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A necrosis at the tip of cones was observed on hop (Humulus lupulus), cultivar

tNugget', grown in Oregon in the early 1990's. Fusarium sambucinum and F.

avenaceum were recovered from symptomatic cones in 1998 and preliminary

inoculation experiments suggested both Fusarium species could cause hop cone

necrosis. Studies were carried out to (1) examine pathogenicity and demonstrate

Koch's postulates for hop cone tip blight using isolates ofF. avenaceum and F.

sambucinum obtained from hop cones; (2) examine isolates ofF. avenaceum and F.

sambucinum derived from other diseased plant hosts, and other Fusarium species

derived from hop cones, for ability to cause cone necrosis; and (3) survey commercial

fields to determine Fusarium populations on 'Nugget' cone parts. Isolates ofF.

avenaceum and F. sambucinum recovered from diseased hop cones were used for

pathogenicity experiments. In addition, cone inoculations were done with single

isolates ofF. avenaceum and F. sambucinum from diseased sweet corn roots, one

isolate ofF. sambucinum recovered from a diseased potato tuber, individual isolates of

F. equiseti and F. oxysporum from hop cones. Cones of two hop cultivars, 'Nugget'

and 'Willamette', were collected from three different farms on three sampling dates
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and inoculated with spore suspensions of hop-derived F. avenaceum and F.

sambucinum at concentrations of 102, iO4, and 106 conidialml to examine dosage

effects. Necrosis was evaluated 2, 4, 6, and 8 days after inoculation. Percent cone

necrosis decreased as inoculum concentration of either F. avenaceum or F.

sambucinum decreased, and was lowest on water-treated cones, for all three sampling

dates. The respective Fusarium species were recovered from symptomatic cones.

Cone necrosis developed following cone inoculation with F. avenaceum or F.

sambucinum from potato or corn. Hop cones inoculated with F. equiseti or F.

oxysporum also developed necrosis, but at relatively lower levels compared to the

other Fusarium species used for inoculations. For the surveys in commercial hop

fields, burr and cone material were collected on five different dates. Fusarium

sambucinum was recovered most frequently, but F. avenaceum was also found. Both

Fusarium species were recovered from asymptomatic burr and cone materials

throughout the growing season. In general, Fusarium species, F. equiseti, F.

oxysporum, F. culmorum, F. solani, plus F. avenaceum and F. sambucinum were

found more frequently early in the season on stigmatic tissue, and Fusarium recovery

decreased as the season progressed. Fusarium prolferatum and F. monilforme were

recovered rarely.
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Hop Cone Tip Blight: A New Disease in the Pacific Northwest

Introduction

Hop (Hum ulus lupulus L.) is a dioecious, peremiial vine grown commercially

in Idaho, Oregon, and Washington. Female hop plants predominate in commercial

fields due to production of cones densely covered with resin glands, a source of alpha

acids used to flavor beer. Any significant cone deformities or damage affect quality,

perhaps causing cone rejection by brewers.

In the early 1990's, a tip blight was observed in the Willamette Valley

(Oregon) on cones of the hop cultivar 'Nugget'. Tip blight was also observed on

cones of the cultivar 'Chinook' in the Yakima Valley of Washington. The tip necrosis

was first observed by growers during cone drying. Necrosis was later observed in

'Nugget' fields during the latter part of the growing season and usually found on, but

was not restricted to, the lower whorls of the cones. Isolations from symptomatic

cones by R. E. Klein suggested the association of two Fusarium species (46). One

species was reported as Fusarium sambucinum, but the second species was not

identified.

Preliminary research conducted in 1997 by C. M. Ocamb (unpublished)

involved isolations made from symptomatic 'Nugget' cones collected from seven

different Oregon fields from hop driers. Fusarium species were recovered from 64 of

110 cones sampled (58%) and consisted ofF. sambucinum (2 1%) and F. avenaceum

(37%). No other Fusarium species were recovered. Timing of infection of hop by

Fusarium species was unknown. A preliminary Fusarium survey was conducted in

commercial hop fields in 1998 (5). Multiple Fusarium species were isolated from



2
asymptomatic burrs and cones, most frequently F. avenaceum and F. sambucinum.

However, F. oxysporum and F. equiseti were also found. Preliminary inoculations

with hop isolates ofF. avenaceum and F. sambucinum on hop cones showed both

Fusarium species to cause hop cone necrosis.

There are three objectives of this thesis: (1) examine pathogenicity and

demonstrate Koch's postulates for hop cone tip blight using isolates ofF. avenaceum

and F. sambucinum obtained from hop cones, (2) examine isolates ofF. avenaceum

and F. sambucinum derived from other diseased plant hosts, and other Fusarium

species from hop, for ability to incite cone necrosis, and (3) survey commercial fields

to determine Fusarium populations on 'Nugget' cone parts.

Literature Review

The disease, hop cone tip blight, appears to involve F. sambucinum and F.

avenaceum. The following is a review of the published literature discussing important

aspects of research involving hop and these Fusarium species.

The host: Hop

Hop plants are members of the genus Humulus. This genus has been placed in

various plant families throughout the years. In the past, plant systematists have placed

Humulus in the Moraceae and the Urticaceae families. However, this genus is

currently found as one of the two members of the Cannibinaceae family. The genus

Humulus contains three species, H. lupulus L., H. japonicus Siebold & Zucc., and H.

yunnanensis Hu. All three Hum ulus species occur in China, suggesting this region

may be the center of origin for the genus. Research investigating the possibility of



hop spreading west from China to Europe and east to North America has been

supported by reports of similar morphological characteristics between wild hops in

Asia and North America, as well as differences between Y chromosomes of European

and North American hops (70).

The cultivated hop, Humulus lupulus L., is a perennial climbing plant which

develops from rhizomes. Hops are propagated primarily through rhizome cuttings for

crop uniformity (61). Stems, commonly referred to as bines, arise from the rhizomes

and tend to be herbaceous but can become woody as they mature. Bines are quite

pubescent and trichomes aid in climbing surfaces in a clockwise direction. The plants

are typically dioecious, but hermaphrodites can be found. The female plants, the

economically-important sex, produce inflorescences (burrs) with 20 to 60 pairs of

stigmas per burr, which later develop into cones (strobiles). Hop cones have yellow

glandular structures that produce a substance called lupulin. Lupulin contains alpha

acids and essential oils that are currently used for flavoring beer. Hop cones were first

added to beer after the discovery that they possessed antimicrobial properties and

prevented spoilage (70).

Hop cultivation developed across Europe, evolving into commercial

production found presently in England and portions of Western and Eastern Europe.

When North America was colonized by Europeans, immigrants brought hop plants

with them. Commercial production of hop in the U.S. was first established in the

Northeast. However, production declined in the Northeastern U.S. following the

introduction of downy mildew, along with Prohibition (2). Commercial production



4
arose in the Pacific Northwest in the mid-nineteenth century, where it remains

economically important.

The genus Fusarium

The fungal genus, Fusarium, is in the Class Hyphomycetes and is a member of

the imperfect fungi. The genus is characterized by hyaline, septate, phialidic

(enteroblastic), asexual spores whose foot cells bear a heel. Many species of

Fusarium are capable of producing a perithecial state (9).

Fusarium has a widespread distribution, occurring in most regions of the

world. Within the genus Fusarium are species that are pathogenic and possess the

capability of causing an assortment of plant diseases (68) such as root rot, vascular

wilts, ear rot, head blight, cankers, seed rot, damping-off, and pre- or post-harvest

decay.

This genus also contains human and animal pathogens (7). Mycotoxins

produced by Fusarium species can be harmful to humans and other animals if

consumed in food products. Some Fusarium species can directly parasitize animals,

including humans, causing infections of nails and eyes in tropical regions (73). More

recently, systemic Fusarium infections have been found in immuno-suppressed

individuals (64).

Fusarium Taxonomy

The first major work of Fusarium taxonomy was published by Wollenweber

and Reinking in 1935. In their book, Die Fusarien, the genus Fusarium was

organized from approximately 1000 species into 65 species. Morphological

characteristics used to differentiate the genus into species, varieties, and forms



included characteristics such as number of septations in macroconidia, as well as

length and width of macroconidia, which vary by culture substrate and environmental

conditions (1,39,77,109,113). Observed differences due to media or environment

resulted in new species being added to the genus. Also, Wollenweber and Reinking

based their work on cultures that had not been genetically isolated (single-spored or

hyphal-tipped) and described new species based upon one or two isolates. Some

taxonomists argue that Wollenweber and Reinking should have included the full range

of natural variation as a species instead of splitting out variants as new species (67,69).

The immense variation due to the use of different media and different environments

for incubation made it difficult for scientists working with the genus Fusarium to

utilize Wollenweber and Reinking's taxonomic system (96). Following Wollenweber

and Reinking, Gerlach (67,69) has continued to use the same taxonomic techniques

and described more than 90 new species.

Snyder and Hansen developed a system in the 1940's where they essentially

reduced Wollenweber and Reinking's system to approximately nine species, but added

cultivar names (69,97). Some of the revisions Snyder and Hansen made were not

accepted and there was a lack of structure for naming cultivars. Reducing the genus to

nine species was considered "drastic" and this taxonomic system was not widely

adapted (48,67,69).

Raillo (67,69) studied cultures which had been single-spored and classified

species based on less variable characteristics; these were reported in 1950. In 1955,

Bilai (6,67,69) examined the effects of substrate and environmental conditions on

single-spored cultures of Fusarium species. She examined variability of isolates



grown at different temperature and moisture regimes as well as the variation based on

the media and the length of time that cultures were incubated.

Joffe (42), Gordon (36), and Booth (9) reported their own respective

taxonomic systems. Joffe's system was similar to the Wollenweber and Reinking

system (reported in 1974) in that it utilized characteristics with inherent variation, such

as number of septations, to distinguish 33 species. Gordon's system (1960) consists of

26 species and was an adaptation of Wollenweber and Reinking's system. It included

some species from the Wollenweber and Reinking system, some species from Snyder

and Hansen's system, and some original species described by Gordon. Booth

modified Gordon's taxonomic system in 1971 and added information, including that

on the perithecial forms. He also made a major contribution to Fusarium taxonomy by

classifying conidiophores and conidiogenous cells.

Nelson, Toussoun, and Marasas (69) developed a taxonomic system for the

genus Fusarium that has been widely adopted (48,100) and it contained species when

originally reported in 1983. Taxonomic characters used for identification of Fusarium

to species include macroconidia, microconidia, conidiophores, and chiamydospores.

Their system utilizes components from each of the existing systems, along with results

from their own research. They used F. oxysporum and F. solani as described in

Snyder and Hansen's system. They also used information pertaining to

microconidiophores as described by Booth.

Additional tools have been developed which can complement morphological

tecimiques of Fusarium identification. Klittich and Leslie (100) developed methods

where crosses are performed using tester strains of identified Fusarium species to
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produce teleomorphs and confirm correct species identification. Additionally,

molecular sequencing of DNA can aid in Fusarium identifications, as well as describe

new species (100).

Pathogenic Fusarium

Fusarium species are often associated with the soil and may cause diseases on

plant parts associated with the soil. However, plant pathogenic species of Fusarium

can also affect aerial plant parts similar to the location of this hop cone tip blight,

notably Fusarium head blight of cereals. There are a large number of species within

the genus Fusarium that can act as pathogens, but the focus of this review will be on

two species, F. avenaceum and F. sambucinum.

Fusarium avenaceum

Fusarium avenaceum (Corda ex Fr.) Sacc. has been reported as occurring

virtually worldwide and causing diseases on numerous plant hosts, including cereals,

legumes, conifers, and potatoes (9). The host range ofF. avenaceum includes at least

27 different plant families and more than 160 genera (9,50). However, it is often one

of multiple Fusarium species associated with these diseased plants. Fusarium

avenaceum has been reported frequently on cereals; F. gram inearum

(14,18,19,35,56,58,60,62,95,101,102) andF. culmorum (14,18,19,58,60) are also

reported commonly on cereals such as wheat. Fusarium avenaceum can incite head

blight on wheat, oats, and barley (14,16,18,19,95,101,103). Recent outbreaks of this

disease have occurred in the Midwestern U.S. and central Canada since the 1990's.

Due to the long history and recent increase in severity of this disease, head blight has

been well studied and is reportedly more severe in years with higher precipitation (41).



