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Eastern filbert blight, caused by Anisogramma anomala (Peck) E. Muller, 

is a serious threat to hazelnut (Corylus avellana L.) production.  Resistant 

cultivars offer the best control.  Screening systems were needed to reliably 

identify disease, particularly in immune progeny derived from 'Gasaway'.   An 

indirect enzyme-linked immunosorbant assay (ELISA) was developed using 

polyclonal antibodies obtained from rabbits injected with A. anomala.  One- 

thousand-fold dilutions of the antiserum produced a positive reaction to a 1.7 x 

106 dilution of extracts from infected hazelnut but did not react to healthy plants. 

ELISA was more sensitive and efficient than microscopic detection. 

Two methods of screening hazelnut for quantitative resistance to eastern 

filbert blight were compared for their ability to differentiate between genotypes 

and for correlations between the two protocols.   One method utilized a field plot 

in a randomized block design with inoculated trees planted in the borders as the 

disease source.   The second method was based on exposing three sets of potted 

clones to high doses of inoculum in 1990 (Pinkerton et al., 1993), 1992-93, and 

1993.  Disease incidence and proportion of wood cankered as determined by the 



two methods were significantly correlated in each year of the study.  A map of 

the field plot disease incidence indicates that the inoculum was present throughout 

the blocks. 

Additional sources of resistance are desirable.  Seedlings of 'Gem' were 

all susceptible and seedlings of 'Zimmerman' segregated for resistance following 

greenhouse inoculation.  The immunity of 'Gasaway' was confirmed as being 

conferred by a single dominant gene.  Of the species material, clones of C. 

comuta var. califomica, C. heterophylla, and C. sieboldiana, most C. americana 

and one C. columa clone were resistant, as were seedlings of C. comuta var. 

comuta and C americana.  C. jacquemontii seedlings were highly susceptible, as 

were two suspected C. columa x C avellana hybrids.  Five C. americana x C. 

avellana hybrids were highly resistant.   One of C. comuta var. califomica x C. 

avellana and two of the C. heterophylla x C. avellana hybrids were resistant. 

These sources of resistance are being used to broaden the genetic base of the 

breeding program. 
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GENETIC RESISTANCE TO EASTERN FILBERT BLIGHT 

CHAPTER 1 
INTRODUCTION 

Eastern filbert blight of hazelnut 

The United States produces a small (3%-5% average) but growing share 

of the world's hazelnuts (Hazelnut Marketing Board, 1993).  U.S. production of 

European hazelnut Corylus avellana L. is centered in the Pacific Northwest, 

primarily in the Willamette Valley of Oregon.  Production is threatened by an 

epidemic of eastern filbert blight, caused by the fungus Anisogramma anomala 

(Peck) E. Miiller.  Approximately 12000 ha are under production and the farm 

gate value exceeds $18 million (Hazelnut Marketing Board, 1993). The disease, 

a perennial canker of limbs, has spread to one-third of the production area 

(Pinkerton et al., 1992) since its introduction into the northwest (Davison and 

Davidson, 1973).   Commercially important cultivars are all susceptible; infection 

results in rapid yield loss and eventual tree death in six to ten years (Gottwald 

and Cameron, 1980a; Pinkerton et al., 1993).  Current control recommendations 

of three to five fungicide applications and diseased branch removal are not an 

economical solution due to low prices paid to growers (Johnson, 1992; Johnson et 

al., 1993; Johnson et al., 1994).  In addition, when conditions are ideal for 

spread, these recommendations are ineffective in stopping the disease progress 

within an infected orchard (K.B. Johnson, unpublished).   Genetic resistance in 
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new cultivars offers the best long term solution for the survival of the hazelnut 

industry in the U.S. (Simmonds, 1983; Mehlenbacher, 1991). 

Anisogramma anomala, the causal organism of eastern filbert blight, was 

first described as a pathogen of the American hazel, Corylus americana Marsh., 

(Peck, 1876), which is native to the eastern U.S. (Thompson et al., 1994).  In 

1882, A. anomala was first noted as a pathogen on the introduced European 

hazelnut C. avellana (Gottwald and Cameron, 1979). Ellis and Everhart reported 

in 1892 that the disease is very destructive on the European species, killing the 

entire tree in two to three years, with "luxuriant growth of new shoots destined to 

be destroyed the succeeding year by the inexorable pest", but that the parasite 

does very little damage on the native species (Fuller, 1910; Barss, 1921; Slate, 

1930).  Fuller (1910) attempted twice to establish orchards in New York which 

thrived several years and then were ravaged by eastern filbert blight.  In 1921, 

the federal Plant Introduction Garden near Washington, D.C. destroyed all C. 

avellana being propagated after a severe infection (Barss, 1921).  Several authors 

suggested that the disease could be controlled by pruning diseased limbs and 

removal of nearby native hazels (C americana).  The failure to establish 

production of European hazelnut in the native range of C. americana since its 

introduction with European settlement of North America has been attributed by 

several authors to eastern filbert blight (Fuller, 1910; Barss, 1921; Reed, 1936). 

European hazelnuts were introduced to the Pacific Coast from 1880-1905 

by Felix Gillet who imported 20 cultivars to Nevada City, CA (Mehlenbacher and 
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Miller, 1989). The industry expanded in the Pacific Northwest between 1915 and 

1936 (Slate, 1930; Thompson et al., 1994). Eastern filbert blight has never been 

observed on the west coast native hazel, C. comuta var. califomica (Barss, 1921; 

Barss, 1930).  In 1921, the Western Plant Quarantine Board and its Canadian 

equivalent called for growers to refuse to plant stock from east of the Rocky 

Mountains (Barss, 1921).  Oregon established a quarantine which prohibited "the 

importation of plants, cuttings or other propagating material of either American 

wild hazel or of the cultivated filbert from the territory included within the range 

of Corylus americana" (Barss, 1930). Enforcement is a problem with all 

quarantine regulations and apparently the quarantine was ignored since 

advertisements of native hazel from eastern nurseries were found in Pacific 

Northwest publications as recently as 1974 (Cameron, 1976a). 

Eastern filbert blight was first diagnosed west of the Rocky Mountains in 

1970 after first being noticed in 1968 by a grower in southwest Washington state 

(Davison and Davidson, 1973). The disease was determined to be well- 

established in Washington orchards and in Columbia County, Oregon by H.B. 

Lagerstedt in 1974, who first realized the seriousness of the disease (Cameron, 

1976b; Riggert, 1987). The State of Oregon expanded the 1921 quarantine to 

include Washington state and Columbia County, OR (Cameron, 1976b). 

Eradication was attempted in Washington state (Riggert, 1987).  However, 

numerous escaped trees of C. avellana in native forests, woods, and roadsides 

were also infected (Cameron, 1976a).  By 1986, the epidemic had spread 
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southward into the northeast portion of Oregon's major hazelnut production area 

(Riggert, 1987). A survey conducted from 1986-1990 confirmed that an 

unmanageable reservoir of A. anomala existed in orchards as well as escapes of 

the European hazel, which would be mostly 'Barcelona' x 'Daviana' hybrids and 

thus spread would be slowed only by meteorological conditions (Pinkerton et al., 

1992). Eastern filbert blight now affects approximately one-third of the major 

hazelnut production area. 

The developmental biology (Gottwald and Cameron, 1979) and infection 

cycle of A. anomala are now well understood (Stone et al., 1992).  The pathogen 

is an obligate parasite (Stone et al., 1994) which colonizes the primary vascular 

system, forming many stroma with perithecia which make up the external sign of 

infection, a canker (Gottwald and Cameron, 1979). The disease spreads by 

ascospores and perennial expansion of the cankers which girdles branches 

eventually killing the tree (Cameron, 1976a; Gottwald and Cameron, 1980b). 

Spores are actively discharged with rainfall from October to June and can be 

dispersed long distances with wind-blown rain (Gottwald and Cameron, 1980a; 

Pinkerton et al., 1994).  European hazelnut is susceptible in the spring during 

leaf emergence and shoot elongation (Stone et al. 1992; Johnson et al., 1994), but 

not before vegetative budbreak.  There is no relationship with big bud mite 

infestation (Stone et al. 1992; Johnson et al., 1994), contrary to earlier reports 

(Gottwald and Cameron, 1980a, 1980b).  Following infection there is normally a 

latent period of 12-16 months (Gottwald and Cameron, 1980a) before cankers are 
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expressed, although a 28-month latent period was noted by Pinkerton et al. 

(1993). 

An improved understanding of the infection biology of A. anomala has 

helped the development of disease management practices.  Current 

recommendations include removing infected limbs three feet below the canker, 3- 

5 fungicide treatments every 2-3 weeks beginning at budbreak (Johnson et al., 

1993), and replacing 'Daviana' pollenizers (Johnson, 1994).  Since all 

commercially important cultivars are susceptible (Pinkerton et al., 1993), 

practices that limit disease in orchards are important until new resistant varieties 

dominate production (Johnson, 1992). Another important benefit of the infection 

biology research is that greenhouse infection is now reliable and routine (Stone et 

al., 1992; Johnson et al., 1994) in contrast to the difficulties reported by 

Cameron and Gottwald (1980a).  The fungus grows slowly in culture without 

sporulating (Stone et al., 1994) thus greenhouse inoculum is prepared from field 

collected cankered branches (Stone et al., 1992). 

Genetic resistance to eastern filbert blight 

Useful resistance was identified in 1975 in the cultivar 'Gasaway' (C. 

avellana) found canker-free (immune) in a heavily infected 'DuChilly' orchard 

(Cameron, 1976b).  Immunity within C. avellana was first mentioned by Fuller 

(1910) who noted that among a neighbor's collection of European hazelnuts there 
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were "two varieties ...perfectly healthy, never having suffered the blight". 

Originally selected as a late-shedding pollenizer of unknown parentage, 

'Gasaway' was used in the Oregon State University (OSU) breeding program by 

M.M. Thompson (Mehlenbacher et al., 1991).   'Gasaway' was used as the pollen 

parent in 1975 with four susceptible genotypes and the seedlings were exposed to 

eastern filbert blight in an infected orchard.  They were then transplanted and 

observed for symptoms at the Southwest Washington Experiment Station in winter 

from 1981 to 1986.  An additional cross of 'Casina' x 'Gasaway' was made in 

1980 and handled similarly.  The disease progressed through the block until no 

further infections were noted in 1986 by which time the progeny exhibited a 1:1 

ratio for resistance and susceptibility indicating a single dominant gene 

(Mehlenbacher et al., 1991).  Selections made among the resistant progeny were 

designated 'Vancouver Resistant' (VR) and four were released as immune 

pollenizers to replace the very susceptible pollenizers currently in use 

(Mehlenbacher and Thompson, 1991).  The breeding program now has 4,271 

seedlings from 48 crosses of 'Vancouver Resistant' selections crossed with good 

kernel quality selections segregating for immunity growing at the OSU Smith 

Vegetable Farm (Coyne et al., 1994). 

Quantitative resistance was first investigated within C. avellana by 

Pinkerton et al. (1993).  Until then, relative susceptibility ratings were based on 

field observations in infected orchards over the 15 year history of the epidemic in 

the Pacific Northwest by Cameron (1976a), Lagerstedt (1979), and Gottwald and 



7 

Cameron (1980b).  Hazelnut clones of 44 cultivars and selections were inoculated 

by placing potted trees under wire mesh platforms topped with diseased hazelnut 

branches (Pinkerton et al., 1993).  Relative resistance was determined by 

measuring canker number and length at 16 and 28 months after exposure.  This 

method reduced the screening time by four to eight years (Mehlenbacher et al., 

1991b).  Four clones of C. avellana were disease-free: 'Gasaway', 'Gem', 

Giresun 54-21, and Giresun 54-56.  Additionally, 13 clones were more resistant 

than the main cultivar 'Barcelona' which had been rated as moderately resistant in 

field observations.  The authors concluded that a useful level of quantitative 

resistance was present in several of the genotypes tested.  Next, genetic control of 

resistance was investigated in crosses of six parents crossed in nine combinations 

(Osterbauer et al., 1994).  Combining ability analysis indicated that both general 

and specific combining ability were important in this set of crosses. 

Information on resistance in the other nine Corylus species was primarily 

observational or nonexistent (Mehlenbacher, 1991).  As mentioned earlier, 

eastern filbert blight does very little damage on the native species C. americana 

(Fuller, 1910; Barss, 1921; Slate, 1930).  Fuller (1910) was unable to "find any 

clump of these bushes of any considerable size that was entirely free from 

pustulous stems".  Weschcke (1963) made crosses of C. avellana x C. 

americana and reported no blight, however later (Weschcke, 1970) reported that 

almost every one of 600 hybrids were infected with eastern filbert blight.    C. 

americana cv. 'Winkler' was a clone found disease-free by Pinkerton et al. 
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(1993).   'Bixby', a C. avellana x C. americana hybrid was observed to be 

disease-free adjacent to infected hazelnuts (Pinkerton et al., 1993), as was C. 

comuta var. califomica (Cameron, 1976), one C. comma var. califomica x C. 

avellana hybrid (Thompson et al., 1994), and C. comuta var. comuta (Fuller, 

1910). 

Research Objectives 

New cultivars need to be at least moderately resistant to the destructive 

disease of eastern filbert blight (Mehlenbacher, 1994).  The breeding program at 

Oregon State University aims to exploit three general sources of genetic 

resistance (1) a single dominant gene that confers immunity (Mehlenbacher et al. 

1991b), (2) high levels of quantitative resistance within C. avellana (Pinkerton et 

al., 1993), and (3) resistance from other Corylus species (Mehlenbacher, 1991). 

Screening methods that rapidly and reliably detect genetic resistance in hazelnut 

are needed to meet the objective of releasing cultivars resistant to eastern filbert 

blight before the industry is destroyed by the encroaching epidemic.  All tree 

breeding programs face the dilemma of long juvenility and large amount of field 

space needed to achieve genetic advance (Hansche, 1983). Eastern filbert blight 

resistance breeding involves the additional challenge that field screening is not 

possible at the breeding station as it is within the quarantine area (Mehlenbacher 

etal., 1994). 
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Detection of infection earlier in the disease cycle was proposed as a way 

to reduce the time in evaluating seedlings segregating for immunity as field 

methods relied on symptom expression that normally takes 12-16 months 

(Pinkerton et al., 1993).  Enzyme-linked immunosorbant assays (ELISA) have 

been widely applied in detection of fungal pathogens in host plant tissues (Miller 

and Martin, 1988).  Numerous ELISAs based on polyclonal antibodies have been 

reported for the detection of fungal pathogens (Amouzou-Alladaye et al., 1988; 

Beckman et al., 1994; El Nashaar et al., 1986; Gleason et al., 1987; Harrison et 

al., 1993; Holtz et al., 1994; Johnson et al., 1982; Kumar et al., 1993; Nachmias 

et al., 1979; Sundaram et al., 1991).  Cross-reaction with non-target fungi was 

reported for some polyclonal-antibody-based ELISAs designed to detect fungal 

pathogens in plants (El Nashaar et al., 1986; Gerik et al., 1987; Johnson et al., 

1982; Ricker et al., 1991).  However, polyclonal antisera were highly specific to 

Thielaviopsis basicola in cotton roots and produced minimal cross-reactivity with 

other soilbome fungi commonly found in cotton fields (Holtz et al., 1994). 

