Wyand and Brown 2005) 
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Table 4.3.  Sensitivity of a mixture of P. clandestina isolates collected from sweet 
cherry orchards in Hood River and The Dalles, OR and Prosser, WA to DMI 
fungicides in 2005.  EC50 values were based on linear regression of disease severity 
of leaf disks treated with 0, 25, 50, 100, and 200% of the maximum labeled rate of 
each fungicide. 
 

   EC50 in μg active ingredient ml-1 

Orchard Location 
DMI 

usage1 TB2 PP3 TF4 MB5 FM6 
1 The Dalles High 54.2 47.9 15.9 42.7 5128.0 
2 The Dalles High 9.8 >10,000 11.8 10.5 >10,000 
3 The Dalles High 18.6 12.9 19.1 15.9 >10,000 
4 Prosser Mod 18.6 10.5 12.0 7.9 11.2 
5 Hood River Mod 12.3 12.6 15.1 14.1 9.1 
6 Hood River Mod 8.7 7.1 11.0 9.8 17.4 
7 Hood River Mod 66.7 11.0 20.9 10.2 7.6 
8 Hood River None 8.1 53.7 13.5 21.9 8.7 
9 Hood River None 11.2 7.4 11.0 9.8 13.5 
10 Prosser None 8.7 7.9 12.9 7.4 77.6 
 Max Labeled Rate: 67.4 43.2 149.8 59.9 62.6 
 
1High = DMI’s used almost exclusively, Mod = DMI’s included as part of a diverse 
spray program and at least three different classes of fungicides used, and None = 
DMI use never recorded. 
2Tebuconazole 
3Propiconazole 
4Trifulmazole 
5Myclobutanil 
6Fenarimol 
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Table 4.4.  Sensitivity of isolates of P. clandestina collected from sweet cherry 
orchards to the DMI in 2006.  EC50 values were based on linear regression of disease 
severity of leaf disks treated with 0, 25, 50, 100, and 200% of the maximum labeled 
rate of each fungicide. 
 

   EC50 in μg active ingredient ml-1 

Isolate Origin 
DMI 

usage1 TB2 PP3 TF4 MB5 FM6 
3 Wenatchee Mod 419.8 79.4 25.2 15.2 97.3 
26 Prosser Mod 74.3 23.6 17.0 21.9 >10,000 
35 Yakima High 22.0 >10,000 11.4 4560.4 >10,000 
37   31.5 17.5 10.9 10.5 42.8 
45 Yakima High 18.6 81.7 12.8 17.9 21.5 
48   112.2 865.0 22.5 31.3 583.5 
55 The Dalles High 1570.4 5023.4 31.5 33.7 688.7 
70 Hood River Mod 65.3 47.3 24.5 212.3 35.9 
91 Hood River Mod 737.9 1559.6 14.4 19.7 1741.8 
96  Mod 25.2 12.3 13.8 35.3 100.2 
111 Wenatchee Mod 28.8 82.2 11.8 10.1 11.8 
113  Mod 633.9 8.5 10.9 11.4 51.4 
142 Mosier None 32.7 9.3 14.1 19.1 11.8 
 Max Labeled Rate: 67.4 43.2 149.8 59.9 62.6 
 
1 High = DMI’s used almost exclusively, Mod = DMI’s included as part of a diverse 
spray program and at least three different classes of fungicides used, and None = 
DMI use never recorded. 
2Tebuconazole 
3Propiconazole 
4Trifulmazole 
5Myclobutanil 
6Fenarimol 
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5.1 Introduction 

Pits are sunken depressions in the cherry fruit surface related to an injury or 

bruise incurred during handling after harvest, usually on the packing line.  Pits often 

appear days or weeks after the injury, creating problems for the fresh market industry 

as pitted fruit are very unappealing to consumers.  Studies have shown relationships 

between pitting and the temperature of the fruit tissue, fruit firmness, and fruit 

maturity (Facteau and Rowe 1979;Facteau 1982;Crisosto et al. 1993;Toivonen et al. 