Fusarium species that incite head blight, including F. avenaceum, can produce

mycotoxins, which can then be consumed in food products made from infected grain

(29,102,106). Fusarium avenaceum can potentially produce different mycotoxins

including: butenolide, diacetoxyscirpenol, moniliformin, neosolaniol, T-2 toxin, and

zearalenone, and these have been shown in laboratory studies to be harmful to brine

shrimp, chickens, mice, rabbits, rats, and gypsy moths (10,37,52,73).

Fusarium sainbucinum

Fusarium sambucinum Fuck. has been reported as cosmopolitan (69),

occurring on woody plant tissues (9), but also affecting herbaceous hosts such as

asparagus (49), parsnip (28), and amaranth (8). Fusarium sambucinum is reported to

cause stem cankers (trees, shrubs, and hop), root rots (cereal seedlings, trees, lupine,

tomato, and strawberry), and storage rot of potato tubers. Storage rot of potato tubers

(94) is a concern worldwide and has been researched intensely to better understand the

etiology (3,17,21,25,51,78,89,105), as well as means of control

(12,13,47,51,55,71,79).

Fusarium sambucinum, like F. avenaceum and other Fusarium species, can

potentially produce mycotoxins that may harm humans and other animals. These

mycotoxins include acetoxyscirpenol, acetylneosolaniol, diacetoxyscirpenol,

monoacetoxyscirpenol, neosolaniol, triacetoxyscirpenol, T2 toxin, and zearalenone

and have been reported as toxic to brine shrimp, ducklings, guinea pigs, mice, rabbits,

and rats (4,24,38,40,44,45,76,80,81). Fusarium sambucinum is capable of producing

toxic metabolites in potato tubers (26,30). An outbreak of esophageal cancer was



linked to ingestion of potato tubers infected by F. sambucinum (52). Fusarium

sambucinum is also capable of acting as an insect pathogen (65).

Fusarium as a hop pathogen

A canker disease was initially observed in European hop fields and first

described in 1902, but was likely present earlier (90). Fusarium was consistently

isolated from symptomatic material, but it wasn't until the 1930's when F.

sambucinum (perfect state Gibberellapulicaris (Fr.) Sacc.) was determined to be the

causal pathogen (22). It has also been referred to as "growing off', "fusariosis",

"black butt", or "wilt" (23,74,87,88). Hop canker has been reported in hop-growing

areas across Europe, Australia, and the United States, but is of minor importance

relative to powdery or downy mildew (82,86). The incidence of hop canker in the

field is sporadic (43), but due to increasing incidence it became important in the early

twentieth century in the United Kingdom (74).

It is thought that F. sambucinum infects hop plants primarily through wounds.

The idea of wounds acting as entry points for the pathogen has come about due to

observations in the field (15,112). One instance where this was observed was when

improved rosy rustic moth control was linked to decreased canker incidence (33).

Although the decrease in disease incidence was attributed to a decrease in wounding,

the possibility of the moth vectoring the pathogen was not investigated. Once F.

sambucinum gains entry to the plant, it colonizes the cortical tissue of the bines near

the soil line. The colonization continues until transport of photosynthates through the

phloem is blocked. This blockage results in wilted bines, which could potentially be

confused with wilt caused by Verticillium species, but the pattern of necrosis on the
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leaves and vascular discoloration is different (11,70). As the disease progresses, a

swelling at the base of the bines near the crown can be observed. The swollen bases

of the affected bines eventually begin to taper off where the fungus decays the tissues.

The weakened bines are then susceptible to breakage by light wind or other physical

forces.

Field observations have suggested that the onset of disease appears to be more

severe under wet conditions; hops grown in areas where the water table is high or

where there is poor drainage had higher levels of canker (87,90). Higher rainfall may

lead to increased soil moisture and in years where increased rainfall has occurred there

have been more severe outbreaks of this disease (98,111). Under moist conditions,

mycelia or sporodochia from F. sambucinum, or perithecia of G. pulicaris, have been

observed growing on the outer surface of diseased bines (11,111).

Experimental attempts to demonstrate Koch's postulates were published by

Davies in 1939 (23), but canker onset was only observed after severe wounding of the

plants. However, the observation of symptoms in this case lends credence to the idea

of wounding aiding the infection process. A second approach to demonstrate Koch's

postulates was made in 1969 using less severe wounding. Instead of applying

inoculum to severe stem wounds, the inoculum was applied to the soil surrounding the

rhizomes, and some small wounds were made to the rhizomes with a needle. Wilting

was observed and F. sambucinum was recovered upon isolation, suggesting that F.

sambucinum is the causal agent of this disease (91).

The use of fungicides for controlling hop canker has also been investigated, but

attempts have been relatively unsuccessful so far (22,83,85). There is one exception
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where spray trials employing a formulation of thiabendazole in a hop field with a

history of canker reduced the incidence and severity of disease over a two year period

(22). The use of resistant varieties has also been investigated (84), but immune

varieties were not found though differences in disease severity were detected.

Sanitation practices have been recommended (70) to help manage this disease, as well

as recommendations to manage soil moisture (90) and structure (91).

Fusarium canker is not the only Fusarium problem of hop. Hop cone tip

blight, the focus of this thesis, was first observed in Oregon in the early 1990's (46).

After cones of the cultivar 'Nugget' were harvested and dried, a necrosis at the tips

was evident, rather than the typical green color of dried cones. Subsequently,

symptoms were observed in 'Nugget' fields in the Willamette Valley of Oregon.

Fusarium sambucinum and another unidentified Fusarium species were consistently

recovered from symptomatic 'Nugget' cones from Oregon (46). Cones showing

similar symptoms were observed in 'Chinook' fields in the Yakima Valley of

Washington, but the presence of Fusarium species was not confirmed through

isolations.

Two Fusarium species, F. avenaceum and F. sambucinum, were recovered

from symptomatic 'Nugget' cones from the 1997 growing season in Oregon (Ocamb,

unpublished). Symptoms of cone tip blight were also observed in Australia in 2001 on

cultivars 'Agate' (a.k.a. 'Symphony'), 'Nugget', and 'Willamette' and F.

crookwellense was recovered from those cones (75). Symptoms of cone tip blight

have also been observed in Poland beginning in 2001 on the cultivar 'Marynka', and

F. avenaceum and F. sambucinum were isolated from these symptomatic cones (88).
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There is concern that Fusarium-infected hop cones could affect beer quality

(72). It is unknown whether Fusarium-infected hop cones could contain mycotoxins

that may persist through the brewing process, subsequently endangering humans.

Tricothecenes, specifically deoxynivalenol and nivalenol, have been reportedly

detected on three occasions in beer (27,63,93). Zearalenone has also been detected in

African beer and is suspected to have a link to increased incidences of human diseases,

such as cervical cancer (53,54,104). However, the source of the mycotoxins in beer

may be Fusarium-infected grain used in the brewing process as species of Fusarium

other than F. avenaceum and F. sambucinum were found associated with the grain.

Materials and Methods

Inoculum production

Five isolates each ofF. avenaceum and F. sambucinum (Table 1), originally

isolated during 1997 from symptomatic field grown 'Nugget' cones, were used as

inoculum. In addition to the isolates ofF. avenaceum and F. sambucinum derived

from hop, different isolates and species of Fusarium were included in the

pathogenicity screening (Table 1). One isolate of each of the following were also

included in the inoculation treatments: F. equiseti (Corda) Sacc. and F. oxysporum

Schlecht. emend. Snyd. & Hans. from asymptomatic hop cones, F. avenaceum and F.

sambucinum from diseased sweet corn roots, and F. sambucinum from a potato tuber.

Following isolation and microscopic identification of these isolates, they were single-

spored (69) and stored on silica gel (107,108). For inoculum production, silica gel

crystals were transferred to carnation leaf agar (CLA) (32) and CLA cultures were
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Table 1. Fusarium isolates used in pathogenicity experiments for evaluating
necrosis of inoculated hop cones.

Isolate number Fusarium species Host source
F23 F. sambucinum Sweet corn
F24 F. avenaceurn Sweet corn
F115 F. avenaceum Hop
F116 F. avenaceum Hop
F118 F. sambucinum Hop
F120 F. sambucinum Hop
F124 F. sambucinum Hop
F125 F. avenaceum Hop
F126 F. sambucinum Hop
F127 F. avenaceum Hop
F128 F. avenaceum Hop
F130 F. sambucinum Hop
98-W37-1-4s F. equiseti Hop
98-F1-Fav-2 F. oxysporum Hop
PDR-132 F. sambucinum Potato

incubated at 24 C under fluorescent lighting (three General Electric 25W Fluorescent

Utility Shoplite tubes and one Philips 40W black light) for a 12-hour photoperiod (69).

Cultures were incubated for 7 to 14 days. For increasing inoculum, sporodochia on

carnation leaves from CLA cultures were transferred to sterile potato dextrose broth

(PDB) and were incubated at 20 C on a Cl Analog Portable Gyrotory Platform Shaker

(New Brunswick Scientific, Edison, NJ 08818) at 200 rpm. Inoculated broth cultures

were incubated for seven days on the shaker under ambient light.

Hop cone collection

Hop cones of the cultivars 'Nugget' and 'Willamette' were collected from

three hop farms during the 2002 growing season, on August 12, 19, and 26. Farms I
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and II were located in the town of Keizer, OR and farm III was located in the town

of Mt. Angel, OR. Cones collected on August 12 and 19 were immature cones, while

cones collected August 26 were mature and collected just before the fields were

harvested. Cone sampling consisted of collecting two side-branches (within 2.4

meters from the ground) from ten arbitrarily selected plants in three transects from

each field. A maximum of 33 cones per plant were used for inoculations. Detached

cones from each field were placed in a box, mixed, and arbitrarily placed in moist

chambers. Moist chambers consisted of 10.8 x 2.2 centimeter round plastic containers

with friction fitting lids that contained 10.8 centimeter blue blotter circles (Hoffman

Manufacturing, Inc. Albany, OR 97321). The blue blotter circles were saturated with

sterile reverse osmosis water and detached cones were placed inside so that cones did

not touch one another. A total of 50 cones were inoculated per treatment for each

cultivar collected on each sampling date from each field.

Inoculations

Conidia and hyphal fragments from PDB cultures were collected by vacuum

filtration (Whatman #1 filter paper) using a Buchner flask fitted with a Buchner funnel

and washed three times with 100 mL of sterile reverse osmosis water each time. The

conidia and hyphal fragments were resuspended in 100 mL sterile reverse osmosis

water, and were homogenized with a hand-held Tissue-Tearor Homogenizer (BioSpec

Products, Inc. Bartlesville, OK, 74005) at 5000 rpm. The slurries were then filtered

through Nitex cloth with 100 tm pores (Tetko, Briarcliff Manor, NY 10510) for

collection of conidia. The conidial suspensions were diluted with sterile reverse

osmosis water to a concentration of approximately 106 conidialmL (Table 2) using a
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Table 2. Concentrations of Fusarium inoculum (conidialmL) used for 2002
inoculation experiments.

Inoculation Date

Isolate Fusarium species 8/12/02 8/19/02 8/26/02

F23 F. sambucinum 4.48 x 106 5.44 x 106 1.92 x 106

F24 F. avenaceum 2.40 x 106 2.88 x 106 1.12 x 106

F115 F.avenaceum 2.24x106 7.88x106 3.76x106

F116 F. avenaceum 7.20x 106 7.16x 106 8.48x 106

F118 F. sambucinum 3.04 x 106 4.52 x 106 6.08 x 106

F120 F.sambucinum 3.40x 106 2.34x 106 5.50x 106

F124 F. sambucinum 1.04 x 106 6.10 x 106 5.16 x 106

F125 F. avenaceum 3.52x106 5.36x106 8.10x106

F126 F. sambucinum 1.44 x 106 1.96 x 106 4.82 x 106

F127 F.avenaceum 4.00x106 2.26x106 9.15x106

F128 F. avenaceum 4.48x 106 5.64x 106 8.88x 106

F130 F.sambucinum l.76x 106 9.02x 106 4.34x 106

98-W37-1-4s F. equiseti 5.44 x 106 1.76 x 106 4.80 x 106

98-F1-Fav-2 F.oxysporum 3.52x 106 2.88x 106 3.52x 106

PDR-132 F. sambucinum 3.04 x 106 4.48 x 106 1.60 x 106

F. avenaceum 1.92 x 106 2.72 x 106 1.60 x 106F125,F127,andFl28]

F125,F127,andFl28] F. avenaceum 5.02 x iO4 4.24 x iO4 7.84 x iO4

Bulked [F115, F116,
F. avenaceum

F125, F127, and F128]

Bulked [Fl 18, F120,
F. sambucinumF124, F126, and F130]

Bulked [Fl 18, F 120,
F. sambucinumFl24, Fl26, and F130J

Bulked [F118, F120,
F124, F126, and F130]

F. sambucinum

4.96x102 7.60x102 2.04x102

5.76 x 106 1.28 x 106 1.44 x 106

7.18x104 3.42xl04 6.86x104

5.68 x 102 6.32 x 102 3.58 x 102
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Brightline hemocytometer (Fisher HealthCare, 9999 Veterans Memorial Dr.