Several commercial ELISA kits have been considered potentially useful (Ali- 

Shtayeh et al., 1991; Benson, 1991; Ellis and Miller, 1993; MacDonald et al., 

1990; Miller et al., 1994; Timmer et al., 1993).  Clinical experience suggests 

caution in sole reliance on some commercial kits, however.  For example, in 

detecting Phytophthora species, cross-reaction with Pythium species made 

interpetation of ELISA difficult (Pscheidt et al., 1992).  Our goal was to develop 

ELISA for detection of A. anomala in inoculated plants segregating for immunity 
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from 'Gasaway'.  We decided to start with polyclonal antiserum first and if not 

satisfactory, develop monoclonal-based ELISA. 

The objective of this research project was to develop screening procedures 

that rapidly and reliably identify resistance to eastern filbert blight.  Chapter 2 

describes greenhouse screening combined with an enzyme-linked immunosorbant 

assay (ELISA) which solved the time, space, and location problems described. 

This procedure is suitable for the portion of the resistance breeding program 

based on the single dominant gene from 'Gasaway'.  For evaluating levels of 

quantiative resistance, Chapter 3 compares two field-based procedures. 

Artificially inoculating potted trees by placement under diseased branches was 

compared with a field plot relying on the natural movement of disease through a 

mini-orchard.  Chapter 4 presents newly identified sources of resistance and 

confirms the inheritance of the single dominant immunity gene of 'Gasaway'. 
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Abstract 

Susceptible hazelnut (Corylus avellana) genotypes inoculated with the 

causal fungus, Anisogramma anomala, require 13 to 27 mo of incubation to 

develop external symptoms of eastern filbert blight.  In order to facilitate 

breeding for resistance to this important disease, a rapid and accurate screening 

system was needed to identify resistant genotypes in a shorter period of time, 

particularly in progenies segregating for a single dominant resistance gene.   An 

indirect enzyme-linked immunosorbant assay (ELISA) was developed using 

polyclonal antibodies obtained from New Zealand rabbits injected with hyphae of 

A. anomala.  One-thousand-fold dilutions of the antiserum produced a positive 

reaction to a 1.7 x 106 dilution of extracts from infected hazelnut tissue by 

indirect ELISA but did not react to a 1.7 x 102 dilutions of healthy tissue 

extracts.   ELISA was more sensitive and efficient than microscopic detection of 

infected tissues in inoculated progenies segregating for resistance when assayed 

4.8 mo after inoculation. 

Introduction 

Oregon's Willamette Valley, which produces 98% of the U.S. hazelnut 

(Corylus avellana L.) crop and comprises 3-8% of the world production (14), is 

threatened by eastern filbert blight (EFB). This fungal disease is caused by 
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Anisogramma anomala (Peck) E. Muller, an endemic parasite of C. americana, 

which is native to northeastern North America (28).  Current hazelnut cultivars 

are susceptible (29) and infected trees are killed in 5-15 years (11).  The disease 

was first identified in southwest Washington state in 1970 (7) and recent data 

show that approximately a third of the commercial hazelnut production area in the 

Pacific Northwest has been affected (30).  The disease has a two year life cycle 

and a long incubation period ranging from 13-27 mo before EFB symptoms are 

expressed (11, 33).  Chemical control requires 3-5 fungicide applications during a 

3 mo period after budbreak (16,17). A. anomala infects actively growing shoots 

and buds from budbreak (mid- to late March) through early shoot elongation (late 

April to early May) (16,33). 

Genetic resistance offers the most promising solution to this important 

disease (21).  Neither cankers nor any evidence of hyphal growth have been 

found in field-grown trees or in controlled inoculations of scions of the cultivar 

Gasaway (5,29,23).  A field screening method of exposing potted trees to 

inoculum from diseased wood placed on elevated structures has been developed 

and the results published (29).  Screening for resistance in the field is slow and 

expensive.   This approach depends on canker development 18-27 mo after 

exposure (29,33). Field screening also requires a location remote from breeding 

activity as state quarantine regulations prohibit planting inoculated trees in the 

field in uninfected areas.  In open pollinated seedlings of the highly susceptible 

cultivar Royal, microscopic examination to determine infection was relatively 
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efficient (16).  However, progeny segregating for immunity may have an 

additional moderate to high level of quantitative resistance which makes 

microscopic detection of infections difficult and time consuming (27,29). 

Enzyme-linked immunosorbant assays (ELISA) have been applied widely 

in plant pathology, and in some instances for detection of fungal pathogens in 

host plant tissues (3). The ELISA format has become the preferred serological 

assay because of its simplicity, adaptability, rapidity, sensitivity, and accuracy 

(24).  We viewed ELISA detection of A. anomala infection as an attractive 

possibility for identifying resistant genotypes.  Numerous ELISA tests based on 

polyclonal antibodies have been reported for the detection of fungal plant 

pathogens in plant tissue (1,2,8,10,12,15,18,19,26,34). Cross-reaction with non- 

target fungi has been reported as a problem in polyclonal antibody based ELISAs 

designed to detect fungal pathogens in plants (8,9,18,31). However, polyclonal 

antisera highly specific for the target fungus also have been obtained (15).  Our 

objective was to develop ELISA for sensitive detection of A. anomala in 

inoculated C. avellana plants, to distinquish susceptible and immune genotypes. 

Indirectly, then, we required that the assay system detect plants with EFB- 

immunity conferred by the breeding parent Gasaway.  Propagation by grafting 

allows for the efficient replication of specific genotypes for use in greenhouse 

inoculations (4).  Application of ELISA in the rapid and reliable identification of 

susceptible genotypes is described herein.  A preliminary report has been 

published (6). 
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Materials and Methods 

Polyclonal antibody production. Ascospores of A. anomala were germinated 

aseptically on modified Murashige and Skoog agar medium (i.e. minus BSA) and 

subcultured to liquid medium (32).  Mycelium for antibody production was 

filtered and washed with phosphate buffered saline (PBS), pH 7.4, ground in 

liquid nitrogen and lyophilized.  Antiserum was produced by subcutaneous 

injections into two New Zealand white female rabbits of 10 mg lyophilized A. 

anomala mycelium suspended in 1 ml PBS and emulsified with 1 ml Freund's 

complete adjuvant (F5881, Sigma, St. Louis, MO) (13). Five booster injections 

of antigen suspension in Freund's incomplete adjuvant (F5506, Sigma, St. Louis, 

MO) were given every 5 wk after the initial immunization.  Fifty ml of blood 

were taken from each rabbit by cardiac puncture 2 and 3 wk after booster 

injections.  Blood serum was obtained by clotting the blood for 60 min at room 

temperature, ringing the clot and refrigerating overnight at 4 C, decanting the 

serum and centrifuging at 5,000 rpm at 4 C, adding 0.025% sodium azide, and 

freezing aliquots at -80 C.  ELISA results reported here were obtained with 

antiserum taken after the fifth booster injection of rabbit #13620. 

Protein extracts from 6 mg tissue samples prepared for immunoblotting in 

SDS reducing buffer and molecular weight standards (161-0304, Bio-Rad, 

Hercules, CA) were separated by sodium dodecyl sulfate-polyacrylamide gel 
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electrophoresis (SDS-PAGE) in a 12% gel (20).  Duplicate gels were run for 

each sample, with four replicate SDS-PAGE runs.   One gel was stained with 

0.5% coomassie blue (B0149, Sigma, St. Louis, MO) in 12.5% trichloroacetic 

acid and destained with 5% glacial acetic acid to visualize total protein.   Proteins 

from the second gel were transferred to polyvinylidene difluoride membranes 

with western blot transfer apparatus (37)(BioRad mini trans-blot electrophoretic 

transfer cell).  Gel-transferred proteins were immunoblotted using an antiserum 

dilution of 1:1000, goat anti-rabbit IgG coupled to alkaline phosphatase (A8025, 

Sigma, St. Louis, MO) diluted to 1:2000, and alkaline phosphatase substrate at 1 

mg/ml (SK5200, Vector Laboratories, Burlingam, CA). 

ELISA standardization. For indirect ELISA standardization, the procedure of 

Harlow and Lane (1988) was modified.  Homogenized, lyophilized C. avellana 

shoot-tissue samples of 6 mg were suspended in 1 ml of phosphate buffered saline 

(PBS, pH 7.4), vortexed for 10 sec and stored at 4 C.  A dilution series was 

prepared for each sample comprising Irl.TxlO2, lil.TxlO3, and 1:1.7x10* w/v, 

antigen to PBS.  Microtiter plates (25860, Coming, NY) were coated using 100 

/xl of diluted antigen per well in 96 cells/plate. Wells without samples were 

loaded with 100 ^1 PBS only.  The plates were incubated for 2 h at 37 C, washed 

three times with PBS, and blocked with 5% dry milk powder (170-6406, Bio- 

• Rad, Hercules, CA) dissolved in PBS, w/v (blocking buffer) overnight at 4 C. 

Plates were washed two times with PBS, and 50 /*! of antiserum diluted 1:500, 

1:1,000, 1:5,000 and 1:10,000 (v/v) in blocking buffer were added to the wells. 
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Plates were incubated for 2 h under moist conditions at room temperature.  Plates 

were washed with PBS, and 50 /A of alkaline phosphatase-conjugated goat anti- 

rabbit IgG (A8025, Sigma, St. Louis, MO) diluted 1:1,000, 1:2,000 or 1:5,000 

(v/v) in blocking buffer was added to the wells.  Plates were incubated for 2 h 

under moist conditions at room temperature.  Plates were washed three times with 

PBS and once with diethanoline buffer (pH 9.5). For the enzyme reaction, 50 /xl 

of substrate, ^-nitrophenyl phosphate (N9389, Sigma, St. Louis, MO) at 0.33 

mg/ml in diethanoline buffer was added to each well.  Plates were incubated 

overnight at room temperature under moist conditions.  OD readings were taken 

the next day using a TiterTek Microplate Reader set at dual wavelength readings 

405,590 nm, using PBS containing wells as zero-absorbance reference values 

(EL309, Flow Laboratories, Mclean, VA).  From these standardization data, 

reagent dilutions were selected that provided maximal differentiation between 

infected and healthy tissue samples. 

For evaluation of DAS-ELISA, anti-*4. anomala immuno gamma globulin 

(IgG) was prepared by two precipitations of antiserum with 18% sodium sulfate 

dialyzed against PBS between each precipitation/centrifiigation step.  IgG 

concentration was estimated by absorbance at 280 nm and adjusted to 1 mg/ml 

(A280nm=l-4)-  T*16 IgG-enzyme conjugate was prepared by adding alkaline 

phosphatase (P6774, Sigma, St. Louis, MO) and glutaraldehyde to the partially 

purified IgG. The DAS-ELISA procedure of Clark and Adams (1977) was 

modified.  Plates were coated with IgG diluted in carbonate buffer and incubated 
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4 hr at 37 C.  The tissue samples of 6 mg/ml were diluted in PBS with the 

addition of 20 g/L polyvinylpyrrolidone (PVP-360, Sigma, St. Louis, MO), 2 g/L 

ovalbumin (A4503, Sigma, St. Louis, MO) and 1 ml/L Tween 20 (1379, Sigma, 

St. Louis, MO).    The same dilutions of antigen, antiserum, conjugate and 

substrate were used as in the assay standardization for indirect ELISA. 

Inoculation of trees.  Dormant scion wood of C. avellana genotypes segregating 

for resistance was collected in December and grafted onto rootstock layers in 

January 1993 and 1994 and grown in the greenhouse at 24 C day/18 C night. 

The trees were planted in 3.7 L or 5 L pots containing a growth medium of 1:1:1 

of peat, pumice, and fine fir bark supplemented with ground limestone, 

Micromax micronutrients, and Osmocote slow release fertilizer.  The grafted 

trees were ready for inoculation in 6-8 wk when the shoots were expanded to four 

to five nodes. 

Cankered shoots that had been collected from diseased orchards in 

November-December of 1992 and 1993 were stored at -20 C in double 

polyethylene bags until ready for use as inoculum.  Ascospore suspensions were 

prepared by dissecting whole perithecia from stromata of A. anomala and 

suspending them in distilled water to a concentration of 1 x lO5 spores/ml (33). 

Three to five expanding shoots per tree were labeled and inoculated with the 

suspension three times each at weekly intervals using a hand-held pump sprayer. 

The trees were covered with polyethylene bags for five days after each 

inoculation to maintain high humidity (33).  Two layers of shade cloth were 
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placed over benches in the greenhouse to minimize heat buildup under the bags. 

Isolated control trees were sprayed with distilled water only and otherwise treated 

the same. 

Tissue samples from inoculated shoots and non-inoculated controls 

consisted of razor blade shavings of cambial and subcambial tissue ground in 

liquid nitrogen and lyophilized. Tissue samples were prepared for microscopic 

examination by hand-sectioning xylem from the shoots and staining with trypan 

blue in lacto-glycerol or lacto-phenol (33).  Samples were examined with a 

standard light microscope at 100 to 500 magnification. 

Two other fungi were isolated from the greenhouse-grown trees, 

Cladosporium cladosporioides and Fusarium sp., by culturing shoots on water 

agar and on potato dextrose agar (DF0013, Fisher, Pittsburgh, PA).  Fungal 

samples were prepared for ELISA by scraping mycelial mats from agar plate 

cultures, grinding them in liquid nitrogen, and lyophilizing them. 

Inoculation and detection of A. anomala in samples.  The standardized indirect 

ELISA was used to screen eleven inoculated cultivars including known 

susceptible and immune genotypes.  Microtitre plates were coated with a serial 

dilution of 6 mg/ml tissue samples in PBS (1:1.7x10* through 1:1.7x10s) and 

subsequent antiserum and conjugate dilutions were 1:1,000 and 1:2,000 

respectively.   Cross-reaction with healthy plant tissue and two other fungi isolated 

from greenhouse clones was also investigated using indirect ELISA. 
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A comparison of ELISA and microscopic examination was performed with 

60 trees from populations segregating for immunity.  Also included in the test 

were three susceptible and two resistant cultivars.  A single shoot inoculated from 

each seedling was divided into two samples, 20 wk after inoculation.  Each shoot 

was cut transversely and then subdivided length-wise. The opposite quarters 

were separated into two samples, one tested by indirect ELISA (10 mg/ml PBS) 

and the other examined microscopically.  Remaining shoots from the trees also 

were examined microscopically.  The comparison was repeated with another 60 

genotypes, including three inoculated shoots from each tree.  Five known 

susceptible and four known resistant genotypes were included in this comparison. 

Each sample was replicated three times per assay and the assays were repeated 

three times.  The threshold optical density value for ELISA positive reactions was 

set at the average negative control plus 3.5 times the standard deviation (35). 

Results 

ELISA standardization. The maximum differentiation of infected and healthy 

plant tissue was obtained at an antiserum concentration of 1 ng/ml for each 

conjugate concentration tested (Table 2.1).   Cross-reaction with host tissue 

occurred only at the highest antiserum concentration evaluated, 1:500.  An 



Table 2.1. Standardization of indirect enzyme-linked immunosorbant assay (ELISA) for detection of the fungal 
pathogen, A. anomala, in infected hazelnut shoots using dilution series of infected and healthy hazelnut tissue. 