2004).  The traditional method of handling sweet cherries is to chill the fruit 

immediately after harvest, then package them.  However, bruising of fruit tissue is 

greatest when fruit are cooled below 10 °C (Crisosto et al. 1993).  These results 

confirmed reports by Lidster and Tung, where a positive correlation between cooler 

temperatures at handling and pitting incidence was found (Lidster, Muller, and Tung 

1980).  An inverse relationship between both soluble solids content and cherry fruit 

weight and pitting development has been noted (Facteau and Rowe 1979).  Similarly, 

Toivonen et al. found a negative correlation between fruit maturity, as measured by 

the color stage, and pitting incidence (Toivonen et al. 2004).  Thus, less mature fruit 

are more prone to pitting.  Other studies have concluded that the year of harvest had 

a greater impact on pitting severity than fruit quality indices such as soluble solids, 

firmness, and acidity (Drake and Elfving 2002).  Facteau and Rowe even noted that 

some orchards consistently had a greater incidence of pitting than others, causing 

them to speculate that site specific characteristics, such as soil, rootstock, or even 

management practices, may impact pitting (Facteau and Rowe 1979).   
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Cultivars exhibit a range in their pitting susceptibility.  For example, Crisosto 

et al. (Crisosto et al. 1993) found that cv. Bing had the least pitting when compared 

to cvs. Brooks, King, and Tulare.  Bing has the most severe pitting when compared 

with Lapins and Sweetheart (Toivonen et al. 2004).  This study also concluded that 

other physiological factors, such as water loss in storage and/or respiration, may 

impact pitting on cultivars differently (Toivonen et al. 2004).   

The effect of mildew infection, caused by Podosphaera clandestina, on 

pitting severity of cherry fruit is unknown.  Only one preliminary study has been 

published on the effect of powdery mildew infection on pitting (Spotts and Cervantes 

2002).  In that study, fruit with severe mildew infection had significantly more 

moderate and severe pitting than healthy fruit (Spotts and Cervantes 2002).  Studies 

were undertaken to evaluate the effects of the temperature of the fruit at the time of a 

wound and the temperature at which fruit are stored on surface pit development of 

cherry fruit.  The effect of P. clandestina infection on development of surface pits, 

fruit size, color, soluble solids content, and firmness was also examined. 

 

5.2 Materials and Methods 

This study was conducted in years 2003-2006.  Cultivars Bing, Lapins, and 

Staccato, and Sweetheart were included in the study.  In each year, cherry fruit 

infected by P. clandestina were collected at harvest and sorted into one of four 

categories based on the amount of the fruit surface colonized assessed visually:  0 = 

no infection, 1 = 1 – 33% colonized, 2 = 34 – 66% colonized, and 3 > 67% 
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colonized.  Harvest was timed to coincide with the commercial harvest of the 

surrounding orchards.  In 2003, all fruit were cooled and held overnight at 1 °C.  In 

years 2004-2006, fruit were cooled and held overnight at 1, 4, or 20 °C.  The day 

after harvest, all fruit received a standard injury directed by a specially designed tool 

that dropped a 10 g weight with a 2.42 mm diameter head a distance of 6 cm 

(Toivonen et al. 2004).  Fruit were bruised on one of the wider top sides of the fruit 

known as the shoulders.  In 2003, a set of fruit was bruised near the stem as well for 

comparison.  Immediately following the injury, fruit were stored at 1 or 4 °C.  In 

2003, fruit were only stored at 1 °C.  After fourteen days, fruit were rated for pitting 

severity on the following scale:  0 = no injury, 1 = slight injury, 2 = moderate injury, 

and 3 = severe injury.  A slight injury was defined as a very slight depression in the 

fruit surface, less than 1 mm in depth and width.  Pits with a depression of 1.5 mm 

and width were rated as moderate, and depressions of any greater depth and width 

and/or if the epidermal layer had separated at the point of injury were rated as severe.  

In total, 25 replications per treatment were used. 

In years 2004 – 2006, fruit size, color, percent soluble solids, and firmness 

were recorded from an additional 25 fruit of each treatment after harvest.  Fruit size 

was determined with digital calipers (model CD-8” C, Mitutoyo Corporation, 

Takatsu-ku, Kawasaki, Kanagawa, Japan).  Color was determined with the Color 

Code chart for cherries (Afcofel, Paris, France).  Percent soluble solids of individual 

fruit were measured with a digital refractometer (model PR-101α, Atago Co., Ltd., 
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Itabashi-ku, Tokyo, Japan).  Firmness was measured with the FirmTech2 (BioWorks, 

Inc., Wamego, KS). 

Because the independent variables were not categorical, all data were 

subjected to multiple linear regression.  Analyses were performed using S-Plus 

(Insightful Corporation, Seattle, Washington). 

 

5.3 Results 

Due to the relative commercial unavailability of Staccato, fruit from this 

cultivar was only used in 2003.  Fruit set was very poor in 2005 due to a brief frost 

episode that likely damaged floral buds and an unusually cool and wet spring that 

prevented adequate pollination.  Therefore, fruit from Bing and Lapins was not 

readily available, and pitting studies on these two cultivars were not carried out in 

2005.  In 2006, Lapins fruit set was again poor, and sufficient fruit in the 2 and 3 

category of mildew infection ratings was not available. 