Houston, TX 77038) before bulking isolates. Applying Fusarium at a concentration of

106 conidialmL has been used in other systems involving wheat (92), tobacco (34),

and corn (20), and other fungi have also been applied to detached sweet cherry (110)

at 106 conidialmL. Isolates of each Fusarium species were bulked together by mixing

equal volumes of each isolate. In addition, aliquots from the conidial suspensions of

each hop isolate ofF. avenaceum and F. sambucinum were bulked and diluted further

to concentrations of approximately 1 and 102 conidialmL (Table 2). Concentrations

for the bulked dosages were also determined using a hemocytometer. The control

consisted of cones sprayed with sterile reverse osmosis water. Cones were inoculated

by spraying to runoff with 200 mL Misto aerosol spray bottles (Liquid Motion, Inc.

Danbury, CT, 06813) that were vigorously shaken prior to inoculations. Following

inoculation, cones were incubated at 18 C and percentage of cone necrosis was

evaluated. Necrosis was determined through visual assessment of the percentage of

upper surface area of hop cones. Cones inoculated August 12 were evaluated eight

days after inoculation, and cones inoculated August 19 and August 26 were evaluated

two, four, six, and eight days after inoculation.

Recovery and species identification

Isolations were made from ten symptomatic cones from each treatment

following the final evaluation. Cones were dissected and isolations were made

separately for strigs (the central axis of the cone) and bracts. Strigs and bractswere

surface disinfested by dipping in a 0.5% NaOC1 solution and were then embedded in a

medium selective for Fusarium species (Nash-Snyder medium (66) supplemented with
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120 ig!mL chiortetracycline HCI). Isolation plates were examined at 7, 14, and 21

days and putative Fusarium colonies were transferred to CLA and potato dextrose

agar amended with streptomycin sulfate (PDA). CLA cultures were incubated under

the same regime as previously described. PDA cultures were incubated at 24 C and

received natural ambient light. Afler incubation for 7 to 14 days, CLA and PDA

cultures were microscopically examined and identified to species using the taxonomic

classification system outlined by Nelson, Toussoun, and Marasas (69).

Fusarium population surveys in commercial fields

Cones of the hop cultivar 'Nugget' were collected during the 2002 growing

season from the same hop fields at the same three farms used for the inoculation

experiments. Sampling began once the plants initiated flower (burr) production.

Burrs were collected on the first two sampling dates: July 15 and 29; developing

cones were collected on the three later sampling dates: August 12, 19, and 26.

Sampling at the burr stage consisted of two side-branches (within 2.4 meters from the

ground) collected from 20 arbitrarily selected plants along three separate transects

from each field. A maximum often burrs per plant were removed from each side-

branch for isolation. Stigmas were dissected from the burr and both plant portions

were plated separately. Cone sampling consisted of two side-branches (within 2.4

meters from the ground) collected from ten arbitrarily selected plants along three

transects from each field. Bracts were removed from the strig and bracts and strigs

were plated separately. All plant material was dipped in a 0.5% NaOC1 solution for

surface disinfestation, rinsed in sterile reverse osmosis water, and embedded

separately in Nash-Snyder medium (66) supplemented with 120 jtg/mL



chiortetracycline HC1. Plates were examined at 7, 14, and 21 days and putative

Fusarium colonies were each transferred to CLA and PDA. CLA and PDA cultures

were incubated under the regimes previously described and were microscopically

examined for identification to species using the taxonomic classification system

described by Nelson, Toussoun, and Marasas (69).

Statistical analysis

The laboratory pathogenicity experiments were conducted three different times

(= three separate runs). Each run contained 50 hop cones x 12 treatments x 2

cultivars x 3 sites. The treatment means of percentage cone necrosis were calculated

for each evaluation date within each run. Analyses of variance were conducted to

determine run, evaluation date, site, cultivar, and treatment effects on cone necrosis.

Percent cone necrosis data eight days after inoculation were analyzed statistically

using the GLM procedure of SAS (SAS Institute, Cary, NC). Significant differences

among means were determined by calculating Tukey's W statistic. Mean percent cone

necrosis data from individual evaluation dates for each respective treatment was

subjected to repeated measures ANOVA tests (SAS) to detect significant differences

between cultivars.

Results

Temperature and precipitation

Climate data was collected by the Oregon Climate Service in Salem, Oregon

during the 2002 growing season (http://www.ocs.orst.edu). Salem is approximately 10

miles from farms I and II and 22 miles from farm III. Daily high temperatures ranged
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from 59 F to 104 F, with an average of 80 F, between June 1, 2002 and September,

15 2002 (Appendix A). Low temperatures ranged from 42 F to 63 F, averaging

around 52 F. Approximately 1.4 inches of rainfall was measured between June 1 and

September 15, 2002 (Appendix A). The majority of the rainfall occurred in June

where 1.26 inches of rainfall was measured.

Cone inoculations with F. avenaceum and F. sambucinum - overall dosage effects

Mean percent necrosis was determined through visual assessment of the upper

surface area of hop cones (Figures 1 and 2). Mean percent necrosis of immature

'Nugget' cones inoculated in the first experimental run with F. avenaceum or F.

sambucinum at 106 conidialmL was significantly greater (P < 0.05) than means for

cones inoculated with 1 or 102 conidialmL treatments, or sprayed with sterile water

(Figure 3). No significant difference (P> 0.05) was observed between F. avenaceum

and F. sambucinum at 106 conidialmL, where mean necrosis for both treatments was

93%. Necrosis of 'Nugget' cones inoculated with F. avenaceum at iO4 conidialmL

ranged from 18 to 27%, significantly greater (P < 0.05) than cone necrosis resulting

after inoculation with F. avenaceum or F. sambucinum at 102 conidialmL (12 to 13%)

or spraying with sterile water (13%).

When immature 'Willamette' cones were inoculated on August 12 with F.

avenaceum or F. sambucinum at 106 conidialmL, mean cone necrosis was significantly

greater (P < 0.05) compared to means of cones inoculated at lower concentrations (10

or 102 conidialmL) or sprayed with sterile water (Figure 3). 'Willamette' cones

inoculated with F. avenaceum at 106 conidialmL had significantly greater (P < 0.05)

necrosis (71%) than cones inoculated with F. sambucinum (49%). Resulting
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Fiure 1. 'Nugget' cones in moist chambers eight days after being inoculated with F. avenaceum orF. sambucinum at 102, or
10 conidia/mL or sprayed with sterile water.
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Fiure 2. 'Willamette' cones in moist chambers eight days after being inoculated with F. avenaceum or F. sambucinum at 102, i0, or
10 conidialmL or sprayed with sterile water.
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Figure 3. Percent necrosis of immature (August 12 and 19, 2002) and mature (August
26, 2002) hop cones 8 days after inoculation with a dosage range of F. avenaceum
(Fav) and F. sambucinum (Fsamb) of two different cultivars ('Nugget' and
'Willamette') collected from three farms. Values are averages across fanns and
contain 150 cones per treatment. Bars labeled with the same letter are not
significantly different (P = 0.05) according to Tukey's W statistic.
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necrosis from cones inoculated with F. avenaceum at 1 conidialmL (9% mean

necrosis) was significantly greater (P < 0.05) than necrosis that resulted when F.

sambucinum was applied at the same concentration (4% mean necrosis), or when

cones were treated with either Fusarium species at 102 conidialmL (3% mean

necrosis), or sprayed with sterile water (1% mean necrosis).

One week later, when immature 'Nugget' cones were inoculated August 19,

overall mean necrosis was greater than when cones were inoculated August 12. When

cones were inoculated with either F. avenaceum or F. sambucinum at 106 conidia!mL,

mean percent cone necrosis was significantly greater (P < 0.05) than when cones were

inoculated with either Fusarium species at 1 0 conidialmL, 102 conidialmL, or sprayed

with sterile water (Figure 3). 'Nugget' cones inoculated with F. avenaceum at iO4

conidialmL had 47% mean necrosis, which was significantly greater (P < 0.05) than

when F. sambucinum was applied at l0 conidialmL (42% mean necrosis). Necrosis

of cones inoculated with F. sambucinum at 1 conidialmL was slightly greater, but

not significantly so (P> 0.05), than necrosis of cones inoculated with F. sambucinum

at 102 conidialmL (3 1%); however, necrosis that resulted from both of these

treatments was significantly greater (P < 0.05) than when cones were inoculated with

F. avenaceum at 102 conidia/mL (22%) or sprayed with sterile water (15%).

Generally, immature 'Willamette' cones inoculated August 19 had greater

mean necrosis than when cones were inoculated August 12. Cones inoculated with F.

avenaceum or F. sambucinum at 106 conidialmL had significantly greater (P < 0.05)

mean cone necrosis (95% mean necrosis) than cones inoculated with either Fusarium

species at iO4 conidialmL, 102 conidialmL, or sprayed with sterile water (Figure 3).
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Mean percent necrosis of cones inoculated with F. avenaceum or F. sambucinum at

iO4 conidialmL was 16 and 20%, respectively, which was significantly greater (P <

0.05) than mean necrosis of cones treated with F. avenaceum (7%) or F. sambucinum

(6%) at 102 conidialmL or sterile water (5%).

Overall, cone necrosis was greater for mature cone inoculations on the third

and final inoculation date, August 26, than those done on August 12 or 19 (Figure 3).

Mean percent necrosis of mature 'Nugget' cones inoculated with F. avenaceum or F.

sambucinum at 106 conidialmL (100% mean necrosis) was significantly greater (P <

0.05) than when cones were inoculated with F. avenaceum or F. sambucinum at iO4 or

102 conidialmL, or sprayed with sterile water (Figure 3). When F. avenaceum was

applied to cones at iO4 conidialmL, mean necrosis (74%) was significantly greater (P

<0.05) than when F. sambucinum was applied at the same concentration (60%

necrosis), and both species at iO4 conidialmL were significantly greater (P < 0.05)

than when cones were treated with either Fusarium species at 102 conidialmL (38 to

43% necrosis) or sterile water. No significant difference in necrosis levels was

detected among the 102 conidialmL and sterile water treatments, but mean necrosis of

cones sprayed with sterile water was slightly greater (46%).

When mature 'Willamette' cones were inoculated August 26 overall mean

necrosis was greater than when immature cones were inoculated August 12 or 14

(Figure 3). Cones inoculated with F. avenaceum or F. sambucinum at 106 conidialmL

had significantly higher (P < 0.05) cone necrosis (81% or greater) develop compared

to cones sprayed with sterile water, which averaged 29% cone necrosis (Figure 3).

Cone necrosis that resulted from inoculation with F. sambucinum at 106 conidialmL
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(8 1%) was significantly less (P < 0.05) than when F. avenaceum was applied at 106

conidialmL (97%). 'Willamette' cones inoculated with F. avenaceum at 1 ü

conidialmL (45%) also had significantly greater (P < 0.05) mean percent necrosis than

did cones inoculated with F. sambucinum at iO4 conidialmL (3 5%). No significant

difference (P> 0.05) was detected between cones inoculated with F. avenaceum or F.

sambucinum at 1 2 conidialmL or sprayed with sterile water, where mean percent

necrosis ranged from 26 to 30%.