Optical Absorbance' (405 nm) 

Tissue Antiserum Dilution 
Dilution 

1:500 1:1,000 1:5,000 1:10,000 

Conjugate Dilution' 

Infected 
hazelnut 

1:1,000 1:2,000 1:5,000 1:1,000 1:2,000 1:5,000 1:1,000 1:2,000 1:5,000 1:1,000 1:2,000 1:5,000 

1:170' 1.48 1.80 1.32 1.99 1.73 0.93 2.01 1.65 1.38 1.61 1.29 0.98 

1:1,700 1.99 1.69 1.07 1.79 1.68 1.03 1.81 1.82 1.01 1.85 1.51 0.98 

1:17,000 1.46 1.20 0.56 1.32 1.32 0.47 1.48 0.94 0.68 0.72 0.88 0.48 

1:170,000 0.66 0.40 0.11 0.37 0.55 0.12 0.97 0.32 0.17 0.20 0.30 0.11 

Healthy 
hazelnut 

1:170 0.38 0.04 0.00 0.02 0.01 0.00 0.00 0.00 0.02 0.00 0.00 0.01 

1:1,700 0.05 0.02 0.01 0.02 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 

1:17,000 0.05 0.02 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 

1 Absorbance readings below zero reported as zero. 
y Goat anti-rabbit antibody conjugated to alkaline phosphatase. 
x Initial concentration of hazelnut tissue is 6 mg/ml of PBS. 

to 
ON 
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antiserum concentration of 1 ng/ml and conjugate dilution of 1:2,000 were 

selected for the standardized indirect ELISA.  Partial purification of the antiserum 

to IgG resulted in a reduced signal from A. anomala and from infected host 

tissues relative to standardized indirect ELISA (data not shown).  No reaction to 

healthy host tissue occurred in DAS-ELISAs.  Indirect ELISA was selected as the 

more sensitive detection system for eastern filbert blight. 

Antiserum sensitivity and specificity. The results of the immunoblotting are 

shown in Figure 2.1.  The antiserum recognized many fungal proteins from A. 

anomala antigen preparations, many proteins from the infected host tissue, but 

none of the healthy host tissue proteins extracted.  The indirect ELISA results 

comparing A. anomala with infected host tissue, healthy host tissue, and two 

other fungi are presented in Figure 2.2.  C. cladsporioides, a common epiphyte 

and a Fusarium sp., were isolated from trees grown in the greenhouse and 

assayed for cross-reaction to the antiserum.  The selected antiserum detected A. 

anomala diluted l:1.7xl06 (600 ng/ml PBS) and A. anomala was detected in 

infected host tissue at a dilution of 1:1.7x10^ (data not shown).  The antiserum 

did not react to healthy-plant extracts at dilutions of > 1:1.7x102 (6 mg/ml PBS), 

a 10,000-fold higher extract concentration than l:1.7xl06 detection limit for 

infected tissues.  The antiserum cross-reacted with C. cladosporioides and to a 

much lesser extent with Fusarium sp. at tissue dilutions of < 1:1.7x103 tissue 

dilution. 
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Fig. 2.1.  Western blot analysis of protein extracts of A. anomala (lane 2) 
infected host tissue (lane 3) and healthy host tissue (lane 4) stained with antisemm 
diluted 1:1,000 and anti-rabbit IgG coupled to alkaline phosphatase diluted 
1:2,000.  Prestained low molecular weight markers ranging from 107 to 19 kDa 
are shown on the left (lane 1). 
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Figure 2.2. Antiserum sensitivity and specificity to fungal antigens from A. 
anomala, C. cladosporioides, and Fusarium sp. isolated from greenhouse-grown 
trees of hazelnut, and infected and healthy host tissue.  C. cladosporioides did not 
cross-react at tissue dilutions of 1:1.7x10*. In the indirect ELISA, dilutions for 
antiserum, conjugate, and substrate were 1:1,000, 1:2,000, and 0.33 mg/ml, 
respectively. 
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Detection in inoculated trees.  Based on ELISA results, greenhouse inoculations 

resulted in a 93 % infection rate in susceptible cultivars, whereas immune 

genotypes remained healthy.  The standarized indirect ELISA was tested on a 

dilution series starting with 6 mg/ml PBS of Cosford tissue 3.3 to 6 mo post- 

inoculation (data not shown).  The standardized indirect ELISA system was 

successful in detecting infected shoots of the cultivar Cosford and produced only 

correct diagnoses (as verified by microscope) from samples diluted up to 

lil.TxlO5 (data not shown). In several samples, at the highest tissue dilutions of 

1:1.7x10* and 1:1.1x10? the absorbance readings were close to the positive-test 

threshold.  One infected-tissue sample diluted 1:1.1x10? fell below the positive- 

test threshold resulting in a false negative.  Indirect ELISA was also tested on ten 

cultivars with post-inoculation intervals between 2.7 and 5.6 mo.  The lower 

tissue extract dilutions of l:l.lxl(? and 1:1.1x10? were used to reduce possible 

false negative ELISA readings.  Infected trees were thereby correctly detected 

with verification by microscopic examination.  A sample of the 1:1.7x10* results 

are listed in Table 2.2. 

In 1994, a comparison of indirect ELISA and microscopic detection 

techniques 20 wk after inoculation was conducted on 60 shoots from clones 

segregating for resistance (Table 2.3).  Indirect ELISA detected infection in 13 

shoots including shoots from three known susceptible cultivars.  The microscopic 
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Table 2.2.  Indirect ELISA detected eastern filbert blight infection in greenhouse 
inoculated cultivar tissue samples diluted 1:170 (6 mg/ml PBS) within three 
months post-inoculation. 

Genotype Disease 
Reaction11 

Months from 
inoculation 

Absorbancesy Diagnosis2 

Infected host S 12 1.57 Infected 

Healthy control S 2.7-5.8 0.02 Healthy 

Casina S 2.7 1.95 Infected 

Creswell S 2.7 0.82 Infected 

Gasaway R 2.7 0.04 Healthy 

TGDL S 2.7 1.36 Infected 

Barcelona S 3.3 0.39 Infected 

Casina S 3.3 0.44 Infected 

Ennis S 3.3 1.64 Infected 

Gasaway R 3.3 0.02 Healthy 

TGDL S 3.3 0.99 Infected 

Willamette S 3.3 1.99 Infected 

Gasaway R 4.3 0.04 Healthy 

Ennis S 4.3 0.55 Infected 

Ennis S 5.8 0.81 Infected 

VR6.28 R 5.8 0.02 Healthy 

x R = resistant and S = susceptible from previous field studies (29). 
y Absorbance values (A^s) were means of three wells. 
z ELISA-based positive threshold set at the average of the negative control plus 

3.5 standard deviations (s). 
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Table 2.3. Results of the comparison of indirect ELISA and microscopic 
examination of stained hand-sectioned inoculated tissue. 

Positive Negative False False Total 
diagnosis* diagnosis positive5' negative1' 

Comparison One 

Indirect FT ISA 13 47 0 V 60 

Microscopic 5 55 0 8y 60 
examination 

Comparison Two 

Indirect ELISA 23 37 0 lz 60 

Microscopic 24 36 0 0 60 
examination 

Positive threshold set at the average absorbance (A^) value for healthy 
controls per microplate, plus 3.5 (s). 
False negative as indicated by microscopic examination of the test shoot 
sub-sample. 
False negatives as indicated by indirect ELISA of the test shoot sub- 
sample and verified by reexamining of shoots from the inoculated test tree 
microscopically. 
False negative as indicated by microscopic examination.  One replicate 
A405 value was over the positive threshold, however the average was below 
the positive threshold.  Retesting by indirect ELISA indicated infection. 

technique failed to detect any infections, including those in the three known 

susceptible genotypes.  Microscopic re-examination of the hand-sections resulted 

in only five of the 13 ELISA-detected shoots correctly identified as infected. 

Indirect ELISA failed to detect one microscopically detected infected shoot.  This 

failure could be attributable to a sampling error since a sub-sample of one shoot 
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was tested by ELISA.  A second comparison test was conducted on an additional 

60 grafted clones including all of the replicate shoots from the inoculated clones 

(Table 2.3). Indirect ELISA detected 22 infected clones.  The five known 

susceptible and four known resistant genotypes were correctly identified.  The 

results were in agreement with microscopic detection of infection.  Indirect 

ELISA results were free of false positives or false negatives. 

Discussion 

An effective indirect enzyme-linked immunosorbent assay (ELISA) system 

was developed for early detection of eastern filbert blight infection in hazelnut 

(>2.7 mo post-inoculation).   DAS-ELISA was less sensitive than indirect 

ELISA, possibly due to the loss of IgG in the purification process or the loss of 

other immunoglobin classes important to A. anomala detection sensitivity.  For 

example, IgM class immunoglobins were reported in antiserum produced against 

human fungal pathogens Candida albicans, Histoplasma capsulation, and 

Madurella grisea (25).  Unlike many other polyclonal antisera to plant pathogenic 

fiingi, antiserum to A. anomala proved specific without healthy tissue cross- 

absorption (10,12,36). The indirect ELISA does cross-react with high levels of 

antigen prepared from pure culture of C. dadosporioides.  However, false 

positives were eliminated by diluting the samples to > Ll.TxlO3 and by assaying 

all the replicate trees.  Indirect ELISA allowed for more efficient and rapid 
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sampling of host tissue than did microscopic examination.  The frequency of false 

negatives due to sampling errors was reduced, especially in genotypes with 

moderate to high levels of quantitative resistance in the genetic background.  To 

reduce this number further, promising selections within the breeding program 

could be tested more than one year. 

Greenhouse inoculations provide reliable screening of progenies 

segregating for immunity from eastern filbert blight (4,16,33).  Indirect ELISA 

was used to identify genotypes with immunity to A. anomala in segregating 

populations of hazelnut.  The earliest consistent detection following inoculation in 

the greenhouse was 2.7 months.  Indirect ELISA did not pertain to quantitative 

resistance, since genotypes were classified either as infected or healthy. 

Identification of quantitative resistance to this destructive pathogen on C. avellana 

will continue to depend on field evaluation (5,29). Antiserum used in these 

studies is available to researchers interested in using ELISA to detect A. 

anomala, the causal organism of eastern filbert blight, in hazelnut upon request to 

S.A. Mehlenbacher. 



35 

References 

1. Airiouzou-Alladaye, E., Dunez, L, and Clerjeau, M. 1988. 
v^Immunoenzymatic detection of Phytophthora fragariae in infected 

strawbeny plants. Phytopathology 78:1022-1026.   J> ^€kS B^ 

2. Beckman, K.B., Harrison, J.G., and Ingram, D.S. 1994. Optimization of 
a polyclonal enzyme-linked immunosorbant assay (ELISA) of fungal 
biomass for use in studies of plant defence responses. Physiol. Molec. 
Plant Pathology 44:19-32. 

3. Glark, M.F. 1981. Immunosorbant assays in plant pathology. Ann. Rev. 
\ /Phytopathol. 19:83-106. 

4. Coyne, C.J., Smith, D.C., and Mehlenbacher, S.A. 1994. Inheritance and 
rapid screening for resistance to eastern filbert blight. (Abstr.). HortSci. 
29:433. 

5. Coyne, C.J., Smith, D.C., Mehlenbacher, S.A., Johnson, K.B., and 
Pinkerton, J.N. 1994. Comparison of two methods to evaluate the 
resistance of hazelnut genotypes to eastern filbert blight. (Abstr.). 
HortSci. 29:721. 

6. Coyne, C.J., Hampton, R.O., Pinkerton, J.N., Johnson, K.B., and 
Mehlenbacher, S.A. 1993. ELISA for screening of hazelnut seedlings for 
resistance to eastern filbert blight. (Abstr.) HortSci. 28:568.   r\£ i uffi 

7. Davison, A.D. and Davidson, R.M. 1973. Apiporthe and Monchaetia 
canker reported in western Washington. Plant Dis. Rep. 57:522-523. 

El Nashaar, H.M., Moore, L.W., and George, R.A. 1986.  Enzyme 
linked immunosorbant assay quantification of initial infection of wheat by 
Gaeumannomyces graminis var. tritici as moderated by biocontrol agents. 
Phytopathology 76:1319-1322. 

9.        Gerik, J.S., Lommel, S.A., and Huisman, O.C. 1987. A specific 
serological staining procedure for Verticillium dahliae in cotton root 
tissue. Phytopathology 77:261-266. 

Gleason, M.L., Ghabrial, S.A., and Ferriss, R.S. 1987. Serological 
detection of Phomopsis longicolla in soybean seeds. Phytopathology 
77:371-375. 



36 

11. Gottwald, T.R. and Cameron, H.R. 1980. Infection site, infection period, 
and latent period of canker caused by Anisogramma anomola in European 
filbert. Phytopathology 70:1083-1087. 

12.^Harrison, J.G., Rees, E.A., Barker, H. and Lowe, R. 1993. Detection of 
spore balls of Spongospora subterranea on potato tubers by enzyme-linked 
immunosorbant assay. Plant Pathology 42:181-186. 

13. Harlow, E. and Lane, D. 1988. Antibodies, A Laboratory Manual. Cold 
Spring Harbor Laboratory. Cold Spring Harbor, N.Y. 

14. Hazelnut Marketing Board. 1993. Tigard, OR. 

15. / Holtz, B.A., Karu, A.E., and Weinhold, A.R. 1994. Enzyme-linked 
v/     immunosorbant assay for detection of Thielaviopsis basicola. 

Phytopathology 84:977-983. 

16. Johnson, K.B., Pinkerton, J.N., Gaudreault, S.M., and Stone, J.K. 1994. 
Infection of European hazelnut by Anisogramma anomola: site of infection 
and effect of host development stage. Phytopatholgy (in press). 

17. Johnson, K.B., Pscheidt, J.W., and Pinkerton, J.N. 1993. Evaluation of 
chlorothalonil, fenarimol, and flisilazole for control of eastern filbert 
bUght. Plant Dis. 77:831-837. 

18. Johnson, M.C., Pirone, T.P., Siegel, M.R. and Vamey, D.R. 1982. 
v /    Detection of Epichloe typhina in tall fescue by means of enzyme-linked 

immunosorbant assay. Phytopathology 72:647-650. 

19. Kumar, V.U., Meera, M.S., Shishupala, S., and Shetty, H.S. 1993. 
v^Quantification of Sclerospora gramminicola in tissues of Pemisetum 

glaucum using an enzyme-linked immunosorbant assay. Plant Pathology 
42:252-255. 

20. Laemmli, E.K. 1970. Cleavage of structural proteins during the assembly 
of the head of bacteriophage T4. Nature 227:680-685. 

21. Mehlenbacher, S.A. 1994. Genetic improvement of the hazelnut. Acta 
Hortic. 351:23-38. 

22. Mehlenbacher, S.A., Pinkerton, J.N., Johnson, K.B., and Pscheidt, J.W. 
1994. Eastern filbert blight in Oregon. Acta Hortic. 351:551-556. 



37 

23. Mehlenbacher S.A., Thompson, M.M., and Cameron, H.R. 1991. 
Occurrence and inheritance of resistance to eastern filbert blight in 
'Gasaway' hazelnut. HortSci. 26:410-411. 

24. Miller, S.A. and Martin, R.R. 1988. Molecular diagnosis of plant disease. 
Annual Review of Phytopathology 26:409-432. 

25. Murphy, J.W., Friedman, H., and Bendinelli, M. 1993. Fungal infections 
and immune responses. Plenum Press, New York, N.Y. 

26. Nachmias, A., Bar-Joseph, M., Solel, Z., and Barash, I. 1979. Diagnosis 
^    of mal secco disease in lemon by enzyme-linked immunosorbent assay. 

Phytopathology 69:559-561. 