In 2003, the only year where the placement of the injury was tested, injuries 

subjected to the shoulder of the fruit resulted in more severe pits in all four cultivars 

(Tables 5.1 and 5.7).  Pit development on shoulder wounds had a severity rating 

value 0.3 on both Bing and Lapins and 0.4 on both Staccato and Sweetheart greater 

than wounds inflicted near the stem bowl.  This difference was significant (P < 0.01).  

Therefore in subsequent years of the study fruit were wounded on one of their 

shoulders as opposed to near the stem. 
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Fruit temperature at the time of the injury significantly affected development 

of pits in years 2004-2006 (Table 5.2).  In all but one instance, there was a negative 

association between the temperature at the time of injury and the severity of pit 

damage (Table 5.2).  Inexplicably, this association was positive on cultivar Lapins in 

2006; as the temperature at the time of injury increased by 1 °C, the severity of pit 

development decreased by an insignificant 0.04 rating value (95% confidence 

interval from -0.06 to 0.02).  The effect of storage temperature on pitting severity 

was less clear.  In 2006, as the storage temperature increased by 1 °C, pitting severity 

increased by 0.1 (95% confidence interval from 0.02 to 0.08) rating value and 

decreased by 0.1 (95% confidence interval from -0.1 to -0.04) rating value in 

cultivars Bing and Sweetheart, respectively.  Pitting severity decreased by 0.04 (95% 

confidence interval from -0.06 to -0.02) rating value on Lapins in 2004 when the 

storage temperature increased by 1 °C. 

Pitting severity was positively associated with the severity of P. clandestina 

infections in all of the cultivars studied except Staccato (Tables 5.1 and 5.2).  An 

increase in severity of mildew of one rating value resulted in an increase of the 

severity of pit development rating value between 0.1 – 0.3 for cvs. Bing, Lapins, and 

Sweetheart. However, this effect was not observed in all years of the study.  In 2003, 

a significant, positive association was only seen on Sweetheart, and in 2006, pitting 

was not associated with the severity of mildew for any of the cultivars studied (Table 

5.2).  In 2004 and 2005, average pitting severity was greatest on severely mildewed 
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fruit, fruit that had a mildew rating of 3 (Tables 5.8 and 5.9) (P < 0.01 for each 

cultivar, data not reported). 

 

Maturity Indices   

The relationship between fruit size and mildew severity was not 

straightforward.  No pattern between cultivars or year of the study was discernable.  

Fruit size was significantly associated with the severity of mildew infection on Bing 

in 2006, Lapins in 2004, and Sweetheart in 2004 and 2006 (Table 5.3).  On Lapins in 

2004 and Sweetheart in 2006, as the severity of mildew increased one rating value, 

fruit size decreased (0.6 with a 95% confidence interval from -0.8 to -0.4 and 0.4mm 

with a 95% confidence interval from -0.5 to -0.4 mm, respectively).  On Bing in 

2006 and Sweetheart in 2004, as the severity of mildew increased one rating value, 

fruit size increased (0.4mm each with a 95% confidence interval from 0.3 to 0.5 mm 

each). 

In 2004 on Bing and Lapins, fruit color was negatively associated with the 

severity of mildew.  As the severity of mildew increased by one rating value, fruit 

color decreased 0.2 (95% confidence interval from -0.2 to -0.1, each) on Bing and 

Lapins in 2004 (Table 5.4).  In 2006, an increase in the severity of mildew by one 

rating value was associated with an increase in the color rating of 0.3 (95% 

confidence interval from 0.2 to 0.4) on Bing (Table 5.4). 

The percent of soluble solids was significantly associated with the severity of 

mildew infection in all cultivars and years except in 2006 on Lapins.  In all cases 
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except one there was an inverse relationship between mildew severity and the 

percent soluble solids (Table 5.5).  In 2004, soluble solids of decreased by 0.9% 

(95% confidence interval from -1.1 to -0.6%), 1.1% (95% confidence interval from -

1.2 to -1.0%), and 0.5% (95% confidence interval from -0.6 to -0.4%) for cultivars 

Bing, Lapins, and Sweetheart, respectively, as mildew severity increased by one 

rating value.  In 2005, soluble solids content of Sweetheart decreased by 0.5% (95% 

confidence interval from -0.7 to -0.4%) as the mildew rating increased by one value.  