When immature 'Nugget' and 'Willamette' cones were sampled and sprayed

with sterile water on August 19, mean percent necrosis of 'Nugget' cones was similar

to that of 'Willamette' cones until the sixth day after inoculation (Figure 4). Mean

percent necrosis was generally low, but 'Nugget' necrosis was significantly greater (P

<0.05) than 'Willamette' cones six and eight days after inoculation. Immature

'Nugget' cones inoculated with either F. avenaceum or F. sambucinum at 102, iO4, or

106 conidialmL generally had significantly greater necrosis (P < 0.05) than

'Willamette' cones, consistently so on day 8 (Figure 4). Mean necrosis of 'Nugget'

cones inoculated with F. avenaceum at 1 2 conidia/mL was greater than that of

'Willamette' cones six days after inoculation, while mean necrosis of 'Nugget' cones

inoculated with F. sambucinum at 102 conidialmL were significantly greater (P <

0.05) than 'Willamette' by four days after inoculation. Mean necrosis of immature

'Nugget' cones inoculated with F. avenaceum at 1 4 conidialmL was significantly

greater (P < 0.05) than that of 'Willamette' cones four days after inoculation. When

either Fusarium species was applied at 106 conidialmL, mean percent necrosis of
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27
'Nugget' cones was greater than that of 'Willamette' cones on all four evaluation

dates (Figure 4).

When mature 'Nugget' and 'Willamette' cones were collected and sprayed

with sterile water August 26, mean percent necrosis of 'Nugget' cones was greater

than that of 'Willamette' cones on the eighth day after spraying (Figure 4). Mean

percent necrosis of 'Willamette' cones inoculated with either F. avenaceum or F.

sambucinum at 102 conidialmL was significantly less (P < 0.05) than that of 'Nugget'

cones eight days after inoculation (Figure 4). 'Nugget' cones inoculated with either

Fusarium species at iO4 conidialmL also had significantly greater (P < 0.05) mean

necrosis eight days after inoculation than 'Willamette' cones (Figure 4). As was

observed with cones inoculated August 19, 'Nugget' cones inoculated with F.

avenaceum or F. sambucinum at 106 conidialmL consistently had significantly greater

(P < 0.05) mean percent necrosis than did 'Willamette' cones on all four evaluation

dates (Figure 4).

Reisolations

Fusarium avenaceum was recovered at frequencies of 60-90% from 'Nugget'

cones inoculated August 12 with different concentrations of bulked hop isolates ofF.

avenaceum (Figure 5), much greater than F. avenaceum frequencies in the water

control. Also recovered from bracts and strigs were Fusarium culmorum, 40 and 30%,

F. oxysporum, 20 and 30%, and F. sambucinum, 50 and 30%, respectively. When

bulked hop F. sambucinum isolates were used for inoculation at 102 conidialmL,

recovery frequency ofF. sambucinum from bracts and strigs of cones was 50%,

similar to cones sprayed with water, but F. sambucinum recovery increased in
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Figure 5. Percent recovery of Fusarium species from immature 'Nugget' cones 8 days
after they were sprayed (August 12, 2002) with sterile reverse osmosis water or a
dosage range ofF. avenaceum or F. sambucinum. Values are frequencies of recovery
from 10 cones per treatment.



association with symptomatic bracts and strigs as F. sambucinum concentrations

increased (Figure 5); recovery from inoculations at 106 conidialmL was approximately

100%. Other Fusarium species were also recovered, F. avenaceum, F. culmorum, F.

equiseti, F. oxysporum, and F. solani, but their frequencies generally decreased with

increasing concentrations ofF. sambucinum. Bracts of immature 'Nugget' cones

sprayed only with sterile water yielded F. avenaceum, F. culmorum, F. equiseti, and

F. sambucinum (Figure 5). Strigs yielded the same four Fusarium species, as well as

F. oxysporum. Fusarium sambucinum was recovered more frequently from

symptomatic water treated 'Nugget' bracts and strigs at 50 and 40%, respectively, than

other Fusarium species (20% or less).

When 'Willamette' cones were inoculated August 12 with bulked F.

avenaceum, recovery ofF. avenaceum from symptomatic cones was 60 to 100%,

increasing recovery with increased dosage, while no F. avenaceum was recovered

from cones treated with sterile water (Figure 6). Fusarium sambucinum and F.

culmorum were both recovered from cones inoculated with different concentrations of

bulked F. avenaceum. When cones were inoculated August 12 with bulked F.

sambucinum at all tested concentrations, F. sambucinum was recovered at frequencies

of 80 to 100%, much higher than frequencies ofF. sambucinum recovery when cones

were sprayed with sterile water (Figure 6). Fusarium prolferatum was the

predominant Fusarium species recovered from bracts and strigs treated with sterile

water with frequencies of 90 and 100%, respectively (Figure 6), while F. culmorum,

F. monilforme, and F. sambucinum were recovered at lower frequencies (10%).
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Figure 6. Percent recovery of Fusarium species from immature 'Willamette' cones 8
days after they were sprayed (August 12, 2002) with sterile reverse osmosis water or a
dosage range of F. avenaceum and F. sambucinum. Values are frequencies of recovery
from 10 cones per treatment.
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When inoculations were conducted one week later, cones inoculated with

bulked F. sambucinum at iO4 and 106 conidialmL yielded high frequencies ofF.

sambucinum upon reisolation from symptomatic cones and only one other Fusarium

species was recovered, F. oxysporum, and only at 102 or iO4 conidialmL

concentrations (Figure 7). 'Nugget' cones inoculated August 19 with bulked F.

avenaceum had lower F. avenaceum recovery compared to cones inoculated August

12, and F. avenaceum recovery on August 19 was less than the frequency ofF.

sambucinum (Figure 7), up to four other Fusarium species were detected at low levels.

High levels ofF. oxysporum were recovered (90 to 100%) from bracts and strigs when

sterile water was applied to cones (Figure 7). Fusarium sambucinum (40 to 50%) and

F. avenaceum (10%) were also recovered from bracts and strigs of 'Nugget' cones

sprayed with sterile water.

When 'Willamette' cones were inoculated August 19 with F. avenaceum at 106

conidialmL, F. avenaceum was recovered from 100% of bracts and strigs (Figure 8).

Fusarium sambucinum was also recovered at low levels (10%). Recovery ofF.

avenaceum from cones inoculated with bulked F. avenaceum at iO4 or 102 conidialmL

was infrequent compared to F. oxysporum and F. sambucinum recovery in these

inoculations. Fusarium sambucinum was the prevalent Fusarium species recovered

from symptomatic cones inoculated with F. sambucinum at 1 or 106 conidialmL,

while recovery or F. sambucinum from bracts and strigs was 100%. When cones

were inoculated with bulked F. sambucinum at 102 conidialmL, F. oxysporum was

recovered more frequently (80%) than F. sambucinum recovery from bracts and strigs,

30 and 40%, respectively. Fusarium oxysporum was the most prevalent Fusarium
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Figure 7. Percent recovery of Fusarium species from immature 'Nugget' cones 8 days
after they were sprayed (August 19, 2002) with sterile reverse osmosis water or a
dosage range ofF. avenaceum and F. sambucinum. Values are frequencies of recovery
from 10 cones per treatment.
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Figure 8. Percent recovery of Fusarium species from immature 'Willamette' cones 8
days after they were sprayed (August 19, 2002) with sterile reverse osmosis water or a
dosage range ofF. avenaceum and F. sambucinum. Values are frequencies of recovery
from 10 cones per treatment.



34
species recovered from symptomatic bracts and strigs sprayed with sterile water, but

F. avenaceum, F. sambucinum, and F. prolferatum were also recovered.

When mature 'Nugget' cones were inoculated August on 26 with bulked F.

avenaceum at 106 or 1 conidialmL, F. avenaceum was recovered at frequencies

ranging from 10 to 30% and other Fusarium species were recovered (Figure 9). No F.

avenaceum was recovered, however, when cones were inoculated with bulked F.

avenaceum at 102 conidialmL, but F. oxysporum and F. sambucinum were recovered

at frequencies of 50 to 60% (Figure 9); F. solani and F. monilforme were also

detected infrequently. In contrast, inoculations with any concentration ofF.

sambucinum resulted in a 70% or greater recovery ofF. sambucinum from

symptomatic 'Nugget' cones. Fusarium oxysporum was also found on bracts and

strigs inoculated with F. sambucinum at iO4 or 102 conidialmL. Mature 'Nugget'

cones sprayed with sterile water resulted in mostly recovery ofF. oxysporum, at 80

and 90%, and F. sambucinum, at 40 and 30%, from symptomatic bracts and

accompanying strigs, respectively (Figure 9).

Mature 'Willamette' cones inoculated with bulked F. avenaceum had variable

recovery frequencies ofF. avenaceum from bracts and strigs (Figure 10); F.

oxysporum was the prevalent Fusarium species recovered (60% or greater frequency)

from symptomatic cones inoculated with any concentration of bulked F. avenaceum.

When 'Willamette' cones were inoculated with a dosage range of bulked F.

sambucinum, the frequency of recovery ofF. sambucinum was 100%, regardless of

inoculum concentration (Figure 10). Fusarium oxysporum was also recovered

frequently in conjunction with F. sanibucinum from bracts and strigs inoculated
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Figure 9. Percent recovery of Fusarium species from mature 'Nugget' cones 8 days
after they were sprayed (August 26, 2002) with sterile reverse osmosis water or a
dosage range ofF. avenaceum and F. sambucinum. Values are frequencies of recovery
from 10 cones per treatment.



.-

100
75
50
25

0
100

75
50
25

0

100
75
50
25

0

100
75
50
25

0
100

75
50
25

0

100
75
50
25

0
100

75
50
25

0

36
flrct Strip

F. avenaceum at 106 conidia/mL F. avenaceuin at 106 conidia/mL

F. avenaceum at iO4 conidia/mL F. avenaceum at iø conidia/mL

I______
F. avenaceum at 102 conidia/mL F. avenaceum at 102 conidia/mL

F. sambucinum at 106

F. sambucinum at coni LF. sambucinum at io coni L

IibIui1nILTuciImat101oIL

Sterile water Sterile water

F. avenaceum F. equiseti F. sambucinum
i:i F. culmorum F. oxysporum F. pro1[eratum

Figure 10. Percent recovery of Fusarium species from mature 'Willamette' cones 8
days after they were sprayed (August 26, 2002) with sterile reverse osmosis water or a
dosage range ofF. avenaceum and F. sambucinum. Values are frequencies of recovery
from 10 cones per treatment.
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water yielded F. oxysporum, 90 and 80%, from bracts and strigs, respectively

(Figure 10). Fusarium avenaceum was recovered from 30 and 20% of bracts and

strigs, respectively, and F. sambucinum was recovered from 20% of both bracts and

strigs of 'Willamette' cones sprayed with sterile water.

Cone inoculations necrosis associated with other Fusarium species and isolates

Mean percent necrosis was also determined through visual assessment of the

upper surface area of hop cones (Figures 11 and 12). When immature 'Nugget' cones

were inoculated August 12 with bulked F. avenaceum from hop (93%), F. avenaceum

from sweet corn (98%), or bulked isolates ofF. sambucinum from hop (93%), mean

percent necrosis was generally significantly greater (P < 0.05) relative to all other

treatments (Figure 13). 'Nugget' cones inoculated with F. sambucinum derived from

potato or sweet corn had slightly lower levels of necrosis, 75 and 62% mean necrosis,

respectively. Cones inoculated with F. equiseti or F. oxysporum had slightly lower

necrosis levels, 59 and 50%, respectively, but necrosis levels were significantly

greater (P < 0.05) than that of cones sprayed with water (13% mean necrosis).

Immature 'Willamette' cones sprayed August 12 with sterile water (1%) had

significantly less (P < 0.05) necrosis than cones treated with any Fusarium species

tested (Figure 13). Inoculation with bulked hop F. avenaceum produced the highest

level of cone necrosis, 71%, which was significantly greater (P < 0.05) than mean

necrosis found in other Fusarium treatments. Necrosis of 'Willamette' cones

inoculated with bulked hop isolates ofF. sambucinum (49%) was significantly greater

(P < 0.05) than that observed when the potato F. sambucinum (30%) or F. equiseti
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(28%) was applied (Figure 13). When F. oxysporum was applied, resulting necrosis

was significantly less (P < 0.05) than that of the other Fusarium treatments evaluated.

When immature 'Nugget' cones were sampled and inoculated seven days later

on August 19, the overall mean percent necrosis that developed was greater than that

observed when immature 'Nugget' cones were inoculated August 12 (Figure 13).

Mean percent necrosis of cones inoculated with either F. avenaceum treatment, or any

of the F. sambucinum treatments, was approximately 100% and no significant

differences (P> 0.05) were detected among these treatments. 'Nugget' cones

inoculated with F. equiseti (74%) or F. oxysporum (80%) had relatively lower levels

of cone necrosis compared to cones inoculated with the other Fusarium treatments

(Figure 13). Sterile water-treated cones had relatively low levels of necrosis (15%);

significantly lower (P < 0.05) than means of all Fusarium treatments (Figure 13).