27. Osterbauer, N.K., Sawyer, T.L., Mehlenbacher, S.A., and Johnson, K.B. 
1994. Combining ability analysis of resistance to eastern filbert blight in 
selected hazelnut cultivars. (Abstr.). Phytopathology 84:1117. 

28. Peck, C.H. 1876. Report of the botanist. Rep. New York State Mus. 
28:27. 

29. Pinkerton, J.N., Johnson, K.B., Mehlenbacher, S.A., and Pscheidt, J.W. 
1993. Susceptibility of European hazelnut clones to eastern filbert blight. 
Plant Dis. 77:221-266. 

30. Pinkerton, J.N., Johnson, K.B., Theiling, K.M., and Griesbach, J.A. 
1992. Distribution and characteristics of the eastern filbert blight epidemic 
in western Oregon. Plant Dis. 76:1179-1182. 

31. Ricker, R.W., Marois, J.J., Dlott, J.W., Bostock, R.M., and Morrison, 
J.C. 1991. Immunodetection and quantification of Botrytis cinerea on 
harvested wine grapes. Phytopathology 81:404-411. 

32. Stone, J.K., Pinkerton, J.N., and Johnson, K.B. 1994. Axenic culture of 
Anisogramma anomola: evidence for self-inhibition of ascospore 
germination and colony growth. Mycologia 86:674-683. 

33. Stone, J.K., Johnson, K.B., Pinkerton, J.N., and Pscheidt, J.W. 1992. 
Natural infection period and susceptibility of vegetative seedlings of 
European hazelnut to Anisogramma anomola. Plant Dis. 76:348-352. 



38 

\^4^- Sundaram, S., Plasencia, J. and Banttari, E.E. 1991. Enzyme-linked 
immunosorbant assay for detection of Verticillium spp. using antisera 
produced to V. dahliae from potato. Phytopathology 81:1485-1489. 

35. Sutula, C.L., J.M. Gillett, S.M. Morrissey and D.C. Ramsdell. 1989. 
Interpreting ELISA data and establishing the positive-negative threshold. 
Plant Dis. 70:722-726. 

36. Takenaka, S. 1992. Use of immunological methods with antiribosome 
serums to detect snow mold fungi in wheat plants. Phytopathology 82:896- 
901. 

37. Towbin, H., Staehelin, T., and Gordon, J. 1979. Electrophorectic transfer 
of proteins from polyacrylamide gels to nitrocellulose sheets: procedure 
and some applications. Proc. Natl. Acad. Sci. 76:4350-4354. 



39 

CHAPTERS 
COMPARISON OF TWO METHODS TO QUANTIFY RESISTANCE TO 

EASTERN FILBERT BLIGHT 

CJ. Coyne, S.A. Mehlenbacher, D.C. Smith, J.N. Pinkerton, and K.B. Johnson 

To be submitted to the Journal of the American Society for Horticultural Science, 
American Society for Horticultural Science, 

Alexandria, VA 



40 

Abstract 

Two methods for screening hazelnut {Corylus avellana L.) for resistance 

to eastern filbert blight were compared for the ability to differentiate resistance 

among genotypes.   One method utilized a field plot in a randomized block design 

with inoculated trees planted in the borders as the disease source. The second 

method consisted of exposing three sets of potted clones to high doses of 

inoculum in 1990 (Pinkerton et al., 1993), 1992, and 1993.  Three years of 

disease incidence (%) and a ratio of cankered wood were significantly correlated 

each year between the two methods. However, two genotypes with no disease 

after four years in the field plot had disease incidence of over 70% in the 1990 

potted tree study.  A map of the field plot disease incidence indicates that the 

inoculum was present throughout the blocks.  The disease incidence and ratio of 

cankered wood were highest in the 1993 set of potted clones, but was still 

significantly correlated to the field plot and the two other sets of potted trees 

(1990 and 1992). 

Introduction 

Resistant cultivars are a promising disease control method for eastern 

filbert blight which is devastating hazelnut production in Oregon (Mehlenbacher, 

1991; Pinkerton et al., 1992). The predominant cultivars are susceptible 

(Cameron, 1976).  Current control recommendations include pruning diseased 
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limbs and three to six fungicide spray applications in the spring (Johnson et al., 

1994).  Genetic resistance in new hazelnut cultivars offers the most economical 

long term solution. A major goal of the Oregon State University (OSU) hazelnut 

breeding program is to develop eastern filbert blight resistant cultivars 

(Mehlenbacher, 1991). 

Eastern filbert blight, caused by the fungus Anisogramma anomala, was 

first reported in 1973 in southwest Washington (Davison and Davidson, 1973). 

By 1980, the epidemic had spread throughout southwest Washington where it has 

eliminated commercial production (Gottwald and Cameron, 1980).  Eastern filbert 

blight was found in Oregon's major production area in 1986 (Pinkerton et al. 

1992).  The epidemic continues to expand through Oregon's Willamette valley, 

however, weather patterns have slowed disease progress southward (Pinkerton et 

al., 1994).  The disease is spread by ascospores discharged from perithecia of 

perennial cankers found on diseased branches (Gottwald and Cameron, 1980). 

Infection of hazelnut shoots occurs from budbreak in February or March through 

the end of May (Stone et al., 1992; Johnson et al., 1994).  The annual expansion 

of cankers girdles limbs, killing mature trees in 4-10 years (Gottwald and 

Cameron, 1980). 

Genetic resistance was first identified in the pollenizer 'Gasaway' 

(Cameron, 1976).  Crosses were made with susceptible female parents and 

progeny segregation ratios indicated that immunity was conferred by a single 

dominant gene from 'Gasaway' immunity (Mehlenbacher et al., 1991b).  Four 
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immune pollenizers for the main cultivar 'Barcelona' were selected from the first 

generation seedlings (Mehlenbacher and Thompson, 1991).  This immunity gene 

has been used in additional generations of backcrossing (Coyne et al, 1994a).  A 

rapid and reliable greenhouse screening procedure has been developed to identify 

immune progeny carrying the 'Gasaway' resistance (Coyne et al., 1994b). 

Hazelnut cultivars vary in degree of susceptibility from highly susceptible 

'Daviana' and 'Ennis' to resistant 'Tonda di Giffoni' (Pinkerton et al., 1993). 

However, the greenhouse screening protocol did not differentiate quantitative 

levels of resistance (Coyne et al., 1994b). 

A method to assess the level of susceptibility of cultivars and selections 

from the breeding program was needed for successful breeding of new resistant 

cultivars (Mehlenbacher, 1991).  In this paper, we compare two such methods. 

Materials and Methods 

Two studies were begun in 1990 to investigate genetic resistance in 

hazelnut clones, including the commercially important cultivars 'Barcelona', 

'Ennis', and 'Casina', and OSU's latest release 'Willamette' (Mehlenbacher et 

al., 1991a). The first study evaluated the level of resistance to eastern filbert 

blight by exposing potted trees under platforms holding diseased branches 

(Pinkerton et al., 1993). For the second study, a duplicate set of the same clones 

was planted in a field plot to verify the disease reactions of the shorter term 
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potted tree study.  Two more sets of potted clones were also exposed under 

platforms in 1992-93 and in 1993.  Three years of field plot data are presented 

here, along with correlations with three potted tree experiments. 

Potted Tree Studies. Rooted layers were obtained from the Oregon State 

University hazelnut breeding program nursery, grown one year in nursery rows, 

dug, and placed in cold storage until use.  Trees were placed in 7-liter pots with 

a soilless mix of 1 peat: 1 pumice: 1 fine bark dust by volume supplemented with 

slow release fertilizer (Osmocote 18N-6P-12K).  Potted trees were exposed to 

inoculum by placement under wire mesh platforms topped with diseased hazelnut 

branches bearing perithecia of A. anomala as described by Pinkerton et al. 

(1993). The first set was exposed March-May, 1990; the second set March-June, 

1992 and again in 1993; and the third set March-June, 1993, at the Southwest 

Washington Experiment Station in Vancouver, WA.  A randomized block design 

was used with 4 trees under each of three wire mesh platforms (block) for each 

set.  Rainfall was supplemented by two overhead sprinklers on each platform as 

suggested by Pinkerton et al. (1993).  Spore traps of plastic gutters were placed 

under the three structures to verify ascospore release and rainwater/irrigation 

runoff was collected monthly during the exposure periods (Pinkerton et al., 

1993). 

Field Study.  A field plot of 44 genotypes was planted in a randomized block 

design on March 23, 1990 at the Southwest Washington Experiment Station in 

Vancouver, WA.  The same rooted layered nursery stock was planted as was 
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used in the potted tree studies.  Nine trees/genotype were planted in groups of 

three in three blocks, two rows per block. Included were 32 genotypes used in 

the 1990 potted tree study, seven genotypes used in the 1992-93 potted tree study, 

and 24 genotypes used in the 1993 potted tree study.  Trees were spaced three 

feet apart in the rows and six feet between rows.  The plot was maintained with 

similar practices found in commercial hazelnut orchards including summer 

irrigation with sprinklers, annual applications of granular fertilizer, and weed 

control with herbicides.  Suckers were controlled by hand-pruning except in the 

disease source rows which were unpruned.  The disease source were inoculated 

'Butler' trees for the field planting.   'Butler' trees (and a few 'Ennis') were 

planted every third row (separating the blocks) and as the border row on all four 

sides of the plot.  Every third 'Butler' tree planted was previously exposed to 

disease in adjacent plot 1989 and transplanted to the field plot. Two spore traps 

were placed in the field plot and collections were made monthly March-May in 

1992 and 1993 as described by Pinkerton et al. (1993). 

Data Collection. Disease evaluations were done in the field plot after leaf fall to 

facilitate identification and measurement of cankers.   Cankers developed 12-18 

months post-inoculation and reached maturity in the fall of each year.  Three 

years of field disease data were collected in the winters of 1991 (12-30-91 and 1- 

6-92), 1992 (1-6-93), and 1993 (1-11-94 and 3-8-94). Three data points were 

recorded for each tree: trunk diameter (mm) at 25 cm above soil line, number of 

cankers, and total canker length (cm).  The same data points were collected on 
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the 1992-93 and 1993 potted tree sets in August 1993 and September 1994, 

respectively.  Spore trap counts were done after filtering a subsample of the 

rain/irrigation runoff through membranes and staining the spores with 0.05% 

(w/w) trypan blue in lactoglycerine for microscopic examination (Stone et al., 

1992). 

Data Analyses.  Disease incidence was calculated as the percentage of trees 

infected of each replication (block) and then averaged.  The ratio of wood 

cankered used in the analysis was calculated by dividing total canker length by 

trunk cross-sectional area to adjust for differences in tree size (Westwood and 

Roberts, 1970).  Spearman's rank correlation coefficient (r.) was calculated for 

disease incidence (%) and ratio of cankered wood between the potted tree studies 

and the field plot (Daniel, 1978).  Due to tree death in the field plot, only 29 of 

the 32 duplicate set of genotypes were included.  Friedman's two-way analysis of 

variance for each of the three years of field data, and 1992 and 1993 potted tree 

studies' disease incidence and proportion of cankered wood were performed using 

ranks and the general linear model procedure with mean separation using the 

equivalent of Fisher's protected LSD in the Statistical Analysis System 

(SAS)(Daniel, 1978; SAS Institute, 1988). 
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Results 

The clones tested in both the 1990 potted tree study and the field plot are 

listed in Table 3.1.  Results of the 1990 potted tree test disease incidence and 

proportion of wood cankered were reported by Pinkerton et al. (1993). The 

genotypes are listed starting with the most susceptible based on disease incidence 

in field plot in 1993. Disease incidence in the 1990 potted trees and three years 

of field plot data are included in Table 3.1.  Nonparametric analysis of variance 

on the within block ranks for disease incidence and proportion of tree cankered 

were significantly different among genotypes (P<0.0001) in the 1990 potted tree 

experiment and the field plot in 1992 and 1993, but not in 1991. 

Table 3.1.  Comparison of disease incidence of the 1990 structure exposed potted 
tree study (Pinkerton et al., 1993) with three years of the field plot data.  Mean 
separation based on 1993 field plot disease incidence. 

Disease Incidence2 

Clone Potted trees Field plot Field plot Field plot 
1990 1991 1992 1993 

Cosford 83 55(77 88 100 ax 

Tonda Romana 100 11(9) 77 100 ab 

Ennis 80 11(9) 88 100 ab 

Rode Zeller 91 11(9) 44 100 ab 

Neue Riesennuss 100 22(9) 66 100 ab 

OSU 23.017 100 22(9) 88 88 a-c 

Daviana 85 22(9) 77 88 a-c 

Negret 55 22(9) 44 66 b-d 
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Disease Incidence 

Clone Potted trees 
1990 

Field plot 
1991 

Field plot 
1992 

Field plot 
1993 

Casina 62 5(18) 39 61 cd 

Nooksack 83 0(8) 37 50 ed 

TGDLW 100 12(8) 50 57 ed 

Henneman #3 66 0(8) 37 50 ed 

Brixnut 88 0(7) 28 43 d-f 

OSU 41.083 25 0(9) 22 44 d-f 

Giresun 54.001 66 0(9) 22 22 d-f 

Ribet 41 0(9) 11 33 d-g 

Montebello 91 0(9) 22 33 d-g 

Barcelona 89 0(17) 0 24 e-g 

Hall's Giant 74 0(9) 22 22 e-g 

Creswell 16 0(9) 22 fg 

Segorbe 55 11(9) 11 fg 

Italian Red 41 0(9) 11 fg 

Bulgaria XI-8 25 0(9) 11 fg 

Gem 0 0(9) 11 fg 

Willamette 72 0(9) 0 0 g 

Tombul Ghiaghli 75 0(9) 0 0 g 

Tonda di Giffoni 33 0(9) 0 0 g 

Camponica 25 0(9) 0 0 g 

Gasaway 0 0(7) 0 0 g 

z Disease incidence is the percentage of trees with eastern filbert blight. 
y  Number of trees in parenthesis. 
x Means with the same letter are not significantly different, Fisher's protected LSD (P=0.05). 

1993 potted tree study data. 
w TDGL is Tonda Gentile delle Langhe. 
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The correlation between the 1990 potted tree study proportion of cankered 

wood with the field plot ratio of cankered wood are presented in Figure 3.1 with 

the 1992 field plot data and Figure 3.2 with the 1993 field plot data.  In 1992, 

three outliers had no disease in the field plot but over 70% infection in the 1990 

potted tree study.   'Barcelona', Tombul Ghiaghli', and 'Willamette' had no 

disease in the second year of data collection in the field plot (1992), while disease 

incidence was 70%, 75%, and 72%, respectively, in the potted tree study.  In the 

third year (1993), two clones 'Tombul Ghiaghli' and 'Willamette' remained free 

of cankers in the field plot.  However, 'Barcelona' field plot disease incidence 

was highly correlated by 1993 with the 1990 potted tree study. 

Disease incidence and ratio of cankered wood was significantly correlated 

between each year of the field plot and the 1990 potted tree study disease 

incidence and proportion of cankered wood (Table 3.2). The disease incidence 

correlation in each year of field data was highly significant (P^O.OOl). The 

correlations based on ratio of cankered wood was lower, but still highly 

significant.  Disease incidence in the three potted tree studies were highly 

correlated.  Correlations based on the 1990 proportion of cankered wood to the 

ratio of 1992 and 1993 studies are lower in these comparisons but still significant. 