In 2006, soluble solids content of Sweetheart decreased by 0.9% (95% confidence 

interval from -1.2 to -0.7%) as the mildew rating increased by one value.  The 

exception was noted on Bing in 2006, where soluble solids increased 0.8% (95% 

confidence interval from 0.6 to 1.0) as mildew severity increased by one rating value 

(Table 5.5). 

Fruit firmness was positively associated with the severity of mildew infection 

on only cv. Sweetheart in 2004 and 2005.  As the severity of mildew increased by 

one rating value, fruit firmness increased by 12.5 (95% confidence interval from 7.1 

to 17.8 g force mm-1) and 25.4 g force mm-1 (95% confidence interval from 21.7 to 

29.1 g force mm-1) (Table 5.6).  The firmness of Sweetheart fruit was more affected 

by the severity of mildew infections than the other two cultivars studied. 

 

5.4 Discussion 
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Current recommendations call for cherry fruit to be cooled to near 0 °C 

within four to six hours after harvest.  Then fruit are run through the packing line and 

packaged for markets (Long 2007).  Most injuries that cause pitting are thought to 

occur on the packing line after fruit have been cooled (Long 2007).  We found a 

significant effect of temperature on pitting severity.  In all cultivars in years 2004 -

2006, the temperature of the fruit tissue at the time the fruit were injured was 

inversely proportional to pitting severity.  If possible, fruit should be run through the 

packing line before they have been cooled to 1 °C to help minimize pitting damage.  

The relationship between storage temperature and pitting severity was unclear in our 

studies, but previous studies have shown that the storage temperature has no effect 

on pitting (Facteau and Rowe 1979). 

Results from our studies indicate that P. clandestina infection of the fruit 

worsens pitting severity in certain years.  In two of the four years included in our 

studies, pitting severity was proportional to mildew severity.  This agrees with the 

preliminary study by Spotts and Cervantes (Spotts and Cervantes 2002) where 

severely infected fruit developed significantly more moderate and severe pits.  This 

also agrees with previous findings that pitting severity is greatly dependent on the 

year (Facteau and Rowe 1979;Facteau 1982;Toivonen et al. 2004) and suggests that 

other unexplored factors are affecting the development of surface pits.   

Pitting severity has been related to fruit attributes such as fruit size, soluble 

solids content, and firmness (Facteau and Rowe 1979;Facteau 1982;Toivonen et al. 

2004).  One of our goals was to observe the effect of P. clandestina infections on 
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fruit maturity.  The relationship between mildew severity and fruit size and color that 

we investigated was not clearly understood.  Our studies showed that as disease 

severity increases the soluble solids content generally decreases indicating that fruit 

with greater mildew infection are less mature.  Previously, the soluble solids content 

was found to be inversely related to pitting severity on cv. Lambert and Bing 

(Facteau and Rowe 1979;Facteau 1982;Toivonen et al. 2004).  One possible 

explanation of our findings is that mildew infection delays fruit maturity; therefore, 

mildew infection indirectly worsens pitting by slowing the ripening process.  Fruit 

firmness was also related to the severity of mildew infection, but this effect was 

cultivar dependent.  Sweetheart was the only cultivar where fruit firmness was 

proportional to the degree of mildew severity.  These results would imply that as 

mildew severity increases fruit firmness increases.  Previous experiments on cvs. 

Lambert and Bing found that fruit firmness is inversely related to pitting severity 

(Facteau and Rowe 1979;Facteau 1982;Spotts and Cervantes 2002); so in the case of 

Sweetheart, increasing mildew severity would theoretically be associated with less 

pitting.  In 2004 and 2006, Sweetheart had the greatest average rating of pitting 

severity (1.7 and 2.5, respectively), while Lapins had the least (1.6 and 1.9, 

respectively).  Studies should be conducted to determine whether mildew impacts 

pitting of sweet cherry directly or indirectly by delaying natural fruit ripening. 
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Table 5.1.  Regression of the expected rating of pit severity of sweet cherry fruit 
against placement of the wound and the rating of powdery mildew (PM) severity 
from studies conducted in 2003.   
 