When immature, developing 'Willamette' cones were collected and inoculated

August 19, the resulting mean percent necrosis was generally greater compared to

when immature cones were inoculated August 12 (Figure 13). Cones inoculated with

either Fusarium species consisting of bulked hop isolates developed approximately

95% mean necrosis, significantly greater (P < 0.05) than the other Fusarium

treatments, while cones sprayed with sterile water yielded relatively low levels of

necrosis (5%) and mean percent necrosis was significantly lower (P < 0.05) than

means of all Fusarium treatments (Figure 13). Necrosis that developed after

'Willamette' cones were inoculated with F. sambucinum from potato (74%) was less

than that observed when cones were inoculated with F. sambucinum from hop, but



was still significantly greater (P < 0.05) than when F. equiseti (42%) or F.

oxysporum (6 1%) were applied.

Generally, mean necrosis of mature 'Nugget' cones inoculated August 26, was

greater for each treatment than earlier inoculations done on August 12 or August 19

(Figure 13). Necrosis levels were similar, nearly 100%, though cones inoculated

August 26 with F. sambucinum from sweet corn had slightly, but significantly less (P

<0.05) than necrosis of cones inoculated with either F. avenaceum treatment or F.

sambucinum from hop. Mean percent necrosis of cones inoculated with any of the

Fusarium treatments was significantly greater (P < 0.05) than that observed when

cones were sprayed with sterile water (46% necrosis).

Mature 'Willamette' cones treated August 26 had generally greater necrosis

than from inoculations conducted August 19 or 12 (Figure 13). Mean necrosis (29%)

of 'Willamette' cones sprayed with sterile water on August 26 was significantly lower

(P < 0.05) than all Fusarium treatments. Cones inoculated with the sweet corn isolate

ofF. avenaceum or bulked hop isolates ofF. avenaceum resulted in the highest mean

percent cone necrosis with 97% or higher, and the means were significantly greater (P

<0.05) than the other Fusarium treatment means (Figure 13). No significant

difference (P> 0.05) was detected among F. sambucinum from hop or sweet corn, or

F. equiseti or F. oxysporum, when they were applied to mature 'Willamette' cones (81

to 86% mean necrosis). When the potato derived F. sambucinum was used for

inoculations, 67% mean necrosis resulted, significantly less (P < 0.05) than the other

Fusarium treatments (Figure 13).
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Mean percent necrosis of immature or mature 'Willamette' cones inoculated

with the potato derived F. sambucinum generally resulted in significantly less (P <

0.05) cone necrosis than that of immature and mature 'Nugget' cones by four days

after inoculation (Figure 14). When immature or mature cones of both cultivars were

inoculated with F. equiseti or F. oxysporum, resulting levels of necrosis on 'Nugget'

cones were generally greater than those of 'Willamette' cones by the sixth day after

inoculation (Figure 14). When mature 'Nugget' cones were inoculated with the sweet

corn isolate ofF. avenaceum, the resulting mean necrosis was slightly, but

consistently greater than that observed on 'Willamette' (Figure 15).

Reisolations

Recovery ofF. avenaceurn from 'Nugget' cones inoculated August 12 with the

sweet corn F. avenaceum was 80% from both bracts and strigs, compared to 20% F.

avenaceum recovery from cones sprayed with sterile water (Figure 16). Recovery of

F. avenaceum from cones inoculated with the sweet corn F. avenaceum (Figure 16)

was greater than that from cones inoculated with the bulked hop isolates of the same

species (Figure 5). 'Nugget' cones inoculated with F. sambucinum from sweet corn or

from potato resulted in high recovery ofF. sambucinum, similar to when cones were

inoculated with bulked hop F. sambucinum (Figure 5); and F. sambucinum recovery

was greater than when cones were sprayed with sterile water. Cones inoculated

August 12 with F. equiseti yielded F. equiseti frequencies of 60% from symptomatic

bracts and accompanying strigs, and cones inoculated with F. oxysporum yielded 100

and 60% recovery ofF. oxysporum from symptomatic bracts and strigs, respectively

(Figure 16).
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Figure 15. Percent necrosis of mature (August 26, 2002) 'Nugget' (.) and
'Willamette' (A) hop cones inoculated with F. avenaceum or F. sambucinum from
sweet corn at 106 conidia!mL. Values are means and standard errors of 150 cones per
treatment. Asterisks (*) indicate significant differences (P = 0.05) between means of
cultivars based on repeated measures ANOVA.

Fusarium sambucinum was recovered from 'Willamette' cones inoculated with

the potato F. sambucinum at 10% recovery from both bracts and strigs, similar to the

recovery of F. sambucinum from bracts of cones sprayed with sterile water (Figure

13). Both F. equiseti and F oxysporum were recovered from cones inoculated with

the respective treatments, but neither of these two Fusarium species was recovered

from cones treated with sterile water (Figure 17). Fusarium oxysporum was the

prevalent species recovered from symptomatic cones that were sprayed with sterile

water.

Recovery of F sambucinum from 'Nugget' cones inoculated with either the

sweet corn or potato F sambucinum on August 19 ranged from 50% to 70% (Figure

18). Fusarium oxysporum was the predominant Fusarium species recovered from



.-
c.e

rl

100

75

50

25

0

100

75

50

25

0

100

75

50

25

0

100

75

50

25

0

100

75

50

25

0

100

75

50

25

0

Bract Stri
Sweet corn F. avenaceum Sweet corn F. avenaceum

Sweet corn F. sambucinum

I

Sweet corn F. sambucinum

_
Potato F. sambucinum

I

Potato F. sambucinum

Hop F. equiseti

iLI

Hop F. equiseti

urn
Hop F. oxysporum

- ______

Hop F. oxysporum

- U
Sterile water

_
Sterile water

F. avenaceum F. equiseti F. sambucinum
F. culmorum F. oxysporum F. solani.

Figure 16. Percent recovery of Fusarium species from immature 'Nugget' cones 8
days after they were sprayed (August 12, 2002) with sterile reverse osmosis water or
various Fusarium species at 106 conidialmL. Values are frequencies of recovery from
10 cones per treatment.
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Figure 17. Percent recovery of Fusarium species from immature 'Willamette' cones 8
days after they were sprayed (August 12, 2002) with sterile reverse osmosis water or

various Fusarium species at 1 6 conidialmL. Values are frequencies of recovery from
10 cones per treatment.

cones inoculated with F. oxysporum or sprayed with sterile water. When 'Nugget'

cones were inoculated August 19 with F. avenaceum from sweet corn, F. avenaceum

was recovered from 20% of bracts and strigs (Figure 18), which was relatively lower

compared to recovery of F avenaceum from cones inoculated with the bulked F.

avenaceum at 106 conidialmL (Figure 7). Bracts and strigs sprayed with water also
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Figure 18. Percent recovery of Fusarium species from immature 'Nugget' cones 8
days after they were sprayed (August 19, 2002) with sterile reverse osmosis water or
various Fusarium species at 106 conidialmL. Values are frequencies of recovery from
10 cones per treatment.



yielded F. avenaceum at 10% from bracts and strigs, as well as F. sambucinum at

40 and 50% from bracts and strigs, respectively.

Following inoculation of immature 'Willamette' cones August 19 with F.

sambucinum from potato, F. sambucinum was recovered at frequencies of 50% from

both bracts and strigs, and this recovery was greater than the 10% recovery ofF.

sambucinum from bracts and strigs of cones sprayed with sterile water (Figure 19). F.

equiseti was recovered from only 10% of strigs treated with sterile water, while it was

recovered from 60% of bracts and strigs after inoculation with F. equiseti (Figure 19).

Fusarium oxysporum was most often recovered from bracts (80%) and strigs (100%)

inoculated with F. oxysporum, and was also recovered at high frequencies from

symptomatic bracts (90%) and strigs (100%) sprayed with sterile water (Figure 19).

From the last inoculation, conducted on August 26, F. avenaceum was

recovered from 'Nugget' strigs and bracts inoculated with the sweet corn derived F.

avenaceum at low frequencies, 20 and 10%, respectively (Figure 20). Similarly,

bracts and strigs inoculated with bulked hop F. avenaceum at 106 conidialmL resulted

in low recovery ofF. avenaceum (10 and 30%) (Figure 20). Recovery ofF.

sambucinum when cones were inoculated with F. sambucinum derived from sweet

corn was 90 and 70%, respectively or potato was 80 and 70%, respectively from bracts

and strigs, more frequent recovery than when cones were sprayed with sterile water

(Figure 20). Frequencies ofF. sambucinum recovered from bracts and strigs of cones

inoculated with bulked isolates ofF. sambucinum at 106 conidialmL were slightly

higher at 100 and 90%, respectively (Figure 9). Cones inoculated with F. equiseti

yielded a low recovery ofF. equiseti from bracts and strigs, 20 and 30%, respectively
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Figure 19. Percent recovery of Fusarium species from immature 'Willamette' cones 8
days after they were sprayed (August 19, 2002) with sterile reverse osmosis water or
various Fusarium species at 106 conidia/mL. Values are frequencies of recovery from
10 cones per treatment.

(Figure 20). When cones were inoculated with F. oxysporum, F. oxysporum was the

predominant Fusqrium species recovered from bracts and strigs at 80 and 70%,

respectively. Fusarium oxysporum was also recovered at high frequencies from bracts

and strigs treated with sterile water, at 80 and 90%, respectively (Figure 20); F.
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Figure 20. Percent recovery of Fusarium species from mature 'Nugget' cones 8 days
after they were sprayed (August 26, 2002) with sterile reverse osmosis water or
various Fusarium species at 106 conidialmL. Values are frequencies of recovery from
10 cones per treatment.
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sambucinum was also recovered at low frequencies from these cones. Fusarium

prolferatum was also detected on strigs.

Recovery ofF. sambucinum from mature 'Willamette' cones inoculated with

either isolate derived from sweet corn or potato (Figure 21) was 50 and 80%,

respectively, not as high as recovery from cones inoculated with bulked F.

sambucinum at 106 conidia!mL, which was 100% from both bracts and strigs (Figure

10). When mature 'Willamette' cones were inoculated with F. avenaceum from sweet

corn, recovery ofF. avenaceum (Figure 21) was low, 20 and 10% from bracts and

strigs, respectively, similar to that from bracts and strigs inoculated with bulked F.

avenaceum at 106 conidialmL (Figure 10). When F. equiseti was used to inoculate

mature cones, F. equiseti was recovered at frequencies of 20 and 40% from

'Willamette' bracts and strigs, respectively (Figure 21). Fusarium oxysporum was

recovered from 100% of 'Willamette' bracts and strigs inoculated with F. oxysporum.

This same Fusarium species was most often recovered from water treated bracts and

strigs of cones at 90 and 80%, respectively (Figure 21), and low levels ofF.

avenaceum and F. sambucinum were also recovered from these symptomatic cones.

Cone inoculations with F. avenaceum and F. sambucinuin dosage effects by site

Overall means were presented for each inoculation date, but there was

variation in necrosis among sites and necrosis data will now be shown by site. For

cones sampled from all three sites, percent necrosis of immature 'Nugget' cones

inoculated with F. avenaceum or F. sambucinum at 106 conidialmL was significantly

greater (P < 0.05) than means for cones inoculated with iO4 conidialmL, 102

conidialmL, or sprayed with sterile water (Figure 22). No difference was observed
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Figure 21. Percent recovery of Fusarium species from mature 'Willamette' cones 8
days after they were sprayed (August 26, 2002) with sterile reverse osmosis water or
various Fusarium species at 106 conidia!mL. Values are frequencies of recovery from
10 cones per treatment.
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between F. avenaceum and F. sambucinum at the 106 conidia!mL concentration,

where mean percent necrosis ranged from 85 to 97% and 88 to 97% for the two

treatments, respectively. When 'Nugget' cones were inoculated with F. avenaceum at

1 conidia/mL, necrosis did not exceed 34% and was significantly lower (P < 0.05)

than means of cones inoculated at 106 levels significantly greater (P < 0.05) than those

of cones inoculated with F. avenaceum at 102 conidialmL or sprayed with sterile water

(Figure 22).

When immature 'Willamette' cones collected from all three sites were

inoculated with F. avenaceum or F. sambucinum at 106 conidia, significantly greater

(P < 0.05) mean cone necrosis developed compared to cones inoculated at lower

concentrations (10 or 102 conidialmL) or sprayed with sterile water (Figure 22).