Correlations with the 1992 potted tree study were lower but the number of clones 

compared was only seven.  However, the 1992 potted tree study was highly 

correlated (P< 0.001) with the 1993 potted tree disease incidence and ratio of 

wood cankered when 23 genotypes were compared. 
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Table 3.2. Spearman's rank correlation coefficient (rs) based on disease incidence (above diagonal) (% trees infected) and 
based on proportion of cankered wood (below diagonal). 

Field Plot 1991 Field Plot 1992 Field Plot 1993 Potted trees 
1990 

Potted trees 
1992 

Potted trees 
1993 

Field Plot 
1991 

— r^o.sr" 
nz = 29 

r9 = 0.75'*' 
n = 29 

r^O.61*** 
n = 29 

rs = 0.61nS 

n = 7 
r8 = 0.62--- 
n = 24 

Field Plot 
1992 

rs=0.75••• 
n = 29 

— rs = 0.93•,* 
n = 29 

r^o.es"- 
n = 29 

r5 = 0.72* 
n = 7 

rs = 0.74"- 
n = 24 

Field Plot 
1993 

r8 = 0.75"* 
n = 29 

r^O^'*' 
n = 29 

— rs = 0.64'" 
n = 29 

r, = 0.81* 
n = 7 

r8 = 0.74**> 

n = 24 

Potted trees 
1990 

rs = 0.52** 
n = 29 

r^o.sr* 
n = 29 

rs = 0.62'-- 
n =29 

— rs = 0.66nS 

n = 7 
r8 = 0.72••• 
n = 22 

Potted trees 
1992 

rs = 0.54NS 

n = 7 
rs ^^S" 
n = 7 n = 7 

r9 = -O.OT* 
n = 7 

— r^O^'" 
n = 22 

Potted trees 
1993 

rs = 0.44* 
n = 24 

rs = 0.52-* 
n = 24 

rs = 0.49" 
n = 24 

r8 = 0.54" 
n = 22 

r^O.79"* 
n = 22 

— 

NS,*, ", "* Not significant or significant at P<0.05, 0.01, 0.001, respectively. 
1 n = number of genotypes used to calculate correlation coefficients. 

U\ 
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Comparisons of ratio of cankered wood of the 1993 potted trees with the 

1993 field plot and the two other potted tree sets (1990 and 1992-93) are plotted 

in Figures 3.3, 3.4, and 3.5. Each test differentiated resistance among genotypes 

(P<0.001).  Notable outliers are found in comparison with the field plot and the 

1990 potted tree study (Figures 3.3 and 3.4).  OSU 179.061 was the most 

susceptible genotype under 1993 potted tree exposure, yet had no disease in the 

field plot after three years of exposure to eastern filbert blight.  Two clones, 

'Tombul Ghiaghli' and 'Tonda Gentile delle Langhe', were more susceptible and 

two clones, 'Negret' and 'Cosford', were more resistant in the 1990 potted tree 

set than in the 1993 potted tree study. 

Table 3.3 summarizes ascospore counts from the field plot (1992 and 

1993) and from the three sets of potted trees (1990, 1992, and 1993).  The 

inoculum dose in the 1990 potted tree study was 500x that in the field planting. 

Table 3.3. Ascospore counts from spore traps placed in the canopies of the 
potted trees (three traps, one per structure) and the field plot (two traps). 

Study Collection Period Spore/m2/dayz 

1990 Potted trees 2-9 to 5-6 2.0 x 106 

1992 Potted trees 3-3 to 5-27 3.8 x 105 

1993 Potted trees 3-1 to 5-11 5.3 x 105 

1992 Field plot 3-3 to 5-12 4.1 x 103 

1993 Field plot 3-1 to 6-18 4.1 x 103 

Averaged spore counts from collection intervals ranging from 14 to 30 days. 
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The inoculum period for the 1990 potted tree study that ran from Feb 9-Apr 6 

and the mean rate of ascospore density was 1.3 x 10 6 spores per m2 of trap 

surface per day and the second inoculum period from April 6-June 1 was 3.1 x 

106. The spore density was much lower in the field planting: 3 x 103, 6 x 103, 

and 3 x 103 spores were trapped per m2 in March, April, and May 1992, 

respectively.  The 1993 spore density in the field plot was similar.  The inoculum 

level was lower in the 1992-93 and 1993 sets of potted trees, but still much 

higher than the field plot.  Disease intensity based on ratio of cankered wood was 

highest in the 1993 potted tree set (Appendix A.l, A.2, A.3) although the 

average spore count was lower than the 1990 set.  Inoculum was present 

throughout the blocks in the field plot as indicated by disease incidence in 1993 

(Figure 3.6). 
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Figure 3.6- Map of the disease incidence in the 1993 field plot. 0 = healthy, X = infected, and — = dead or missing tree. 
Note the      border rows are not shown. 
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Discussion 

Disease incidence in the field plot study in 1991, 1992, and 1993 was 

highly correlated with that in the 1990 potted tree study.     These correlations 

indicate good agreement of results of the two methods of assessing levels of 

resistance to eastern filbert blight.  The potted tree technique can be used with 

confidence in evaluating germplasm within the hazelnut breeding program.  The 

1992 and 1993 potted trees also supports this conclusion.  Quicker results were 

obtained with the potted tree study with results in only 18-24 months versus four 

years with the field plot.  The time to obtain disease resistance information on 

clones is especially significant for tree crop breeding on account of the long 

breeding cycle (Hansche, 1983).  The potted tree system can be used to identify 

new sources of genetic resistance in plant introductions and other Corylus species. 

Several very susceptible clones and very resistant clones have been identified 

and/or confirmed.  These can now be used in future screening efforts to reduce 

variability among replications by comparing disease reactions with well- 

characterized genotypes from the field and high-inoculum screening protocols. 

The three years of data from the field plot revealed interesting outliers 

with regards to disease spread in the orchard under relatively low inoculum 

dosage.   'Barcelona' 'Tombul Ghiaghli', and 'Willamette' were ranked low to 

moderately susceptible based on the field plot and two of the three potted tree 

sets.   'Tombul Ghiaghli' and 'Willamette' were still disease-free in the third year 
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of field plot data which supports this conclusion.  In the case of 'Barcelona', this 

is in agreement with observations made in commercial orchards in the Pacific 

Northwest (Cameron, 1976).  OSU 179.061 was the most susceptible genotype 

under 1993 potted tree exposure, yet developed no disease in the field plot after 

three years. 

The use of trunk cross-sectional area was an efficient method to estimate 

tree size for adjusting the ratio of cankered wood.  Actual trunk and branch 

lengths were measured for the 1991 field plot and were used for calculating the 

proportion of disease in the 1990 potted tree study.  However, it would be 

difficult and laborious to measure branch and twig length on trees (n=620) after 

four years of growth in the field plot (three plus meters in height) and the trees 

used in 1992 and 1993 potted tree studies (n = 1460). 

In conclusion, there is good repeatability in the potted tree studies, at least 

enough to identify the most susceptible genotypes in the breeding program.  The 

potted trees and the field plot gave similar results, but the potted tree method is 

much quicker.  Future screening of selections should include several of the well 

characterized very susceptible and very resistant cultivars from these tests to 

minimize the year-to-year variations due to environmental factors. 



60 

References 

Cameron, H.R. 1976. Eastern filbert blight established in the Pacific Northwest. 
Plant Dis. Reptr. 60:737-740. 

Coyne, C.J., D.C. Smith, and S.M. Mehlenbacher. 1994a. Breeding hazelnuts 
resistant to eastern filbert blight. Proc. Nut Growers Soc. of OR, WA, and B.C. 
79:92-96. 

Coyne, C.J., D.C. Smith, and S.M. Mehlenbacher. 1994b. Inheritance and rapid 
screening for resistance to eastern filbert blight. HortScience 29:506. (Abstr.). 

Daniel,W.W. 1978. Applied Nonparametric Statistics. Houghton Mifflin Co., 
Boston, MA. 

Davison, A.D. and R.M. Davidson, Jr. 1973. Apioprothe and Monochaetia 
cankers reported in western Washington. Plant Dis. Rptr. 57:522-523. 

Gottwald, T.R. and H.R. Cameron. 1980. Disease increase and the dynamics of 
spread of canker caused by Anisogramma anomala in European filbert in the 
Pacific Northwest. Phytopathology 70:1087-1092. 

Hansche, P.E. 1983. Response to selection, p. 154-171. In: J.N. Moore and J. 
Janick (eds.). Methods in fruit breeding. Purdue Univ. Press, West Lafayette, 
IN. 

Johnson, K.B., J.N. Pinkerton, S.M. Gaudreault, and J.K. Stone. 1994. Infection 
of European hazelnut by Anisogramma anomala: site of infection and effect of 
host developmental stage. Phytopathology (in press). 

Mehlenbacher, S.A. 1991. Hazelnuts (Corylus), In: J.N. Moore and J.R. 
Ballington (eds.). Genetic resources of temperate fruit and nut crops. Acta 
Hortic. 290:791-836. 

Mehlenbacher, S.A., A.N. Miller, M.M. Thompson, H.B. Lagerstedt, and D.C. 
Smith. 1991a. 'Willamette' hazelnut. HortScience 26:1341-1342. 

Mehlenbacher, S.A. and M.M. Thompson. 1991. Four hazelnut pollenizers 
resistant to eastern filbert blight. HortScience 26:442-443. 



61 

Pinkerton, J.N., K.B. Johnson, K.T. Theiling, and J.A. Griesbach. 1992. 
Distribution and characteristics of the eastern filbert blight epidemic in western 
Oregon. Plant Dis. 76:1179-1182. 

Pinkerton, J.N., K.B. Johnson, S.A. Mehlenbacher, and J.W. Pscheidt. 1993. 
Susceptibility of European hazelnut clones to eastern filbert blight. Plant Dis. 
77:261-266. 

Pinkerton, J.N., K.B. Johnson, and D.E. Aylor. 1994. Release and dispersal of 
ascospores of Anisogramma anomala in European hazelnut plantings. 
Phytopathology 84:1070. (Abstr.) 

SAS Institute. 1988. SAS procedures guide. Release 6.03. SAS Inst., Gary, N.C. 

Stone, J.K., K.B. Johnson, J.N. Pinkerton, and J.W. Pscheidt. 1992. Natural 
infection period and susceptibility of vegetative seedlings of European hazelnut to 
Anisogramma anomala. Plant Dis. 76:348-352. 

Westwood, M.N. and A.N. Roberts. 1970. The relationship between trunk cross- 
sectional area and weight of apple trees. J. Amer. Soc. Hort. Sci. 95:28-30. 



62 

CHAPTER 4 
SOURCES OF RESISTANCE TO EASTERN FILBERT BLIGHT IN 

HAZELNUT 

C.J. Coyne, S.A. Mehlenbacher, and D. C. Smith 

Prepared for submission to Journal of the American Society for Horticultural 
Science, 

American Society for Horticultural Science, 
Alexandria, VA 



63 

Abstract 

Eastern filbert blight caused by Anisogramma anomala (Peck) E. Muller is 

a serious disease of the European hazelnut (Corylus avellana L.).  U.S. hazelnut 

production is threatened by this fungal disease and all commercially important 

cultivars are susceptible.  Resistant cultivars offer the best control method. The 

single dominant gene for immunity from 'Gasaway' is currently being used in 

breeding but additional sources of resistance would be highly desirable.  In this 

study we confirmed that the immunity of 'Gasaway' is conferred by a single 

dominant gene.  Seedlings of 'Gem' were all susceptible and seedlings of 

'Zimmerman' segregated for resistance following greenhouse inoculation.  Clones 

or seedlings of six. other species (C. columa L., C. comuta Marshall, C. 

heterophylla Fischer, C. sieboldiana Blume, C. amencana Marshall, and C. 

jacquemontii Decaisne) and several interspecific hybrids with C. avellana were 

screened.   C. comuta var. califomica,  C. heterophylla, and C. sieboldiana 

clones were resistant, as were most C. americana clones and seedlings, and one 

C. columa clone of two tested.   C. comuta var. comuta seedlings were resistant. 

C. jacquemontii seedlings were highly susceptible, as were two rootstock 

cultivars believed to be C. columa x C. avellana hybrids.  Five C. americana x 

C. avellana hybrids were highly resistant under field conditions.  One of four C. 

comuta x C. avellana and two of three C heterophylla x C. avellana hybrids 
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were highly resistant.  These new sources of resistance are being used to broaden 

the genetic base of the resistance breeding effort. 

Introduction 

U.S. European hazelnut (Corylus avellana) production, centered in the 

Willamette Valley in Oregon, is threatened by eastern filbert blight.  The causal 

fungus, Anisogramma anomala, is an endemic parasite of the eastern North 

American hazelnut C. americana (Peck, 1876). The disease is very destructive 

on European hazelnut (Fuller, 1910; Barss, 1921).  Eastern filbert blight has a 

long latent period of 12-16 months in the field (Gottwald and Cameron, 1980a). 

Yields of infected trees decline and trees are killed in 5-15 years (Gottwald and 

Cameron, 1980a, 1980b).  In 1973, the disease was identified in southwest 

Washington state orchards of European hazelnut (Davison and Davidson, 1973). 

By 1986, eastern filbert blight had moved into Oregon's Willamette valley and by 

1992 had spread through the northern third of the production area (Pinkerton et 

al., 1992).  The predominant cultivars in Oregon, 'Barcelona', 'Ennis', 'Butler', 

'Daviana' and 'DuChilly', are rated as moderately to highly susceptible 

(Pinkerton et al., 1993). 

An important objective of the Oregon State University breeding program 

has been to develop cultivars resistant to eastern filbert blight for the blanched 

kernel market.  The first source of resistance to be utilized was an obsolete 
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pollenizer 'Gasaway' (Mehlenbacher et al., 1991).  Progeny of 'Gasaway' 

segregated 1:1 indicating a single dominant gene.  Four 'VR' (Vancouver 

Resistant) selections, all seedlings of 'Gasaway', were released as resistant 

pollenizers for the major cultivar 'Barcelona' (Mehlenbacher and Thompson, 

1991). These and other horticulturally superior 'VR' selections were used as 

parents starting in 1987. The resistance obtained from 'Gasaway' results in 

immunity to the eastern filbert blight fungus (Mehlenbacher et al., 1991; 

Pinkerton et al., 1993; Coyne et al., 1993). 

Resistant seedlings were identified in progeny of 'Gasaway' based on the 

absence of cankers after 6 to 10 years as the disease naturally spread through the 

field (Mehlenbacher et al., 1991).  Screening using potted trees placed under 

structures topped with diseased branches has been used to reduce the time to two 

years (Pinkerton et al., 1993).  However, escapes are common as 10% of the 

trees did not produce symptomatic stromata until 24-27 months after inoculation 

due to the long life cycle of A. anisogramma (Pinkerton et al., 1993). An 

efficient, rapid screening system was needed to identify progeny with the 

'Gasaway' immunity in the segregating populations and to identify new sources of 

genetic resistance. 

Additional sources of genetic resistance would be highly desirable 

(Simmonds, 1983), as it is possible that a new race able to overcome the 

'Gasaway' resistance could evolve (Flor, 1956). The wide range of reactions of 

C. avellana clones in screening using potted trees and structures suggests that 
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multiple resistance mechanisms are present and exploitable through breeding 

(Pinkerton et al. 1993).  For example, 'Willamette', released from the program in 

1991, was less susceptible than current cultivars (Mehlenbacher et al., 1991; 

Pinkerton et al., 1993).  High levels of resistance were found in the cultivar 

'Gem' and in a resistant tree designated 'Zimmerman' identified next to a 

diseased orchard (Pinkerton et al., 1993; Coyne et al., 1994).  Controlled crosses 

were made to determine if reistance from these two sources was heritable. 