Cultivar Regression equation P-value R2 
Bing Y1 = 1.5 + 0.3(shoulder wound) 0.01 0.03 
Lapins Y1 = 1.8 + 0.3(shoulder wound) 0.01 0.04 
Staccato Y1 = 2.0 + 0.4(shoulder wound) < 0.01 0.11 
Sweetheart Y1 = 1.3 + 0.4(shoulder wound) + 0.3(PM severity2) < 0.01 0.13 
1Y = the rating of pitting severity.  The severity of surface pitting was based on the 
degree of the resulting injury, where 0 = no injury, 1 = slight injury, 2 = moderate 
injury, and 3 = severe injury.   
2 Disease severity ratings were based on the percent of the fruit surface colonized by 
P. clandestina:  0=0%, 1=1-33%, 2=34-66%, and 3=67-100%. 
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Table 5.2.  Regression of the expected rating of pitting of severity of sweet cherry 
fruit as a function of the temperature at the time of injury (1, 4, or 20 °C) the storage 
temperature (1 or 4 °C), and the severity of powdery mildew (PM) from studies 
conducted in 2004-2006. 
 
Cultivar Year Regression Equation P-value R2 
Bing 2004 Y1 = 1.7 – 0.04(temperature at time of injury) 

+ 0.2(PM severity2) 
< 0.01 0.20

 2006 Y1 = 2.0 – 0.03(temperature at time of injury) 
+ 0.1(storage temperature) 

< 0.01 0.16

Lapins 2004 Y1 = 1.44 + 0.01(temperature at time of 
injury) – 0.04(storage temperature) + 

0.11(PM severity) 

< 0.01 0.08

 2006 Y1 = 2.2 – 0.04(temperature at time of injury) < 0.01 0.22
Sweetheart 2004 Y1 = 1.6 – 0.01(temperature at time of injury) 

+ 0.1(PM severity1) 
< 0.01 0.09

 2005 Y1 = 0.9 – 0.01(temperature at time of injury) 
+ 0.3(PM severity2) 

< 0.01 0.25

 2006 Y1 = 2.8 – 0.02(temperature at time of injury) 
– 0.1(storage temperature) 

< 0.01 0.03

1Y = the rating of pitting severity.  The severity of surface pitting was based on the 
degree of the resulting injury, where 0 = no injury, 1 = slight injury, 2 = moderate 
injury, and 3 = severe injury. 
2 Disease severity ratings were based on the percent of the fruit surface colonized by 
P. clandestina:  0=0%, 1=1-33%, 2=34-66%, and 3=67-100%. 
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Table 5.3.  Regression of the expected fruit size (mm) of sweet cherry fruit as a 
function of the severity of powdery mildew (PM) from studies conducted in 2004-
2006. 
 
Cultivar Year Regression Equation P-value R2 
Bing 2006 Y1 = 23.7 + 0.4(PM severity2) < 0.01 0.14 
Lapins 2004 Y1 = 26.2 - 0.6(PM severity2) 0.01 0.07 
Sweetheart 2004 Y1 = 28.6 + 0.4(PM severity2) < 0.01 0.09 

 2006 Y1 = 27.9 – 0.4(PM severity2) < 0.01 0.16 
1Y = fruit size in mm 

2 Disease severity ratings were based on the percent of the fruit surface colonized by 
P. clandestina:  0=0%, 1=1-33%, 2=34-66%, and 3=67-100%. 
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Table 5.4.  Regression of the color of sweet cherry fruit as a function of the severity 
of powdery mildew (PM) from studies conducted in 2004-2006.   
 
Cultivar Year Regression Equation P-value R2 
Bing 2004 Y1 = 6.8 - 0.2(PM severity2) < 0.01 0.10 
 2006 Y1 = 4.8 + 0.3(PM severity2) < 0.01 0.11 
Lapins 2004 Y1 = 6.5 - 0.2(PM severity2) 0.01 0.07 
1Y = the value of fruit color from the Color Code chart for cherries (Afcofel, Paris, 
France). 
2 Disease severity ratings were based on the percent of the fruit surface colonized by 
P. clandestina:  0=0%, 1=1-33%, 2=34-66%, and 3=67-100%.
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Table 5.5.  Regression of the expected percent soluble solids of sweet cherry fruit as 
a function of the severity of powdery mildew (PM) from studies conducted in 2004-
2006.   
 
Cultivar Year Regression Equation P-value R2 
Bing 2004 Y1 = 22.1 – 0.9(PM severity2) < 0.01 0.09 
 2006 Y1 = 27.8 + 0.8(PM severity2) < 0.01 0.08 
Lapins 2004 Y1 = 18.0 – 1.1(PM severity2) < 0.01 0.37 
Sweetheart 2004 Y1 = 18.4 – 0.5(PM severity2) 0.04 0.05 

 2005 Y1 = 17.7 – 0.5(PM severity2) < 0.01 0.09 
 2006 Y1 = 17.9 – 0.9(PM severity2) < 0.01 0.10 

1Y = the percent soluble solids.   
2 Disease severity ratings were based on the percent of the fruit surface colonized by 
P. clandestina:  0=0%, 1=1-33%, 2=34-66%, and 3=67-100%. 
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Table 5.6.  Regression of the expected fruit firmness (g force mm-1) of sweet cherry 
fruit as a function of the severity of powdery mildew (PM) from studies conducted in 
2004-2006.   
 