'Willamette' cone inoculations with F. avenaceum at 106 conidialmL had slight, but

significantly greater (P <0.05) levels of necrosis (63 to 8 1%), than cones inoculated

conidialmL with either Fusarium species, while cones from two sites had necrosis

with F. sambucinum at 106 conidia/mL. Mean necrosis resulting from F. sambucinum

at 106 conidialmL inoculations varied by site, ranging from 29 to 73% average cone

necrosis. When 'Willamette' cones were inoculated with F. avenaceum at iO4

conidialmL, mean percent necrosis of cones collected from farm I and II were similar,

11.5 and 11.2%, respectively, but significantly greater (P < 0.05) than means of cones

inoculated with a similar concentration ofF. sambucinum, where necrosis averaged

4.7 and 2.7 % for farm I and II, respectively (Figure 22).

Immature 'Nugget' cones inoculated one week later on August 19 with either

F. avenaceum or F. sambucinum at 106 conidialmL had significantly greater (P <
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0.05) mean percent cone necrosis than that of cones inoculated with either Fusarium

species at 1 4 conidia!mL, 102 conidialmL, or sprayed with sterile water for samples

collected from all three locations (Figure 23). No significant difference (P> 0.05)

between the two Fusarium species in necrosis of 'Nugget' cones was observed at 106

conidialmL; means were approximately 100% at all three sites. For two sites, farms I

and II, mean percent necrosis of 'Nugget' cones inoculated with 1 conidialmL of

either F. avenaceum or F. sambucinum (27 to 75%) was significantly greater (P <

0.05) than necrosis that developed when cones inoculated with either Fusarium

species at 102 conidialmL (16-36%) or sprayed with sterile water (13 to 16%) (Figure

23). Necrosis of 'Nugget' cones inoculated with F. sambucinum at 102 conidialmL

was significantly greater (P < 0.05) than cones sprayed with sterile water (less than or

equal to 9%) for inoculations on cones from farms I and III (Figure 23).

Immature 'Willamette' cones inoculated August 19 with F. avenaceum or F.

sambucinum at 106 conidia/mL had significantly greater (P < 0.05) mean cone

necrosis(85% necrosis or more) than cones inoculated with either Fusarium species at

iO4 conidialmL (28% or less), 102 conidialmL (11% or less), or sprayed with sterile

water (9% or less) (Figure 23). Though means were similarly high for F. avenaceum

and F. sambucinum at 106 conidialmL, mean percent necrosis of cones from farms II

and III were significantly different between these two Fusarium species (P < 0.05).

Mean cone necrosis of 'Willamette' cones inoculated with F. avenaceum or F.

sambucinum at iO4 conidialmL was significantly greater (P < 0.05), 28 and 32%,

respectively, for cones collected from farm I, than when cones were treated with 102

conidialmL or sprayed with sterile water (Figure 23). The level of cone necrosis
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Figure 23. Percent necrosis of immature hop cones 8 days after inoculation (August
19, 2002) with a dosage range of F. avenaceum (Fav) and F. sambucinum (Fsamb) of
two different cultivars ('Nugget' and 'Willamette') collected from three farms (I, II
and II!). Values represent the means of 50 cones per treatment. Bars labeled with the
same letters are not significantly different (P = 0.05) according to Tukey's W statistic.



associated with F. avenaceum and F. sambucinum at 1 conidialmL inoculations

on cones from the other two sites (II and III) was lower, but the F. sambucinum

treatment had significantly greater (P < 0.05) necrosis than cones sprayed with sterile

water. Necrosis levels on cones from sites I and III inoculated with F. avenaceum at

iO4 conidialmL were significantly greater (P < 0.05) than those of cones sprayed with

sterile water. 'Willamette' inoculations with F. avenaceum or F. sambucinum at 102

conidia/mL resulted in 4 to 11% necrosis on cones collected from farms I and III,

which did not differ significantly (P> 0.05) from means of cones sprayed with sterile

water (4 to 9% mean necrosis).

Overall cone necrosis was higher in mature cone inoculations done August 26

(Figure 24) than immature cone inoculations conducted August 12 (Figure 22) or

August 19 (Figure 23). Mature 'Nugget' cones collected from all three locations and

inoculated August 26 with F. avenaceum or F. sambucinum at 106 conidialmL all

averaged 100% cone necrosis, significantly greater (P < 0.05) necrosis found than that

when cones were inoculated with either Fusarium species at iO4 conidialmL (61 to

84% necrosis), 102 conidialmL (21 to 48% necrosis), or sprayed with sterile water (41

to 53% necrosis) (Figure 24). No significant difference (P> 0.05) between the two

Fusarium species was observed for 'Nugget' cones inoculated with F. avenaceum or

F. sambucinum at 106 conidialmL. Mean percent necrosis of 'Nugget' cones from

farms I and III was significantly greater (P < 0.05) when inoculated with F.

avenaceum or F. sambucinum at 1 conidialmL compared to means of cones sprayed

with sterile water. When cones from farm II were inoculated with F. avenaceum at

1o4 conidialmL, cone necrosis (6 1%) was significantly greater (P < 0.05) than the
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water control. Inoculations at 102 conidialmL were not associated with increased

cone necrosis above that which developed when cones were sprayed with sterile water.

When mature 'Willamette' cones from all three farms were inoculated with F.

avenaceum or F. sambucinum at 106 conidialmL, significantly greater (P < 0.05) cone

necrosis developed (68% or greater) compared to cones sprayed with sterile water (

31% mean necrosis) (Figure 24). A decrease in inoculum concentration ofF.

avenaceum was associated with a corresponding decrease in percentage necrosis of

cones from two sites (farm I and II). Mean necrosis of cones inoculated with F.

avenaceum at 102 and 1 0 conidialmL from the third site, farm III, was not

significantly different (P> 0.05) between doses, but both were significantly less (P <

0.05) than the 106 conidialmL treatments. A reduction in F. sambucinum inoculum

concentration (102 conidialmL) resulted in significantly lower (P < 0.05) mean cone

necrosis (23%) compared to F. sambucinum at 106 conidialmL (68%); but generally

cone necrosis was not significantly different (P < 0.05) from iO4 conidialmL

inoculations (Figure 24), except for cones from farm II.

Some differences between 'Nugget' and 'Willamette' cultivars were detected

when immature cones were treated with sterile water. Mean percent necrosis of

'Nugget' cones from farm II was slightly greater than 'Willamette' cones by 6 days

after treating with water (Figure 25). Eight days after treating with water, mean

percent necrosis was relatively low, but was significantly greater (P < 0.05) for

'Nugget' cones from all three sites than their respective 'Willamette' cones. Immature

'Nugget' cones from all three sites inoculated with either F. avenaceum (Figure 26) or

F. sambucinum (Figure 27) at 102 conidialmL had significantly greater necrosis (P <
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0.05) than that of 'Willamette' cones by eight days after inoculation. Mean necrosis

of immature 'Nugget' cones collected from farm II and inoculated with F. avenaceum

at 102 conidialmL was greater than that of 'Willamette' cones on each evaluation date,

while mean necrosis of 'Nugget' cones from farms I and III were significantly greater

(P < 0.05) than 'Willamette' only on day 8 after inoculation (Figure 26). Similarly,

when inoculum concentration was increased to 1 0 conidialmL, 'Nugget' cones

inoculated with F. avenaceum (Figure 26) or F. sambucinum (Figure 27) had greater

mean percent necrosis than 'Willamette' cones on the eighth day after inoculation.

Mean necrosis of immature 'Nugget' cones collected from farms I and III inoculated

with F. avenaceum at iO4 conidialmL was significantly greater (P < 0.05) than that of

'Willamette' cones by four days after inoculation, while necrosis of 'Nugget' cones

from farm II were only significantly greater (P < 0.05) than that of 'Willamette' cones

eight days following inoculation. When either Fusarium species was applied at 106

conidialmL, mean percent necrosis of 'Nugget' cones collected from farms II and III

was consistently greater than that of 'Willamette' cones. Significant differences (P <

0.05) were also detected between cones of the two cultivars collected from farm I, but

mean percent necrosis was overall similar.

When mature 'Nugget' and 'Willamette' cones were collected and sprayed

with sterile water August 26, mean percent necrosis of 'Nugget' cones was greater

than that of 'Willamette' cones by the eighth day after inoculation, though the

resulting necrosis was variable by site. (Figure 25). Mean percent necrosis of mature

'Willamette' cones inoculated with either F. avenaceum (Figure 26) or F. sambucinum

(Figure 27) at 102 conidialmL was significantly less (P < 0.05) than that of 'Nugget'
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cones eight days following inoculation, except for cones collected from farm II

inoculated with F. avenaceum, where the necrosis levels were the same (Figure 26).

'Nugget' cones inoculated with F. avenaceum (Figure 26) or F. sambucinum (Figure

27) at 1 0 conidia!mL had greater mean necrosis eight days after inoculation than

'Willamette' cones and differences were significant (P < 0.05) with the exception of

cones collected from farm II and inoculated with F. sambucinum at iO4 conidialmL

where there were no differences on day 8. As was observed with cones inoculated

August 19, 'Nugget' cones collected from farms II and III inoculated with F.

avenaceum (Figure 26) or F. sambucinum (Figure 27) at 106 conidialmL consistently

had greater mean percent necrosis than did 'Willamette' cones. Significant

differences (P < 0.05) were observed between inoculated cones of both cultivars

collected from farm I, but means were more similar than that observed on cones from

the other two sites.

Cone inoculations effects of different Fusarium isolates/species by site

When immature 'Nugget' cones were inoculated with bulked isolates ofF.

avenaceum or F. sambucinum from hop or the F. avenaceum isolate from sweet corn,

mean necrosis levels were similar, 85, 88, or 95%, respectively, and generally greater

than all other treatments (Figure 28). After inoculation with the potato-derived F.

sambucinum, a high level of necrosis also occurred on immature 'Nugget' cones from

farms TI and III at 97 and 92%, respectively. 'Nugget' cones treated with F.

sambucinum isolated from sweet corn exhibited significantly greater (P < 0.05)

necrosis (81 and 82%) relative to the water control (11 to 15%) when cones were

sampled from farms II and III. When either F. equiseti or F. oxysporum were applied,
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the resulting cone necrosis (42 to 68%) was generally lower than other Fusarium

treatments, but significantly greater (P < 0.05) than when cones were sprayed with

sterile water (Figure 28).

Mean percent necrosis of immature 'Willamette' cones sprayed with sterile

water was significantly lower (P < 0.05) than means from all Fusarium treatments

(Figure 28). Generally, inoculation with the bulked isolates ofF. avenaceum from

hop resulted in the greatest level of necrosis on immature 'Willamette' cones (63%

cone necrosis or greater) (Figure 28). Mean percent necrosis of 'Willamette' cones

inoculated with F. sambucinum treatments was variable among farms; resulting in

necrosis on cones of 73, 47, and 29% from farms I, II, and III, respectively, for bulked

F. sambucinum isolates from hop, and 54, 22, and 15% from farms I, II, and III,

respectively, for the F. sambucinum isolate from potato.

When immature 'Nugget' cones were sampled and inoculated seven days later

on August 19, again water-treated cones had low levels of necrosis (16% or less),

significantly lower (P < 0.05) than means of all Fusarium treatments (Figure 29).

'Nugget' cones treated with some Fusarium isolates August 19 generally had greater

necrosis compared to inoculations done one week earlier (Figure 28). Inoculations

with isolates ofF. avenaceum and F. sambucinum on August 19 resulted in severe

necrosis, nearly 100%, and there was no significant difference (P> 0.05) between

means (Figure 29). Fusarium equiseti and F. oxysporum inoculations were sometimes

nearly as severe (49 to 89% mean necrosis), but significantly less (P < 0.05) than

necrosis found with F. avenaceum or F. sambucinum inoculations.
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Figure 29. Percent necrosis of immature hop cones 8 days after inoculation (August
19, 2002) with various Fusarium species at 106 conidialmL of two different cultivars
('Nugget' and 'Willamette') collected from three farms (I, II and III). Values
represent the means of 50 cones per treatment. Bars labeled with the same letters are
not significantly different (P = 0.05) according to Tukey's W statistic.