Other Corylus species offer the possibility of additional sources of 

germplasm to broaden the base of genetic resistance to eastern filbert blight 

(Mehlenbacher, 1991). American hazelnut, C. americana, the native host of A. 

anomala, is a source of resistance or tolerance (Ellis and Everhart, 1892).  Many 

selections were made from hybrids with C. avellana since 1917 to combine 

resistance and cold-hardiness with good nut quality (Reed, 1936; Weschcke, 

1954; Mehlenbacher, 1991).  The North American beaked hazel, C. comuta var. 

comuta, and var. califomica may also be resistant to eastern filbert blight 

(Fuller, 1910; Barss, 1930).  No symptoms were observed on C. comuta var. 

califomica growing adjacent to diseased orchards in Washington (Davison and 

Davidson, 1973).  Two tree species, the Indian tree hazel C. jacquemontii and the 

Turkish tree hazel C. columa, were reported to be immune or highly resistant 

(Farris, 1969).  The reaction of two Asian shrub species, C. sieboldiana and C 

heterophylla, to eastern filbert blight was unknown (Mehlenbacher, 1991). 
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The objectives of this study were to confirm that resistance in 'Gasaway' 

is conferred by a single dominant gene, to investigate the inheritance of resistance 

in seedlings of 'Gem' and 'Zimmerman', and to evaluate other Corylus species 

and interspecific hybrids for their rection to eastern filbert blight. 

Materials and Methods 

Propagation.  Plant material sources for field and greenhouse eastern filbert 

resistance studies are summarized in Table 4.1.  Seedling populations from 

controlled crosses of C. avellana were screened in the greenhouse: four progenies 

in 1992, four in 1993 and three in 1994.  Selected seedlings from 14 additional 

crosses were tested in 1994.  Scion wood was collected in December from 

seedlings growing at the Smith Vegetable Research Farm in Corvallis and grafted 

onto C. avellana layered rootstocks in January of 1992, 1993, and 1994. 

Resistant and susceptible parents were included as controls.  Scion wood of the 

other Corylus species and interspecific hybrids were collected in December, 1991 

and grafted onto C. avellana rootstocks in January, 1992.  Three or four grafted 

trees of each genotype were grown in the greenhouse at 24/18C (day/night). The 

trees were planted in 3.7-liter or 5-liter pots in a soilless mix of 1 peat: 1 

pumice: 1 fine bark dust by volume plus Micromax micronutrients and grown 

under optimum conditions of daily watering and fertilization (9 g of 3-4 month 

release Osmocote 13N-5.7P-10.8K per pot and Peter's 20N-8.7P-16.6K as 
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needed).  They were ready for inoculation in 4-6 weeks, when they were moved 

to a locked greenhouse at 21/18C (day/night). 

Table 4.1. Plant material sources for field and greenhouse eastern filbert 
resistance studies. 

Progeny Source 

Type of Inoculation 

Greenhouse     Structures 

7 progenies segregating for 
Gasaway gene (C. avellana) 

Grafted trees or 
seedlings 

X 

3 progenies (C. avellana) Grafted trees X" 

5 progenies (C comuta var. 
comuta) 

Seedlings X 

1 progeny (C. americana) Seedlings 

C. americana Grafted trees X" 

C. jacquemontii Grafted trees X" 

C. columa Grafted trees X" 

C. comuta var. califormca Grafted trees x* 
C. heterophylla Grafted trees x* 
C. sieboldiana Grafted trees X" 

C. comuta x C. avellana cv. 
OSU 55.129 

Grafted trees X" 

C. heterophylla x C. avellana 
cv. OSU 55.129 

Grafted trees x* 

C. columa x C. avellana 
(Dundee and USOR 5-70) 

Layers 
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Table 4.1, continued. 

Type of Inoculation 

Progeny Source Greenhouse     Structures 

C. americana - C. avellana Layers X 
hybrids (NY F45, NY 104, 
NY 110, NY 200, and NY 
616)  

z OSU 55.129 is a 'Tonda Gentile delle Langhe' x 'Extra Ghiaghli' hybrid. 
y Inoculated in the greenhouse, evaluated in the field. 

For field experiments, seedlings of C. americana progeny obtained from 

Manitoba, Canada, rooted layers of five C. americana x C. avellana hybrids 

(NY F45, NY 104, NY 110, NY 200, and NY 616), and two nonsuckering 

rootstock cultivars 'Dundee' and 'USOR 5-70' believed to be C. columa x C. 

avellana hybrids, were planted in 7-liter pots.  The soilless mix used in the 

greenhouse,was fertilized with 18 g of 8-9 month release Osmocote 18N-6P-12K. 

Clones of cultivars with known levels of susceptibility were included as checks. 

The trees were placed under structures at the Southwest Washington Experiment 

Station in Vancouver, WA. 

Greenhouse Inoculations. Twigs with mature stromata (pustules) were collected 

from diseased orchards each November and stored frozen at -20 C in 

polyethylene bags.  Ascospore suspensions were prepared from dissected whole 

perithecia from the stromata and diluted in distilled water to 1 x 106 spores/ml 
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(Stone et al., 1992, Johnson et al., 1994).  Each shoot tip to be inoculated was 

identified by plastic tape and then sprayed till runoff with the suspension three 

times over a three week period using a hand pump spray bottle. Trees were 

covered with polyethylene bags for five days after each inoculation.  Shade cloth 

was used over the benches to reduce heat buildup in the plastic bags. 

Structure Inoculations.  Potted trees were exposed to eastern filbert blight at the 

Southwest Washington Experiment Station in Vancouver, WA.  The trees were 

placed under wire mesh platforms topped with diseased hazelnut branches bearing 

cankers of A. anomala as described by Pinkerton et al. (1993). An automated 

sprinkler system consisting of two overhead sprinklers per platform irrigated the 

trees daily. The trees were exposed to ascospores from March through June, 

1993 and planted October, 1993, except for 29 of the 73 C. americana x C. 

avellana trees which were exposed for two years (1992 and 1993) and planted in 

the field in June, 1993. To verify exposure to the disease, spore density was 

determined using traps (Stone et al., 1992; Pinkerton et al., 1993). 

Data Collection.  Greenhouse inoculated progenies segregating for the 'Gasaway' 

gene, and the 'Zimmerman' progeny were scored for presence or absence of the 

fungus using stained tissue sections within six months of inoculation (Stone et al., 

1992).   'VR 8.032' x 'VR 20.011' seedlings were analyzed with indirect ELISA 

(Coyne et al., 1993).  After inoculation, 'Gem' progeny 88173 was moved to an 

unheated greenhouse at the North Willamette Experiment Station in Aurora, OR 

and scored for presence or absence of the fungus within 9 months of inoculation. 
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Other greenhouse inoculated Corylus species and interspecific hybrids were 

planted in the field in October, 1992 at the Southwest Washington Experiment 

Station, Vancouver, WA.  These clones were evaluated for eastern filbert blight 

canker incidence (% trees infected), number of cankers per tree, canker length 

(cm), and trunk diameter above the graft union from which trunk cross-sectional 

area (TCA) was calculated. 

Potted tree evaluations. Twenty-nine of the 73 C. americana x C. avellana 

trees exposed for two years were evaluated in the fall of 1993. All other trees 

were exposed for one year, 1993, and evaluated in fall, 1994. The evaluation 

included eastern filbert blight canker incidence, number of cankers per tree, 

canker length (cm), and trunk diameter (mm at 25 cm above the soil line) from 

which trunk cross-sectional area (TCA) was calculated.  Trees were ranked for 

eastern filbert blight resistance by disease incidence and the ratio of the tree 

diseased.  To adjust for differences in tree size, total canker length was divided 

by TCA. 

Results 

Observations in seedlings of 'Gasaway', 'Gem', and 'Zimmerman' are 

presented in Table 4.2. All crosses of resistant 'VR' selections with susceptible 

selections exhibited a ratio of 1 resistant: 1 susceptible (pooled x2=0.02). 

Crosses of two resistant'VR' selections to 'Gasaway' segregated 3 resistant: 1 



Table 4.2. Segregation of 'Vancouver Resistant', 'Gem', and 'Zimmerman' seedlings for reaction to eastern filbert blight in 
greenhouse inoculations. 

Parentage1' 

No. plants Expected 

ratio 

X* 

Progeny code1 Resistant Susceptible Value P 

87011 OSU 23.017 xVR 11.027 25 18 1:1 0.84 0.50-.025 

87012 OSU 23.017 xVR 20.011 33 31 1:1 0.08 0.90-0.75 

88005 Tonda di Giffoni x VR 17.015 17 14 1:1 0.32 0.75-0.50 

88012 Willamette x VR 6.028 15 25 1:1 2.04 0.25-0.10 

Pooled data 90 88 0.02 0.90-0.75 

Heterogeneity 3.26 0.50-0.25 

88001 Gasaway x VR 6.028 9 3 3:1 0.03 0.95-0.90 

88002 Gasaway x VR 15.014 10 2 3:1 0.11 0.75-0.50 

93007 VR 8.032 xVR 20.011 62 18 3:1 0.15 0.75-0.50 

Pooled data 81 23 0.32 0.75-0.50 

Heterogeneity 0.29 0.90-0.75 

92006 OSU 350.089 x Zimmerman 49 10 ~ ~ 

87122 OSU 40.093 x Gem 0 12 - - 

87135 OSU 49.083 x Gem 0 15 - ~ 

88173 Tonda Gentile delle Langhe x Gem 0 35 — — 
1 The first two digits indicate the year of the cross and the last three digits the number of the cross. 
* OSU 23.017 is Barcelona* x 'Extra Ghiaghli'; OSU 350.089 is 'Tombul Ghiaghli' x 'Tonda Romana*; OSU40.093 is 'Lansing' x 'Casina'. 

'TGDL', 'Tonda di Giffoni', 'Willamette', and OSU selections 23.017, 40.93, and 49.083 are susceptible to eastern filbert blight. 
1 Yates' correction for continuity was used for chi-square tests with 1 degree of freedom. 
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susceptible (pooled x2=0.32), as did a cross of two 'VR' selections.  This was in 

agreement with the published report that resistance was conferred by a single 

dominant gene for which 'Gasaway' is heterozygous (Mehlenbacher et al., 1991). 

'Zimmerman' seedlings (n=59) exhibited a very high level of resistance in the 

one population inoculated as 83 % were not infected.   'Gem' resistance was not 

controlled by a single dominant gene as 100% of the progeny (n=62) were 

infected. 

In 1994, only superior selected seedlings were screened in the greenhouse. 

The selections were made in 1993 from 14 different populations segregating for 

immunity.  Forty-two of 70 selections tested (60%) were resistant which fits the 

expected 1:1 ratio (x2=2.42). 

Results of inoculation of representatives of six other Corylus species and 

four interspecific hybrids are summarized in Table 4.3.  C. jacquemontii was the 

most susceptible of the species tested. All seven C. jacquemontii genotypes 

inoculated were severely infected, and cankers covered almost the entire tree in 

several cases.  Representatives of the other five Corylus species were highly 

resistant, as were several interspecific hybrids (Table 4.3). All five C. 

americana x C. avellana hybrids were disease-free.  One of the four C. comuta 

x C. avellana hybrids and two of three C. heterophylla x C. avellana hybrids 

were highly resistant.  The rootstock cultivars 'Dundee' and USOR 5-70 were 

highly susceptible. 
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Table 4.3. Reaction of Corylus species and interspecific hybrids to eastern 
filbert blight from field and greenhouse testing. 

Species No. Total No. % Trees w/ Ratio of 
genotypes Trees Cankers tree 

cankered1 

C jacquemontii 7 21 90 0.904 

C. americana 6 17 7 0.057 

C. americana seedlings 47 47 2 0.018 

C. colurna 2 3 0" 0.000 

C. comma var. califomica 4 12 0 0.000 

C. comma var. comuta 24 24 0* 

C. heterophylla 4 7 0 0.000 

C. sieboldiana 4 11 0 0.000 

C. colurna x C. avellana 

Dundee 19 100 3.036 

USOR 5-70 12 92 3.010 

C. comuta var. califomica X C. 4 12 58 0.292 
avellana 

C. heterophylla X C avellana 3 7 28 0.317 

C. americana cv. Rush X C. 
avellanav 

NY 104 8 0 0.000 

NY 110 18 0 0.000 

NY 200 24 0 0.000 

NY 616 20 0 0.000 

NYF45V 3 0 0.000 

*  Average of total canker length/trunk cross-sectional area. 
y Sunken area but no pustules found. Mycelium present in the xylem. 
x Greenhouse evaluation only. Percentage of trees with eastern filbert blight fungus detected 

growing in the shoots. 
w PoUen parent of NY 104 and NY 110 is 'DuChiUy', NY 200 is 'HaU's Giant', and NY 616 is 

'Barcelona'. 
"• C. americana 'Snyder' X 'NY 485' (C. americana 'Rush' X C. avellana 'Duchilly'). 
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Discussion 

The 1:1 and 3:1 ratios observed in progenies with resistance derived from 

'Gasaway' support the published report that this resistance is conferred by a 

single dominant gene for which 'Gasaway' is heterozygous.  The goal of the 

Oregon State University breeding program is to release superior cultivars meeting 

a host of minimum standards for the kernel market with resistance to eastern 

filbert blight.   'Gasaway' has inferior nut quality and low yield (Mehlenbacher et 

al., 1991), but there appears to be no deleterious traits linked to this resistance 

gene as seedlings selected for precocity, round shape, and few defects segregated 

1:1 as did seedlings in unselected populations.  Resistance from 'Zimmerman' 

may be conferred by a dominant gene, but tree growth was not optimum for 

infection (Johnson et al., 1994).  More crosses have been made to confirm that 

hypothesis and to determine if it is different than the 'Gasaway' immunity gene. 

In structure exposure studies and in an orchard planting, 'Gem' trees form 

very few and very small cankers and this cultivar is thus considered highly 

resistant (Pinkerton et al., 1993, Coyne et al., 1994).  However, under 

greenhouse inoculation conditions, 'Gem' trees were severely infected and most 

formed cankers after overwintering (data not shown).  The high level of 

resistance found in 'Gem' is not conferred by a single dominant gene as all 

seedlings in the three crosses examined were infected with eastern filbert blight. 

Quantitative resistance of 'Gem' was found to be transmitted to its offspring when 
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seedlings were exposed under structures (Osterbauer et al., 1994). The 

greenhouse screening protocol is severe and is most suited for identifying the high 

level of resistance as found in 'Gasaway'.  But greenhouse screening is too severe 

to detect the level of resistance of 'Gem' and similar genotypes. 

C. americana, a North American shrub species, is the native host of A. 

anomala.  In addition to providing eastern filbert blight resistance or tolerance, 

this species contributes productivity and cold hardiness.  The nature of the 

resistance or tolerance is unclear as Fuller (1910) reported that no clump of this 

shrubby species was completely free of blight.  However, Weschcke (1954) stated 

that C. americana is resistant as it walls off A. anomala. The C. americana 

seedlings tested showed near immunity but small cankers were able to form on a 

few.  Five interspecific hybrids selected by George Slate, designated 'NY', were 

moved to Oregon for testing and these hybrids are apparently immune (Ourecky 

& Slate 1969).  However, not all of the interspecific hybrids with C avellana 

produced by Weschcke and Slate are resistant (Weschcke, 1954; Slate, 1969). 