Cultivar Year Regression Equation P-value R2 
Sweetheart 2004 Y1 = 364.9 + 12.5(PM severity2) 0.05 0.04 

 2005 Y1 = 283.1 + 25.4(PM severity2) < 0.01 0.25 
1Y = fruit firmness (g force mm-1).   
2 Disease severity ratings were based on the percent of the fruit surface colonized by 
P. clandestina:  0=0%, 1=1-33%, 2=34-66%, and 3=67-100%. 
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Table 5.7.  The effect of powdery mildew on the average pitting severity of sweet 
cherry fruit in 2003.  The severity of surface pitting was based on the degree of the 
resulting injury, where 0 = no injury, 1 = slight injury, 2 = moderate injury, and 3 = 
severe injury.   

Average Pitting Severity 
Powdery 
Mildew 
Rating1: 0 1 2 3 
Cultivar Top Shoulder Top Shoulder Top Shoulder Top Shoulder
Bing 1.3 1.8 1.5 1.8 1.7 1.9 1.5 1.8 
Lapins 1.8 2.0 1.9 1.9 1.8 2.2 1.9 2.2 
Staccato 2.0 2.5 2.0 2.4 2.1 2.5 2.0 2.2 
Sweetheart 1.2 1.6 1.9 1.7 1.8 2.3 1.6 2.4 
1Disease severity ratings were based on the percent of the fruit surface colonized by 
P. clandestina:  0=0%, 1=1-33%, 2=34-66%, and 3=67-100%. 
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Table 5.8.  The effect of powdery mildew on the average pitting severity of sweet 
cherry fruit in 2004.  The severity of surface pitting was based on the degree of the 
resulting injury, where 0 = no injury, 1 = slight injury, 2 = moderate injury, and 3 = 
severe injury.   

Average Pitting Severity 2004 
Host Powdery Mildew Rating1: 0 1 2 3 

Cultivar 
Injury 
Temp2 

Storage 
Temp2     

1 1 3.1 2.7 2.9 3.2 
1 4 2.5 2.7 2.5 3.5 
4 1 2.5 2.5 2.9 2.9 

Bing 

20 1 2.1 2.2 2.2 2.4 
1 1 2.3 2.4 2.7 3.0 
1 4 2.3 2.5 2.6 2.4 
4 1 2.5 2.5 2.7 2.6 

Lapins 

20 1 2.6 2.7 2.7 2.8 
1 1 2.6 2.9 2.8 3.0 
1 4 2.6 2.9 2.8 2.9 
4 1 2.4 2.7 2.7 2.8 

Sweetheart 

20 1 2.3 2.6 2.8 2.7 
1 Disease severity ratings were based on the percent of the fruit surface colonized by 
P. clandestina:  0=0%, 1=1-33%, 2=34-66%, and 3=67-100%. 
2 °C 
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Table 5.9.  The effect of powdery mildew on the average pitting severity of sweet 
cherry fruit in 2005.  The severity of surface pitting was based on the degree of the 
resulting injury, where 0 = no injury, 1 = slight injury, 2 = moderate injury, and 3 = 
severe injury.   
 

Average Pitting Severity 2005 
Host Powdery Mildew Rating1: 0 1 2 3 

Cultivar 
Injury 
Temp2 

Storage 
Temp2     

1 1 2.1 2.1 2.6 2.6 
1 4 2.1 2.2 2.4 2.6 
4 1 1.8 1.8 2.5 2.8 

Sweetheart 

20 1 1.7 1.8 2.6 2.7 
1 Disease severity ratings were based on the percent of the fruit surface colonized by 
P. clandestina:  0=0%, 1=1-33%, 2=34-66%, and 3=67-100%. 
2 °C 
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Table 5.10.  The effect of powdery mildew on the average pitting severity of sweet 
cherry fruit in 2006.  The severity of surface pitting was based on the degree of the 
resulting injury, where 0 = no injury, 1 = slight injury, 2 = moderate injury, and 3 = 
severe injury.   
 