When immature 'Willamette' cones were collected and inoculated August

19, cones sprayed with sterile water yielded relatively low levels of necrosis (9% or

less) and these means were significantly less (P < 0.05) than means from all Fusarium

treatments (Figure 29). Mean percent necrosis of 'Willamette' cones inoculated

August 19 was greater overall compared to means for 'Willamette' cones inoculated

August 12 (Figure 28) and necrosis was greatest on cones inoculated with bulked F.

avenaceum (90% or greater) or bulked F. sambucinum (85% or greater) isolates, as

well as cones inoculated with the potato-derived F. sambucinum. The results of the

latter isolate were variable among farms (50 to 100% mean necrosis) (Figure 29).

When samples from farms I, II, and III were inoculated with F. oxysporum, mean

percent cone necrosis (52, 69 and 61%, respectively) was significantly greater (P <

0.05) than that found when immature 'Willamette' cones were inoculated with F.

equiseti (29, 57, and 39%, respectively) or sprayed with sterile water (2 to 9% cone

necrosis).

On the third and final inoculation date in 2002, August 26, mean necrosis

inoculated 'Nugget' cones (Figure 30) was generally greater than means of cones

inoculated August 12 (Figure 28) or August 19 (Figure 29). All inoculations resulted

in greater cone necrosis, 94% or greater, relative to that found when cones were

sprayed with sterile water (41 to 53%). There was no significant difference (P> 0.05)

among means of Fusarium treatments done on August 26 with the exception of

inoculation of mature cones from farm III with the sweet corn F. sambucinum (Figure

30), which had a slightly lower mean necrosis compared to four of the other six

treatments.
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Mean percent necrosis of mature 'Willamette' cones sprayed August 26 with

sterile water (24 to 31%) was significantly lower (P < 0.05) than all Fusarium

treatments (Figure 30). Cones inoculated with F. avenaceum, either the sweet corn

isolate or the bulked isolates from hop, resulted in the greatest cone necrosis (greater

than 94%), and were not significantly different (P> 0.05) from one another. Necrosis

of cones inoculated with F. sambucinum varied by farm (68 to 100%), but was always

significantly greater (P < 0.05) than the mean necrosis of 'Willamette' cones sprayed

with sterile water (24 to 32%). Mean percent necrosis of cones inoculated with F.

equiseti (77 to 93%) or F. oxysporum (76 to 97%) was also significantly greater (P <

0.05) than that when cones were sprayed with sterile water.

When hop cultivars were compared at each site, generally, the mean percent

necrosis of immature and mature 'Willamette' cones inoculated with the potato

derived F. sambucinum was lower than that of immature and mature 'Nugget' cones

(Figure 31). When immature or mature cones of either cultivar were inoculated with

F. equiseti (Figure 32) or F. oxysporum (Figure 33), resulting levels of necrosis were

generally greater for 'Nugget' than that of 'Willamette' cones from each site by the

eighth day after inoculation. When cones were inoculated with the sweet corn-derived

F. avenaceum or F. sambucinum isolates (Figure 34), necrosis of 'Nugget' cones from

all three sites was generally greater than that observed on 'Willamette' cones.

Fusarium population surveys

At least one Fusarium isolate was recovered on each 2002 sampling date

(Figure 35). In general, frequencies of Fusarium species recovered from flower parts

were higher early in the season, compared to later in the season. Fusarium species
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Figure 31. Percent necrosis of immature (August 19, 2002) and mature (August 26,
2002) 'Nugget' (.) and 'Willamette' (A) hop cones collected from three farms (I, II
and III) inoculated with F. sambucinum from potato at 106 conidialmL. Values
represent the means and standard errors of 50 cones per treatment. Values are means
and standard errors of 50 cones per treatment. Asterisks (*) indicate significant
differences (P = 0.05) between means of cultivars based on repeated measures
ANOVA.
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Figure 32. Percent necrosis of immature (August 19, 2002) and mature (August 26,
2002) 'Nugget' (.) and 'Willamette' (A) hop cones collected from three farms (I, II
and III) inoculated with F. equiseti from hop at 106 conidialmL. Values represent the
means and standard errors of 50 cones per treatment. Asterisks (*) indicate
significant differences (P 0.05) between means of cultivars based on repeated
measures ANOVA.
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Figure 33. Percent necrosis of immature (August 19, 2002) and mature (August 26,
2002) 'Nugget' (s) and 'Willamette' (A) hop cones collected from three farms (I, II
and III) inoculated with F. oxysporum from hop at 106 conidialmL. Values represent
the means and standard errors of 50 cones per treatment. Asterisks (*) indicate
significant differences (P = 0.05) between means of cultivars based on repeated
measures ANOVA.
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Figure 34. Percent necrosis of mature (August 26, 2002) 'Nugget' (.)and
'Willamette' (A) hop cones (collected from three farms (I, II and III) inoculated with
F. avenaceum or F. sambucinum from sweet corn at 106 conidialmL. Values represent
the means and standard enors of 50 cones per treatment. Asterisks (*) indicate
significant differences (P = 0.05) between means of cultivars based on repeated
measures ANOVA.
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Figure 35. Percent asymptomatic 'Nugget' burr/cone parts from all farms yielding
Fusarium species. Values are based on frequencies of Fusarium species isolated from
600 burrs collected both July 15 and 29 and 300 cones collected each August 12, 19,
and 26. * = inflorescences sampled after stigmas were removed

recovered at the burr stage were more frequently associated with stigmas than from the

rest of the burr structure (Figure 35). Isolation of Fusarium species from stigmas on

July 12 and July 19 were 22.7% and 50.8%, respectively, compared to isolations from

burrs of the same dates, respectively, 12.3% and 17.5%. The isolation frequencies of

Fusarium species decreased following July 29 in August 12, 19, and 26 samples,

where Fusarium species were recovered from 17.0, 9.7, and 7.0% of the bracts

sampled, respectively, compared to 3.7, 2.3, and 4.0% recovery from strigs on the

respective isolation dates (Figure 35).
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Eight different Fusarium species were recovered from asymptomatic hop

burr and cone sampling: F. sambucinum, F. avenaceum, F. equiseti, F. oxysporum, F.

culmorum, F. solani, F. monilforme, and F. prolferatum. Fusarium sambucinum

appeared throughout sampling dates (Figure 36), but its frequency of isolation peaked

on July 29 where F. sambucinum was recovered from 17.3% of the stigma samples.

Recovery frequencies were low on later sampling dates, but F. sambucinum appeared

more frequently in bracts than strig samples collected on August 12, 19, and 26.

Fusarium avenaceum was found at low levels overall and was isolated most

frequently during late July and early August (Figure 37), where it was recovered from
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Figure 36. Percent asymptomatic 'Nugget' burr/cone parts from all farms yielding
F. sambucinum. Values are based on frequencies ofF. sambucinum isolated from 600
burrs collected both July 15 and 29 and 300 cones collected each August 12, 19, and
26. * = inflorescences sampled after stigmas were removed.
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Figure 37. Percent asymptomatic 'Nugget' burr/cone parts from all farms yielding
F. avenaceum. Values are based on frequencies ofF. avenaceum isolated from 600
burrs collected both July 15 and 29 and 300 cones collected each August 12, 19, and
26. * = inflorescences sampled after stigmas were removed.

6.3% of the stigmas sampled on July 29, and from 7.3% of the bracts sampled on

August 12. As was observed with F. sambucinum, the frequencies at which F.

avenaceum was recovered decreased as the season progressed, but throughout the

latter part of the season, F. avenaceum was recovered more often from bracts than

from strigs.

Fusarium equiseti was isolated more frequently at the burr stage than later in

the season from immature or mature cones (Figure 38). During July sampling, F.

equiseti was recovered frequently from the stigmas, and was isolated from 8.7 and

13.2% from stigmas sampled July 15 and 29, respectively. When cones were sampled,



79
100 i I

80
- .

60

a
40

ci)

a

0
a a
E E a a a

. ci) Cl) Cl)

ci) ci)

7/15 7/29 8/12 8/19 8/26
Burr Cone

Evaluation dates in 2002

Figure 38. Percent asymptomatic 'Nugget' burr/cone parts from all farms yielding
F. equiseti. Values are based on frequencies ofF. equiseti isolated from 600 burrs
collected July 15 and 29, as well as 300 cones collected August 12, 19, and 26. * =
inflorescences sampled after stigmas were removed.

F. equiseti was recovered slightly more frequently from bracts than from strigs on the

respective sampling dates.

Fusarium oxysporum was isolated most frequently from stigma samples on

July 15 and 29 (Figure 39); recovery was low, from 6.3% and 8.7% of the stigmas

sampled July 15 and 29, respectively. Cone recovery was even lower, 2% or less.

Fusarium culmorum and F. solani were recovered at relatively low frequencies

compared to the aforementioned Fusarium species. Peak recovery ofF. culmorum,

3.7%, was from stigmas plated July 29 (Figure 40). Fusarium solani was recovered

most frequently from burrs than from cones and recovery from burrs was highest from

stigmas sampled July 29 at 1.7% (Figure 41).
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Figure 39. Percent asymptomatic 'Nugget' burr/cone parts from all farms yielding
F. oxysporum. Values are based on frequencies ofF. oxysporum isolated from 600
burrs collected both July 15 and 29 and 300 cones collected each August 12, 19, and
26. * inflorescences sampled after stigmas were removed.

Out of all of the Fusarium species recovered during the 2002 season, F.

proliferatum and F. monilforme were recovered the least often. Fusarium

prolferatum was recovered three times during the 2002 season, from a burr collected

on July 15, and from a burr and a stigma collected on July 29 from farm III. Fusarium

monilforme was recovered once from a stigma sample from farm II collected July 12.

Fusarium species were recovered more frequently from burrs than from cones

at all three sites (Figure 42). The peak levels ofFusarium recovery was from stigmas

sampled on July 29 with 50, 58, and 45% Fusarium recovery from farms I, II, and III,

respectively. Once bracts began to develop, recovery of Fusarium species decreased.
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Figure 40. Percent asymptomatic 'Nugget' burr/cone parts from all farms yielding
F. culmorum. Values are based on frequencies ofF. culmorum isolated from 600
burrs collected both July 15 and 29 and 300 cones collected each August 12, 19, and
26. * = inflorescences sampled after stigmas were removed.

From samples collected at all three farms, F. sambucinum was the Fusarium

species most frequently recovered. Stigmas sampled July 29 had the highest recovery

(8 to 17%) (Figure 43). Fusarium sambucinum was generally recovered at lower

frequencies from cones compared to burrs.

Fusarium avenaceum recovery varied by site, farm III had the highest

frequency ofF. avenaceum (Figure 43), 15% of the stigmas sampled on July 29.

Relatively low levels of F. avenaceum were recovered from farms I and II. The

highest level ofF. avenaceum recovery from farm I was from the bracts sampled on
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Figure 41. Percent asymptomatic 'Nugget' burr/cone parts from all farms yielding
F. solani. Values are based on frequencies of F. solani isolated from 600 burrs
collected both July 15 and 29 and 300 cones collected each August 12, 19, and 26.
* = inflorescences sampled after stigmas were removed.

August 12 and 26, both with 4% recovery. The highest level ofF. avenaceum

recovery from farm II was from the bracts sampled on August 12 at 6%.

Fusarium equiseti was recovered more frequently early in the season from

each farm and was recovered more frequently from stigmas than the rest of the burr

(Figure 44). Fusarium equiseti recovery peaked in July 29 sampling of stigmas,

ranging from 12 to 14% recovery. Generally, F. equiseti frequencies decreased once

cones developed, though one recovery peak was present for bracts collected on August

19 from farm I and collected on August 12 from farm III. The highest frequencies of

F, oxysporum were recovered from stigmas sampled July 29 at 15 and 9.5%,
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Figure 42. Percent asymptomatic Nugget' burr/cone parts from individual farms
yielding Fusarium species. Values are based on frequencies of Fusarium species
isolated from 300 burrs collected from each farm both July 15 and 29 and 100 cones
collected from each farm August 12, 19, and 26. * inflorescences sampled after
stigmas were removed.
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Figure 43. Percent asymptomatic 'Nugget' burr/cone parts from individual farms
yielding F. sambucinum or F. avenaceum. Values are based on frequencies of
Fusarium species isolated from 300 burrs collected from each farm both July 15 and
29 and 100 cones collected from each farm August 12, 19, and 26. * = inflorescences
sampled after stigmas were removed.
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Figure 44. Percent asymptomatic 'Nugget' burr/cone parts from individual farms
yielding F. equiseti or F. oxysporum. Values are based on frequencies of Fusarium
species isolated from 300 burrs collected from each farm both July 15 and 29 and 100
cones collected from each farm August 12, 19, and 26. * = inflorescences sampled
after stigmas were removed.
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respectively, from farms I and II (Figure 44). Farm III had relatively lower levels of

F. oxysporum.

Both F. culmorum and F. solani were detected in asymptomatic 'Nugget'

samples, but at low frequencies and there were differences among sites (Figure 45).