Seedlings of 'NY' hybrids and Weschcke hybrids are also under observation in 

Minnesota with most of the Weschcke and some of the NY materials showing 

high levels of resistance or tolerance (Rutter, 1991). 

The N. American beaked hazel, C. comuta var. comuta, a resistant shrub 

species, had many inoculated shoots die back under the inoculation procedure 

used in the greenhouse screening. There was no mycelium detected 

microscopically in its cambium or sub-cambium layers.   C. comuta var. 
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califomica resistance, identified previously from observations on wild 

populations, was confirmed.  C. columa L., the Turkish tree hazel, is useful in 

breeding for cold-hardiness and the non-suckering trait.  Only two genotypes and 

two interspecific hybrids were screened.  One C. columa clone tested with two 

trees formed a canker the first year and apparently recovered as both trees were 

healthy the next year.  The other clone was heavily infested with A. anomala 

mycelium. The two rootstock cultivars were very susceptible.   'Dundee' and 

USOR 5-70 were selected from open pollinated seedlings of C. columa with the 

probable pollen parent 'Daviana' being very susceptible (Lagerstedt, 1990). 

Another selection from this group, 'Newberg' (USOR 7-71) was also very 

susceptible (Pinkerton et al., 1993).  Further testing of C. columa and its hybrids 

is needed to elucidate levels of genetic resistance available from this species. 

The Indian tree hazel (C. jacquemontii) genotypes tested were extremely 

susceptible to eastern filbert blight. The disease reaction observed was 

comparable to the worst C. avellana reaction in other studies.  This is in 

contradiction to the report of immunity or high levels of resistance by Farris 

(1969). 

Wild stands of C. heterophylla, an Asian shrub species, are harvested for 

local consumption in China and Korea and are used in their breeding programs. 

This species is a source of heritable eastern filbert blight resistance.   C. 

sieboldiana, another Asian shrub species, is resistant but has smaller nuts of 

inferior quality compared to C. heterophylla (Thompson et al., 1994). 
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The greenhouse inoculation procedure significantly reduced the time and 

effort to detect resistance from the two years required for field screening, but is 

only useful in populations segregating for immunity. Propagation for field 

screening of self-rooted trees from layer beds took a minimum of six months. 

Propagation time was reduced to days for scion wood collection and grafting for 

clonal greenhouse testing.  The eastern filbert blight epidemic has not reached the 

breeding location in Corvallis, OR so field screening directly on the segregating 

populations is not an option. The greenhouse protocol allows for convenient 

screening near the breeding location. The protocol is reliable if a minimum of 

three trees of each are grafted, each with multiple shoots for inoculation.  In 

1992 and 1993, few escapes (1.5%) were found using three to four replicate 

trees, each with three to five inoculated shoots.  In the 1994 selection screening, 

fewer trees (two to three) with fewer shoots (one to three) were used and the 

frequency of escapes increased to 7% (number of healthy trees from susceptible 

clones). 

Introgression of eastern filbert blight resistance based on a single dominant 

gene from 'Gasaway' (C. avellana) is the most advanced in the Oregon State 

University hazelnut breeding program (Mehlenbacher et al., 1991), and the 

greenhouse inoculation and detection procedures described above are used to 

eliminate susceptible seedlings.  New sources of genetic resistance to eastern 

filbert blight have been identified in four other species: C. americana, C. 

heterophylla, C. comuta var. califomica, C. comuta var. comuta and  C. 
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sieboldiana.  The first three are being used as parents in the breeding program. 

Resistance was also identified in interspecific hybrids of C. comuta var. 

califomica, C. americana, and C. heterophylla with C. avellana.  These new 

sources of genetic resistance are important as they will allow broadening the 

genetic base of the resistant population. 
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CHAPTERS 
SUMMARY 

Susceptible hazelnut (Corylus avellana) genotypes inoculated with the 

causal fungus, Anisogramma anomala, require 13 to 27 mo of incubation to 

develop external symptoms of eastern filbert blight.  In order to facilitate 

breeding for resistance to this important disease, a rapid and accurate screening 

system was needed to identify resistant genotypes in a shorter period of time, 

particularly in progenies segregating for a single dominant resistance gene.  An 

indirect enzyme-linked immunosorbant assay (ELISA) was developed using 

polyclonal antibodies obtained from New Zealand rabbits injected with hyphae of 

A. anomala.  One-thousand-fold dilutions of the antiserum produced a positive 

reaction to a 1.7 x 106 dilution of extracts from infected hazelnut tissue by 

indirect ELISA but did not react to a 1.7 x 102 dilutions of healthy tissue 

extracts.  ELISA was more sensitive and efficient than microscopic detection of 

infected tissues in inoculated progenies segregating for resistance when assayed 

4.8 mo after inoculation. 

Two methods for screening hazelnut (Corylus avellana L.) for resistance 

to eastern filbert blight were compared for the ability to differentiate resistance 

among genotypes.  One method utilized a field plot in a randomized block design 

with inoculated trees planted in the borders as the disease source. The second 

method consisted of exposing three sets of potted clones to high doses of 
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inoculum in 1990, 1992, and 1993.  Three years of disease incidence (%) and a 

ratio of cankered wood were significantly correlated each year between the two 

methods.  However, two genotypes with no disease after four years in the field 

plot had disease incidence of over 70% in the 1990 potted tree study.  A map of 

the field plot disease incidence indicates that the inoculum was present throughout 

the blocks.  The disease incidence and ratio of cankered wood were highest in the 

1993 set of potted clones, but was still significantly correlated to the field plot 

and the two other sets of potted trees (1990 and 1992). 

Eastern filbert blight caused by Anisogramma anomala (Peck) E. Muller is 

a serious disease of the European hazelnut (Corylus avellana L.).  U.S. hazelnut 

production is threatened by this fungal disease and all commercially important 

cultivars are susceptible.  Resistant cultivars offer the best control method.  The 

single dominant gene for immunity from 'Gasaway' is currently being used in 

breeding but additional sources of resistance would be highly desirable.  In this 

study we confirmed that the immunity of 'Gasaway' is conferred by a single 

dominant gene.  Seedlings of 'Gem' were all susceptible and seedlings of 

'Zimmerman' segregated for resistance following greenhouse inoculation.   Clones 

or seedlings of six other species (C column L., C. comma Marshall, C. 

heterophylla Fischer, C. sieboldiana Blume, C. americana Marshall, and C. 

jacquemontii Decaisne) and several interspecific hybrids with C. avellana were 

screened.   C. comuta var. califomica,  C. heterophylla, and C. sieboldiana 

clones were resistant, as were most C. americana clones and seedlings, and one 
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C. columa clone of two tested.   C. comuta var. comuta seedlings were resistant. 

C. jacquemontii seedlings were highly susceptible, as were two rootstock 

cultivars believed to be C. columa x C. avellana hybrids.  Five C. americana x 

C. avellana hybrids were highly resistant under field conditions.  One of four C. 

comuta x C. avellana and two of three C. heterophylla x C. avellana hybrids 

were highly resistant.  These new sources of resistance are being used to broaden 

the genetic base of the resistance breeding effort. 
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APPENDIX A 

Table A.l. Summary of 1993 greenhouse inoculations of cultivars and selections 
tested for infection utilizing the indirect ELIS A for the detection of Anisogramma 
anomala.  Absorbance (Aws) reading plus 18 hours (overnight reading). 

Absorbance/ 

Genotype 
Status"'      Dilution'      Rep 1       Rep 2       Rep 3 AVG Thres- 

hold' 
Diagnosis        c.v. 

Barcelona (+)           1:1 1.53 1.98 1.64 1.72 0.19 Infected 13.9 

infected 1:10 2.11 2.30 2.12 2.18 0.10 Infected 4.9 

1:100 1.93 1.80 1.72 1.82 0.06 Infected 5.9 

1:1000 1.82 1.76 1.45 1.67 0.08 Infected 11.7 

Ennis (-)              1 = 1 0.13 0.08 0.05 0.09 0.19 Healthy 99.57 

1:10 0.07 0.05 0.04 0.05 0.10 Healthy 31.5 

1:100 0.05 0.04 0.04 0.05 0.06 Healthy 11.1 

1:1000 0.04 0.06 0.04 0.05 0.08 Healthy 27.2 

Cosford 2-1 5.6       1:1 0.64 0.51 0.57 0.57 0.19 Infected 11.3 

1:10 0.23 0.15 0.23 0.20 0.10 Infected 22.8 

1:100 0.08 0.15 0.10 0.11 0.06 Infected 7.9 

1:1000 0.05 0.08 0.07 0.07 0.08 Healthy 22.9. 

Cosford 4-3 6       1:1 0.97 1.09 1.13 1.06 0.19 Infected 9.7 

1:10 0.32 0.38 0.30 0.33 0.10 Infected 12.2 

1:100 0.11 0.14 0.11 0.12 0.06 Infected 15.5 

1:1000 0.08 0.08 0.06 0.07 0.08 Healthy 20.5 

Cosford 4-4 6       1:1 1.48 1.50 1.51 1.50 0.19 Infected 1.1 

1:10 0.97 0.89 1.04 0.97 0.10 Infected 7.6 

1:100 0.29 0.22 0.20 0.24 0.06 Infected 19.4 

1:1000 0.09 0.10 0.08 0.10 0.08 Infected 13.5 

Cosford 6-5 4.3       1:1 1.34 1.45 1.66 1.49 0.19 Infected 10.9 

1:10 0.89 0.91 0.915 0.90 0.10 Infected 1.5 

1:100 0.18 0.22 0.246 0.22 0.06 Infected 15.2 

1:1000 0.11 0.07 0.037 0.07 0.08 Healthy 50.6 
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Genotype Status     Dilution        Rep 1       Rep 2       Rep 3 AVG Thres- 
hold 

Diagnosis 

Cosford 8-6 4.2 1:1 2.34 1.97 2.548 2.28 0.19 Infected 12.9 

1:10 1.19 1.79 1.66 1.55 0.10 Infected 20.2 

1:100 0.90 0.83 0.622 0.78 0.06 Infected 15.5 

1:1000 0.23 0.21 0.133 0.19 0.08 Infected 26.2 

Cosford 9-7 4.2 1:1 1.75 1.94 1.735 1.81 0.19 Infected 6.2 

1:10 1.63 0.98 1.475 1.36 0.10 Infected 24.9 

1:100 0.61 0.61 0.437 0.55 0.06 Infected 18.2 

1:1000 0.26 0.19 0.133 0.19 0.08 Infected 33.2 

Cosford 10-8 3.3 1:1 1.58 1.55 1.37 1.50 0.19 Infected 7.5 

1:10 1.09 — 0.938 1.02 0.10 Infected 10.8 

1:100 0.41 0.32 0.413 0.38 0.06 Infected 13.6 

1:1000 0.15 0.11 0.104 0.12 0.08 Infected 21.4 

Cosford 12-10 3.3 1:1 1.88 1.48 1.802 1.72 0.19 Infected 12.4 

1:10 1.15 1.24 1.11 1.17 0.10 Infected 5.5 

1:100 0.47 0.33 0.30 0.37 0.06 Infected 24.9 

1:1000 0.17 0.13 0.09 0.14 0.08 Infected 31.1 

Cosford 12-11 3.3 1:1 0.66 0.83 0.82 0.77 0.19 Infected 12.7 

1:10 0.41 0.41 0.32 0.38 0.10 Infected 14.1 

1:100 0.13 0.09 0.07 0.10 0.06 Infected 32.2 

1:1000 0.07 0.06 0.06 0.06 0.08 Healthy 6.3 

c.v. 18.14 

Barcelona (+) 1:1 1.31 1.07 0.88 1.09 Infected 22.9 

infected 1:10 1.50 1.84 1.67 1.67 Infected 30 

Barcelona (+) 1:1 1.52 1.71 1.49 1.57 Infected 

infected 1:10 1.25 0.79 1.00 1.01 Infected 

Cosford (-) 1:1 0.02 0.02 0.02 0.02 0.03 Healthy 16.9 

1:10 0.01 0.01 0.00 0.01 0.02 Healthy 63.5 

Ennis 0 1:1 0.01 0.02 0.01 0.01 0.03 Healthy 52.4 

1:10 0.01 0.00 0.00 0.00 0.02 Healthy 28.6 
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Genotype Status Dilution Rep 1 Rep 2 Rep 3 AVG Thres- 
hold 

Diagnosis c.v. 

Barcelona 2-1 5.6 1:1 0.00 0.01 0.01 0.01 0.03 Healthy 43.6 

1:10 0.01 0.01 0.02 0.01 0.02 Healthy 34.6 

Barcelona 6-1 4.3 1:1 1.40 1.80 1.85 1.68 0.03 Infected 14.5 

1:10 1.58 1.14 1.48 1.40 0.02 Infected 16.5 

Barcelona 10-9 3.3 1:1 0.30 0.46 0.42 0.39 0.03 Infected 20.3 

1:10 0.04 0.08 0.08 0.06 0.02 Infected 38.1 

Barcelona 12-10 2.7 1:1 0.02 0.02 0.03 0.02 0.03 Healthy 32.5 

1:10 0.02 0.02 0.02 0.02 0.02 Healthy 5 

Barcelona 12-11 3.3 1:1 0.16 0.25 0.23 0.21 0.03 Infected 21.2 

1:10 0.05 0.08 0.08 0.06 0.02 Infected 25.6 

Ennis5-3 5.8 1:1 0.83 0.84 0.77 0.81 0.03 Infected 4.5 

1:10 0.41 0.56 0.42 0.46 0.02 Infected 18.8 

Ennis 7-5 4.3 1:1 0.10 0.16 0.16 0.14 0.03 Infected 21.8 

1:10 0.05 0.06 0.06 0.06 0.02 Infected 15.6 

Ennis 7-6 4.3 1:1 0.50 0.69 0.46 0.55 0.03 Infected 22.2 

1:10 0.17 0.11 0.17 0.15 0.02 Infected 20.7 

Ennis 12-9 2.7 1:1 0.34 0.35 0.35 0.35 0.03 Infected 1.7 

1:10 0.09 0.07 0.11 0.09 0.02 Infected 23 

Ennis 12-10 2.7 1:1 0.18 0.08 0.08 0.11 0.03 Infected 50.8 

1:10 0.01 0.04 0.04 0.03 0.02 Infected 50.1 

Ennis 12-12 3.3 1:1 1.65 1.69 1.57 1.64 0.03 Infected 3.6 

1:10 1.44 1.72 1.53 1.56 0.02 Infected 9.3 

Barcelona (+) 1:1 1.40 1.21 1.49 1.37 

c.v. 