Average Pitting Severity 2006 
Host Powdery Mildew Rating1: 0 1 2 3 

Cultivar 
Injury 
Temp2 

Storage 
Temp2     

1 1 2.2 2.0 2.0 1.7 
1 4 2.0 2.3 2.4 2.3 
4 1 2.1 1.8 2.2 2.0 

Bing 

20 1 1.7 1.4 1.6 1.4 
1 1 2.2 2.2 - - 
1 4 2.2 2.0 - - 
4 1 2.0 2.0 - - 

Lapins 

20 1 1.4 1.3 - - 
1 1 2.6 2.7 2.8 2.6 
1 4 2.2 2.6 2.4 2.6 
4 1 2.3 2.8 2.9 2.5 

Sweetheart 

20 1 2.1 2.4 2.6 2.2 
1 Disease severity ratings were based on the percent of the fruit surface colonized by 
P. clandestina:  0=0%, 1=1-33%, 2=34-66%, and 3=67-100%. 
2 °C 
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Table 5.11.  The effect of powdery mildew on maturity indices of sweet cherry fruit 
in 2004. 

Maturity Indices 2004 
Host Powdery Mildew 

Rating1: 0 1 2 3 
Cultivar Maturity Index     

Size 26.9 27.7 27.3 26.4 
Color 6.9 6.5 6.3 6.4 

Soluble Solids 22.3 21.7 19.6 20.0 

Bing 

Firmness 311.1 329.5 338.5 314.4 
Size 26.1 25.7 28.8 24.5 

Color 6.4 6.6 6.4 5.9 
Soluble Solids 18.4 16.6 15.5 15.2 

Lapins 

Firmness 281.8 311.6 305.8 303.7 
Size 28.1 29.6 29.6 29.3 

Color 5.0 4.8 5.0 5.0 
Soluble Solids 18.6 17.1 17.9 16.9 

Sweetheart 

Firmness 352.0 409.4 364.6 408.5 
1 Disease severity ratings were based on the percent of the fruit surface colonized by 
P. clandestina:  0=0%, 1=1-33%, 2=34-66%, and 3=67-100%. 
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Table 5.12.  The effect of powdery mildew on maturity indices of sweet cherry fruit 
in 2005. 

Maturity Indices 2005 
Host Powdery Mildew 

Rating1: 0 1 2 3 
Cultivar Maturity Index     

Size 27.8 27.1 27.0 27.2 
Color 4.3 4.4 4.0 4.8 

Soluble Solids 17.8 16.7 17.0 15.9 

Sweetheart 

Firmness 284.9 294.3 356.9 348.6 
1 Disease severity ratings were based on the percent of the fruit surface colonized by 
P. clandestina:  0=0%, 1=1-33%, 2=34-66%, and 3=67-100%. 
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Table 5.13.  The effect of powdery mildew on maturity indices of sweet cherry fruit 
in 2006. 

Maturity Indices 2006 
Host Powdery Mildew 

Rating1: 0 1 2 3 
Cultivar Maturity Index     

Size 23.6 24.1 24.7 24.9 
Color 4.8 5.0 5.8 5.5 

Soluble Solids 17.1 19.6 19.2 19.9  

Bing 

Firmness 313.3 314.9 302.8 293.9 
Size 29.9 29.9 - - 

Color 4.2 4.6 - - 
Soluble Solids 19.3 19.8 - - 

Lapins 

Firmness 257.4 253.5 - - 
Size 27.8 27.5 27.5 26.3 

Color 3.6 3.7 3.4 3.6 
Soluble Solids 18.3 16.1 16.1 15.3 

Sweetheart 

Firmness 296.5 268.9 280.0 285.1 
1 Disease severity ratings were based on the percent of the fruit surface colonized by 
P. clandestina:  0=0%, 1=1-33%, 2=34-66%, and 3=67-100%. 
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6 General Conclusions 

Sweet cherry powdery mildew is a serious pest problem in parts of Oregon 

and Washington.  Podosphaera clandestina first infects leaves of sweet cherry and 

then spreads to cause fruit infection, which rapidly reduces fruit quality and 

consequently crop value.  Being able to approximate when fruit become infected is a 

crucial piece of information to develop a successful disease management program.  

Our field inoculation and field exclusion studies conducted over three years indicated 

that cherry fruit remain susceptible to powdery mildew throughout the growing 

season.  Under controlled laboratory conditions, conidia of P. clandestina were able 

to infect cherry fruit under a wide range of temperature and relative humidity 

conditions.  The optimum temperature for germination was 18.6 °C, and there was 

no effect of relative humidity within the range of 68% to 98% relative humidity.  