Infected 10.3 

1:10 1.66 2.28 2.10 2.01 Infected 15.9 

Gasaway (-) 1:1 0.01 0.06 0.02 0.03 0.10 Healthy 89.2 

1:10 0.02 0.03 0.00 0.02 0.05 Healthy 79.7 

Gasaway 8 4 1:1 0.04 0.05 0.03 0.04 0.10 Healthy 20.4 

1:10 0.03 0.00 0.02 0.02 0.05 Healthy 72.1 
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Genotype Status Dilution Rep 1 Rep 2 Rep 3 AVG Thres- 
hold 

Diagnosis c.v 

Gasaway 10-9 1:1 0.03 0.01 0.04 0.02 0.10 Healthy 65.6 

1:10 0.00 0.05 0.00 0.02 0.05 Healthy 143.7 

Gasaway 12-11 1:1 0.03 0.04 0.05 0.04 0.10 Healthy 18.2 

1:10 0.01 0.05 0.03 0.03 0.05 Healthy 58.7 

Gasaway 12-10 2.7 1:1 0.04 0.03 0.06 0.04 0.10 Healthy 38.4 

1:10 0.02 0.03 0.01 0.02 0.05 Healthy 47.9 

VR6.28 5-3 5.8 1:1 -0.00 0.04 0.01 0.02 0.10 Healthy 110.4 

1:10 0.01 0.02 0.02 0.02 0.05 Healthy 28.6 

Casina 12-11 2.7 1:1 0.04 0.06 0.03 0.04 0.10 Healthy 12.3 

1:10 0.00 0.00 0.01 0.00 0.05 Healthy 21.5 

Casina 12-12 2.7 1:1 1.92 1.90 2.02 1.95 0.10 Infected 3.1 

1:10 1.33 1.67 1.54 1.51 0.05 Infected 11.2 

Casina 12-13 3.3 1:1 0.41 0.50 0.40 0.44 0.10 Infected 12.3 

1:10 0.22 0.15 0.16 0.18 0.05 Infected 21.5 

Creswell 12-7 3.3 1:1 0.09 0.14 0.10 0.11 0.10 Infected 25.4 

1:10 0.13 0.12 0.19 0.14 0.05 Infected 24.5 

Creswell 12-8 3.3 1:1 0.15 0.24 0.14 0.18 0.10 Infected 30.5 

1:10 0.04 0.16 0.07 0.09 0.05 Infected 64.4 

Creswell 12-9 2.7 1:1 0.82 0.77 0.86 0.82 0.10 Infected 5.4 

1:10 0.82 0.73 0.71 0.75 0.05 Infected 7.8 

OSU 23.17 10-6 3.3 1:1 0.32 0.32 0.21 0.28 0.10 Infected 21.6 

1:10 0.13 0.12 0.08 0.11 0.05 Infected 24.5 

TDGL 12-7 2.7 1:1 1.19 1.48 1.42 1.3633 0.10 Infected 11.1 

1:10 0.86 0.95 0.86 0.8893 0.05 Infected 6.2 

TDGL 12-9 3.3 1:1 1.02 0.97 1.00 0.9967 0.10 Infected 2.7 

1:10 0.45 0.54 0.44 0.4777 0.05 Infected 12 

Willamette 12-9 3.3 1:1 0.87 1.20 1.03 1.036 0.10 Infected 15.9 

1:10 0.30 0.48 0.37 0.384 0.05 Infected 24.7 
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Genotype Status Dilution Rep 1 Rep 2 Rep 3 AVG Thres- 
hold 

Diagnosis c.v. 

Willamette 12-10 3.3 1:1 

1:10 

1.89 

1.82 

2.09 

1.87 

1.98 

1.58 

1.988 

1.757 

0.10 

0.05 

Infected 

Infected 

5.1 

8.8 

c.v. 32.54 
w Status is the months post-inoculation. 
x Dilution of 6 mgs sample in 1 ml PBS. 
y Absorbance values (A405). 
z Threshold = average negative control absorbance plus 3.5 standard deviations 

(s). 



APPENDIX B 

Table B.l.  Comparison of means of genotypes included in the correlation 
coefficient calculation (rs =0.49") from the 1993 potted tree study and the 1993 
field plot data, based on rank transformation of the ratio of cankered wood. 

1993 Potted Trees 

N1          Mean" 

1993 Field Plot 

Genotype N1 Meany 

OSU 179.061 12 4.25x aw 9 0.00* iw 

Negret 13 3.65 ab 9 0.42 c-e 

OSU 175.123 13 3.33 a-c 9 0.21 e-h 

Cosford 13 3.31 a-c 7 0.56 ab 

Montebello 12 3.01 a-c 9 0.11 f-i 

Davania 13 2.97 b-d 9 0.68 a-c 

OSU 183.060 13 2.83 b-e 9 1.30 a 

OSU 167.002 12 2.58 c-f 5 0.51 b-d 

Hall's Giant 23 2.32 d-g 9 0.09 f-i 

Brixnut 12 2.21 d-h 7 0.39 e-g 

Willamette 24 2.02 e-h 8 0.00 i 

Tonda Romana 11 2.10 e-h 9 0.88 ab 

Ennis 22 1.88 f-h 9 0.73 ab 

Segorbe 12 1.78 f-h 9 0.08 g-i 

Casina 32 1.81 gh 18 0.18 d-f 

Creswell 10 1.76 gh 9 0.11 f-i 

Ribet 10 1.73 gh 9 0.08 f-i 

Tonda Gentile delle Langhe 7 1.51 gh 8 0.20 ef 

Barcelona 26 1.66 hi 17 0.11 f-i 

Tombul Ghiaghli 9 0.99 ij 9 0.00 

Tonda di Giffoni 13 0.01 jk 9 0.00 

Camponica 13 0.06 jk 9 0.00 

Gem 10 0.01 k 9 0.01 hi 

Gasaway 5 0.00 k 7 0.00 i 

2 Total number of trees. 
y Separation of means calculated 
x Means presented are the actual 
w Means with the same letter are 

from rank transformation data. 
proportion of wood cankered. 
not significantly different. Fisher's protected LSD, a = 0.05. 
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Table B.2.  Comparison of means of the 1993 potted tree study calculated from 
rank transformed ratio of cankered wood used in calculating the correlation 
coefficient with the 1990 potted trees (r, = 0.54**). 

1993 Potted trees 1990 Potted 
Treesv 

Genotype N* Meany Mean 

Negret 13 s.es11 
aw 0.07 

Montebello 12 3.01 ab 0.17 

Cosford 13 3.31 ab 0.11 

Davania 13 2.97 a-c 0.40 

OSU 167.002 12 2.58 b-d 0.15 

Riccia di Talanico 13 2.42 b-e 0.11 

Hall's Giant 23 2.32 c-f 0.09 

Brixnut 12 2.21 c-g 0.22 

Willamette 24 2.02 d-g 0.10 

Tonda Romana 11 2.10 d-g 0.38 

Ennis 22 1.88 d-g 0.18 

Segorbe 12 1.78 d-g 0.05 

Casina 32 1.81 e-g 0.13 

Creswell 10 1.76 e-g 0.02 

Tonda Gentile delle T^nghe 7 1.51 fg 0.34 

Ribet 10 1.73 fg 0.04 

Barcelona 26 1.66 g 0.13 

Tombul Ghiaghli 9 0.99 h 0.22 

Tonda di Giffoni 13 0.01 hi 0.08 

Camponica 13 0.06 hi 0.03 

Gem 10 0.01 i 0.00 

Gasaway 5 0.00 i 0.00 

1 Total number of trees. 
y  Separation of means calculated from rank transformed data. 
x Means presented are from the actual proportion of wood cankered. 
w Means with the same letter are not significantly different. Fisher's protected LSD, a = 0.05. 
v Previously published in Pinkerton et al., (1993). 



100 

Table B.3. Comparison of means of genotypes included in the correlation 
coefficient calculation (r8 = 0.79*") from the 1992-93 and 1993 potted tree 
studies, based on rank transformation of the ratio of cankered wood data. 

1992-93 Potted Trees 1993 Potted Trees 

Genotype N* Mean5' N1 Meany 

OSU 183.060 12 1.36* aw 13 2.83x c-ew 

Giresun 54.039 8 1.26 ab 5 3.78 a 

OSU 167.002 12 1.52 ab 12 2.58 de 

OSU 166.034 12 1.17 a-c 13 3.24 ab 

Cutleaf 12 1.25 a-c 13 2.40 d-g 

OSU 282.071 9 1.11 a-c 12 1.32 hi 

Negret 12 1.05 a-d 13 3.65 a-c 

Nonpareil 7 0.89 a-e 12 1.60 g-i 

OSU 296.082 12 0.79 b-f 7 0.79 jl 

OSU 238.125 12 0.70 b-f 12 2.42 de 

Hall's Giant 12 0.65 c-g 23 2.32 d-f 

OSU 249.159 12 0.65 c-g 11 2.53 de 

OSU 244.001 11 0.56 d-g 12 2.76 b-d 

Barcelona 12 0.49 d-g 26 1.66 g-i 

Willamette 12 0.48 e-h 24 2.02 e-f 

OSU 243.002 12 0.42 f-h 12 0.99 i-k 

OSU 252.146 12 0.36 f-h 11 1.70 f-h 

Giresun 54.021 11 0.20 gh 11 1.26 h-j 

Tonda di Giffoni 9 0.17 hi 13 0.01 1m 

NY 110 6 0.00 i 12 0.00 m 

NY 200 12 0.00 i 12 0.00 m 

NY 616 8 0.00 i 12 0.00 m 

2 Total number of trees. 
y Separation of means calculated from rank transformed data. 
x Means presented are from the actual proportion of wood cankered. 
w  Means with the same letter are not significantly different, Fisher's protected LSD, a = 0.05. 
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Table B.4.  1992 potted tree study comparison of means based on rank 
transformation of the ratio of cankered wood data.  All genotypes exposed to 
eastern filbert blight in the study are included. Friedman's analysis of variance 
based on rank transformation of ratio of cankered wood was highly significant 
(P<0.0001). 

Genotype N Mean1 

OSU 225.077 

OSU 265.148 

OSU 160.060 

OSU 278.113 

OSU 183.060 

OSU 255.003 

OSU 237.158 

OSU 167.002 

OSU 054.039 

Cutleaf 

OSU 282.121 

OSU 231.111 

OSU 282.071 

OSU 166.034 

Morell 

OSU 264.148 

OSU 272.030 

OSU 245.098 

Negret 

OSU 186.080 

Pellicle Rouge 

OSU 265.096 

OSU 226.118 

OSU 265.139 

Butler 

12 1.89* ax 

12 1.57 ab 

11 1.35 a-c 

12 1.53 a-c 

12 1.36 a-d 

12 1.41 a-d 

12 1.31 a-d 

12 1.52 a-e 

8 1.26 a-f 

12 1.25 b-g 

12 1.10 b-g 

11 1.01 b-g 

9 1.11 b-g 

12 1.17 b-g 

12 1.14 b-h 

12 1.14 b-h 

9 1.05 b-h 

12 1.16 b-h 

12 1.05 b-i 

12 0.91 b-j 

12 0.92 c-j 

12 0.93 c-j 

11 0.89 c-j 

9 0.95 d-k 

12 0.81 d-k 
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Genotype N Mean 

Redleaf#3 

OSU 296.082 

OSU 238.125 

OSU 192.037 

Hall's Giant 

OSU 276.094 

OSU 249.159 

OSU 245.132 

OSU 244.001 

Barcelona 

Willamette 

OSU 276.104 

OSU 243.002 

OSU 252.146 

OSU 054.021 

OSU 054.041 

Tonda di Giffoni 

OSU 262.044 

NY 200 

NY 616 

12 

12 

12 

12 

12 

11 

12 

12 

11 

12 

12 

12 

12 

12 

11 

9 

9 

9 

12 

8 

0.79 e-1 

0.79 e-1 

0.70 f-m 

0.70 g-n 

0.65 g-n 

0.68 g-n 

0.65 h-n 

0.66 h-n 

0.56 i-n 

0.49 j-o 

0.48 k-o 

0.41 l-o 

0.42 l-o 

0.36 l-o 

0.20 m-p 

0.27 n-p 

0.17 op 

0.00 P 

0.00 P 

0.00 P 
z   Actual means calculated from the ratio of cankered wood means. 
y   Genotypes with the same letter are not significantly different. Fisher's protected LSD, P=0.05. 
x   Ratio of cankered wood was calculated from total canker length/trunk cross-sectional area. 
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Table B.5.  1993 potted tree study comparison of means based on rank 
transformation of the ratio of cankered wood data.  All genotypes exposed to 
eastern filbert blight in the study are included. Friedman's analysis of variance 
based on rank transformation was highly significant (P<0.0001). 

Genotype N Mean1 

OSU 179.061 

Negret 

OSU 166.034 

J80 

OSU 175.123 

OSU 185.017 

Cosford 

Montebello 

OSU 276.140 

Newberg 

USOR 5-70 

Davania 

OSU 244.001 

OSU 179.043 

OSU 226.122 

OSU 183.060 

OSU 265.053 

OSU 247.075 

OSU 249.159 

OSU 311.039 

OSU 342.019 

OSU 167.002 

OSU 238.125 

Riccia di Talanico 

OSU 336.039 

OSU 287.008 

12 4.25" ax 

13 3.65 ab 

13 3.24 a-c 

10 3.12 a-c 

13 3.33 a-d 

12 3.21 a-d 

13 3.31 a-e 

12 3.01 a-e 

11 3.21 a-f 

19 3.04 a-g 

12 3.01 b-h 

13 2.97 b-h 

12 2.76 b-h 

12 3.01 b-i 

11 2.81 b-j 

13 2.83 c-k 

12 2.65 c-k 

11 2.80 c-k 

11 2.53 d-I 

12 2.83 d-m 

10 2.41 d-m 

12 2.58 d-n 

12 2.42 e-n 

13 2.42 e-n 

10 2.44 e-o 

10 2.33 f-p 
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Genotype N Mean 

OSU 278.121 

Hall's Giant 

OSU 228.084 

Brixnut 

Cutleaf 

OSU 312.030 

Tonda Romana 

Willamette 

Freeoka 

OSU 325.091 

OSU 55.129 

Ennis 

Segorbe 

Casina 

Ribet 

Creswell 

OSU 252.146 

OSU 336.036 

Nonpariel 

Barcelona 

OSU 280.036 

OSU 296.048 

OSU 276.076 

OSU 282.071 

OSU 276.142 

OSU 54.021 

OSU 131.069 

9 2.32 g-q 

23 2.32 g-q 

12 2.54 h-r 

12 2.21 h-r 

13 2.40 h-r 

10 2.26 i-s 

11 2.10 j-t 

24 2.02 j-t 

12 2.07 j-t 

9 2.086 k-u 

18 1.873 1-v 

22 1.88 1-v 

12 1.78 m-v 

32 1.81 n-w 

10 1.729 o-w 

10 1.76 p-x 

11 1.70 q-x 

11 1.66 r-x 

12 1.60 r-x 

26 1.66 r-x 

12 1.46 s-x 

9 1.36 t-y 

11 1.35 u-y 

12 1.32 u-y 

11 1.03 v-y 

11 1.26 v-y 

12 0.85 w-y 
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Genotype N Mean 

OSU 243.002 

Tombul Ghiaghli 

Tonda di Giffoni 

Camponica 

Gem 

C. americana seedlings 

NY 200 

NY 110 

NY 616 

NY 104 

12 0.99 y-x 

9 0.99 yz 

13 0.01 z-aa 

13 0.06 aa 

10 0.01 aa 

47 0.02 aa 

12 0.00 aa 

12 0.00 aa 

12 0.00 aa 

8 0.00 aa 

1 Actual means calculated from ratio of cankered wood per tree. 
y  Ratio of cankered wood was calculated from total canker length/trunk cross-sectional area. 
* Genotypes with the same letter are not significantly different. Fisher's protected LSD, P=0.05. 