Both the inoculations and exclusion studies in the field indicated that cherry fruit 

infection is apparently dependent upon meteorological factors, particularly rain 

events.  In 2004, where the greatest disease incidence and severity was reported on 

each of the three cultivars tested, several rain events occurred during late spring and 

early summer.  In 2006, when the least disease incidence and severity was reported, 

precipitation in the late spring and early summer period was negligible.   

 Horticultural practices for sweet cherry orchards are selected to promote 

precocity and high yields of varieties that must meet a host of qualifiers, such as 

being desirable to consumers, maturing late-season, and retaining firmness after 

harvest.  Unfortunately, many of these management practices inadvertently change 
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the microclimate within the canopy, leading to an increase of powdery mildew 

severity.  Specifically, we evaluated the effect of training system, rootstock, and 

cultivar selection and found that each of these three management practices affects the 

development of foliar infections of powdery mildew.  Practices that encourage 

vigorous vegetative growth reduce air flow and fungicide spray penetration, and 

increase shading within the canopy.  Not surprisingly, mildew severity was 

significantly greater on the Spanish bush training system, which stimulates heavy 

branching through heading cuts, than on the Vogel central leader and the steep leader 

training systems, which both promote moderate growth.  Severity of powdery 

mildew was significantly greater on the rootstock Mazzard, which is known for 

vigorous growth of the scion, than on the dwarfing rootstock Edabriz.  Future studies 

should monitor temperature, relative humidity, and light penetration differentials for 

each of these training systems and rootstocks.  A range of resistance to P. 

clandestina was clear among the five late-season maturing cultivars evaluated.  

Severity of powdery mildew was significantly lowest on Regina.  Bing was found to 

be resistant, Lapins was slightly to moderately resistant, and Staccato and Sweetheart 

were very susceptible. 

 Fungicides are currently the primary means of controlling P. clandestina 

infections on sweet cherry, and a number of them are demethylation inhibitors 

(DMI’s).  Growers in Oregon and Washington have recently observed reduced 

sensitivity of P. clandestina to some of the DMI’s.  We set out to establish a baseline 

of sensitivity to the five DMI’s registered for use on sweet cherry that can be used to 
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monitor the development of resistance in the future.  We established that resistance 

to four of the five DMI’s tested already exists in some orchards.  However, we had 

great difficulty maintaining single spore cultures of P. clandestina and recommend 

that greater effort be taken to improve colony maintenance.  We were unable to 

determine the molecular basis for the observed resistance.  More than one gene or 

allele is likely involved in P. clandestina’s resistance to DMI’s, since a range of 

sensitivity to DMI’s was apparent.  Our attempts at cloning the gene CYP51 were 

unsuccessful.   

 The development of surface pits on cherry fruit after harvest has long 

confounded orchardists, packing house managers, and grocers.  Particularly 

troublesome is that surface pits do not develop until about two weeks after harvest.  

Pitting is known to be related to injuries that occur during handling, but pitting 

severity varies from year to year.  One theory maintains that powdery mildew 

infections predispose cherry fruit to surface pits.  Our studies determined that the 

temperature at the time the cherry fruit are run through the packing line, where the 

majority of damage occurs, significantly affects pit development.  When fruit were 

cooled to 1 °C before being injured, pitting severity was greater than when fruit were 

injured at 20 °C.  Powdery mildew infections were positively correlated with pitting 

severity in two of the fours years of our studies.  It is unknown from our studies 

whether mildew has a direct influence on pitting or the influence is indirect and 

related to a slow ripening process.  In cultivars Bing, Lapins, and Sweetheart, we 



136 

identified a negative relationship between mildew severity and percent soluble solids 

content. 

 In conclusion, we found that fruit remain susceptible to P. clandestina 

infections throughout their development, and that fruit infection is apparently related 

to precipitation between late spring and early summer.  While growers must remain 

diligent about controlling powdery mildew and protecting their crop throughout the 

entire season, there are a few strategies they can employ to help reduce their reliance 

on fungicides.  Selecting a training system that promotes moderate canopy growth, 

rootstocks that do not encourage vigor in the scion, and cultivars that are known to 

have resistance to powdery mildew can help lower the number of fungicide 

applications.  Since P. clandestina resistance to DMI’s has been identified in Oregon 

and Washington, growers should employ measures to manage resistance and 

preserve the effectiveness of the DMI’s currently available.  In the unfortunate event 

that cherry fruit become infected with powdery mildew, they can be predisposed to 

surface pit development in certain years. 
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