The peak recovery ofF. culmorum was 3% of the stigmas, 8% of stigmas, and 3% of

the bracts sampled from farms I, II, and III, respectively (Figure 45). Peak frequencies

ofF. culmorum at each farm occurred on different dates. Fusarium solani was

recovered most frequently from stigmas sampled July 29 from farms I and II, at 3 and

2%, respectively, but was not recovered from farm III.

Discussion

Inoculation of hop cones with F. avenaceum and F. sambucinum

demonstrated that isolates of both species are capable of causing cone necrosis and

both Fusarium species were recovered from symptomatic tissue, though variability is

present. Fusarium sambucinum isolates demonstrated variability in extent of necrosis

caused. F. avenaceum was variable in its recovery from symptomatic tissues sampled,

but clearly F. avenaceum and F. sambucinum appear to be pathogenic at 106

conidia/mL on cone samples throughout the season from all three sites.

A dosage response was observed, though variability was found, especially

related to location of cone samples. When 'Nugget' and 'Willamette' cones were

inoculated with bulked hop isolates ofF. avenaceum or F. sambucinum at 106

conidialmL, the mean percent necrosis eight days after inoculation was always
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Figure 45. Percent asymptomatic Nugget burr/cone parts from individual farms
yielding F. culmorum or F. solani. Values are based on frequencies of Fusarium
species isolated from 300 burrs collected from each farm both July 15 and 29 and 100
cones collected from each farm August 12, 19, and 26. * = inflorescences sampled
after stigmas were removed.



significantly greater than the necrosis of cones sprayed with sterile water. When

inoculum concentrations ofF. avenaceum or F. sambucinum were reduced to

l04conidialmL in inoculations of 'Nugget' and 'Willamette' cones, more necrosis

developed, often significantly more, than on cones sprayed with sterile water.

However, cones of either cultivar inoculated with either Fusarium species at 1

conidia/mL had significantly less necrosis than cones inoculated with the respective

species at 106 conidialmL. When inoculum concentrations were further reduced to 102

conidialmL, mean percent necrosis that developed eight days after inoculation was

also less than higher concentrations tested and were similar to means for cones

inoculated with sterile water.

Recovery ofF. sambucinum from cones inoculated with different

concentrations of the bulked hop isolates ofF. sambucinum was usually greater than

that of cones sprayed with sterile water regardless of inoculation date, cultivar, or

inoculum concentration. Relatively high levels ofF. oxysporum were also recovered

from some F. sambucinum inoculations, but as concentration of bulked F.

sambucinum inoculum increased from 102 to 106 conidialmL, the recovery of

Fusarium species other than F. sambucinum decreased. Recovery ofF. sambucinum

from cones inoculated with F. sambucinum at 106 conidialmL was nearly 100%. This

species appears to be pathogenic on hop under the conditions of these experiments.

Fusariuni avenaceum was recovered more often from cones inoculated with

bulked hop F. avenaceum than from cones sprayed with water, though F. avenaceum

recovery was less from some F. avenaceum-treated cones than from cones treated with

sterile water, but recovery ofF. avenaceum was also low from water-treated cones in



these instances. Also in some instances, such as 'Nugget' cones inoculated August

19, high levels ofF. sambucinum were recovered from cones inoculated with the

bulked F. avenaceum isolates. There was also quite a bit ofF. oxysporum recovered

from cones of both cultivars inoculated August 26. Recovery data and field

population data show that other Fusarium species are present on cones and burrs.

These native Fusarium species could have masked the presence ofF. avenaceum, or

increased competition or other negative interactions between fungal species, could

have adversely affected F. avenaceum colonization after its inoculation onto cones.

Multiple Fusarium species were recovered from immature and mature cones

sprayed with sterile water. Fusarium sambucinum and F. proliferatum were recovered

most frequently from immature 'Nugget' and 'Willamette' cones, respectively, after

spraying with sterile water August 12. This is in contrast to more mature cones of

both cultivars sprayed with sterile water later in the season August 19 and 26, where

F. oxysporum was recovered most frequently, often along with some F. sambucinum.

Inoculation of hop cones with an individual isolate ofF. avenaceum or F.

sambucinum collected from other host plants also resulted in cone necrosis. Eight

days after inoculation, regardless of inoculation date or cultivar, mean percent necrosis

for each of the three isolates tested was greater than that found when cones were

sprayed with sterile water. The sweet corn-derived F. avenaceum isolate consistently

caused necrosis that was similar or greater than the necrosis from inoculation with

bulked isolates ofF. avenaceum from hop. Recovery ofF. avenaceum from 'Nugget'

cones inoculated with the sweet corn isolate ofF. avenaceum was always higher than

that of 'Nugget' cones sprayed with sterile water and recovery ofF. avenaceum from



cones inoculated with the sweet corn isolate ofF. avenaceum varied as it did when

cones were inoculated with bulked isolates ofF. avenaceum from hop. When F.

sambucinum from sweet corn or potato was used for inoculations, the resulting levels

of cone necrosis were more variable than they were for the F. avenaceum isolate from

sweet corn. Necrosis of 'Willamette' cones after inoculation with F. sambucinum

from potato and sweet corn was variable, inciting slightly lower levels of necrosis on

'Willamette' cones collected from two of the three sites. 'Nugget' cones inoculated

with either the sweet corn isolate or the potato isolate ofF. sambucinum resulted in

greater F. sambucinum recovery than that when 'Nugget' cones were sprayed with

sterile water. Recovery ofF. sambucinum from cones inoculated with the sweet corn

or potato isolates ofF. sambucinum was often lower compared to recovery ofF.

sambucinum from cones inoculated with bulked isolates ofF. sambucinum from hop

at 106 conidialmL, but was more similar to recovery ofF. sambucinum from cones

inoculated with bulked hop isolates ofF. sambucinum at iO4 or 102 conidialmL.

Two other Fusarium species, F. equiseti or F. oxysporum, both collected from

hop, also incited necrosis of 'Nugget' cones, but generally at lower levels than that

observed with hop-derived F. sambucinum isolates. Eight days after inoculation with

either F. equiseti or F. oxysporum, necrosis generally was significantly greater than

when cones were sprayed with sterile water. 'Nugget' cone necrosis associated with

F. equiseti or F. oxysporum was greater than necrosis of 'Willamette' cones, but

necrosis was not as great as that observed when F. avenaceum or F. sambucinum

isolates were tested. Recovery ofF. equiseti from cones inoculated with F. equiseti

was always higher than that from cones sprayed with sterile water, regardless of
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inoculation date or cultivar. It appears that the hop isolate ofF. equiseti is

pathogenic on hop cones under the conditions tested. Recovery ofF. oxysporum from

cones inoculated August 12 with F. oxysporum was always higher than that for cones

inoculated with sterile water. However, recovery ofF. oxysporum from later cone

inoculations (August 19 and 26) were more variable and the higher frequencies were

similar to those of cones sprayed with sterile water. It appears that the hop isolate of

F. oxysporum can cause necrosis of hop cones, but its effect was variable. Thus,

multiple Fusarium species can cause cone necrosis under the conditions tested in these

studies. Fusarium crookwellense has already been shown to cause cone necrosis on

detached hop cones in Australia (75). Other additional Fusarium species may cause

cone necrosis. Limited isolates were examined so that one cannot assume that all

isolates or reported species will be pathogenic, nor cause similar necrosis if

pathogenic.

Inoculating plant material with Fusarium species at 106 conidialmL has been

done previously with corn, tobacco, and wheat (20,34,92) and Aureobasidium

pullulans has been inoculated on sweet cherry at 106 CFU/mL (110). Recent studies

where Fusarium species have been inoculated onto cereals have been carried out using

inoculum concentrations at i05 conidialmL (3 1,57,59). Inoculating hop cones with

Fusarium species at 106 conidialmL definitively caused cone necrosis in the

inoculation experiments and reducing the concentration of the bulked F. avenaceum or

F. sambucinum isolates from hop to iO4 or 102 conidialmL resulted in lower levels of

necrosis. Perhaps conidialmL treatments would show an intermediate response,

and this could be tested in future studies.
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When the hop cultivars 'Nugget' and 'Willamette' were compared, 'Nugget'

cones inoculated with bulked isolates ofF. avenaceum or F. sambucinum from hop at

106, iO4 or 102 conidialmL consistently had greater necrosis eight days after

inoculation than 'Willamette' cones, suggesting that 'Nugget' cones are more prone to

the development of necrosis after inoculation with pathogenic F. avenaceum and F.

sambucinum. Results of the inoculation experiments with the other Fusarium isolates

also resulted in higher levels of necrosis on 'Nugget' cones than on 'Willamette' cones

eight days after inoculation. Necrosis of 'Nugget' cones eight days after spraying with

sterile water also was also greater than that of 'Willamette' cones sprayed with water;

suggesting that indigenous microbial populations on 'Nugget' cones are more

pathogenic or perhaps larger populations of pathogenic microflora are present on

'Nugget' cones compared to 'Willamette' cones and their presence increases through

the growing season. Their presence confounds interpretation of inoculation studies

with some species, especially F. avenaceum. Also, it is also possible that senescence

was accelerated after cone detachment and more mature cones may senesce sooner

later in the growing season. Even though others have used detached cones for

inoculation experiments (75), pathogenicity experiments would ideally be carried out

on intact plants to better emulate the conditions in hop fields. Understandably, hop

growers have not embraced the idea of on-farm inoculations, but experimental plants

may soon be available on university research farms. Preliminary pathogenicity

experiments were carried out on field-grown plants at the Botany and Plant Pathology

Field Lab where some cone symptoms were observed and both F. avenaceum and F.

sambucinum were recovered from symptomatic cones (Appendix B). Future studies
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should be conducted on field-grown plants, especially if relative humidity can be

manipulated on the standard 18-foot trellis.

In general, necrosis increased as cones became more mature. When cones of

either cultivar were inoculated with F. avenaceum or F. sambucinum at 1 or 1 2

conidialmL or sprayed with sterile water, mean percent necrosis observed eight days

later was generally greater for mature cones inoculated August 26 than immature

cones inoculated the previous two weeks. This trend was also apparent for cones

inoculated with F. equiseti or F. oxysporum. However, this was not usually apparent

for cones inoculated with isolates ofF. avenaceum or F. sambucinum at 106

conidialmL because these treatments usually resulted in very high levels of necrosis.

Results of preliminary inoculation experiments done in 2001 (Appendix C),

also provide evidence that hop cones inoculated with either F. avenaceum or F.

sambucinum 106 conidialmL develop cone necrosis at much greater levels than that

found in water control treatments, though the differences were not always statistically

significant. Necrosis of inoculated 'Nugget' cones was consistently greater than

necrosis of 'Willamette' cones as well in 2001 studies.

Hop cone tip blight has been observed in Oregon on 'Nugget' cones in

commercial fields but not on 'Willamette' cones, yet cone necrosis was found on

'Willamette' cones after they were inoculated with Fusarium species and incubated in

moist chambers. Hop cone tip blight has also been observed in 'Willamette' fields in

Tasmania (75). The environment in moist chambers may have been made more

favorable for disease development because of the increased relative humidity.

Relative humidity may be an important factor for the development of cone necrosis in



commercial fields as well and partly explain why cone tip blight is not present every

year. Head blight (or scab) of cereals is also caused by Fusarium species, and an

increase in relative humidity has been associated with increased disease in inoculation

experiments, as well as epidemics in commercial fields (18,35,56,92).

Hop cone morphology may also affect the microclimate and 'Nugget' cones

have a distinct point formed by densely packed bracts at the tip, whereas 'Willamette'

cones have bracts which are more "open" and less dense. Growers and others have

anecdotally observed that water collects at the tips of 'Nugget' cones and this could

make the cone microenvironment more favorable for Fusarium-incited necrosis of

cone tips. The internal structure of 'Nugget' cones may play an additional role. For

most hop cultivars, of the entire cone structure, the strigs typically retain the most

moisture (70,87). 'Nugget' cones need to dry for a longer period of time than

'Willamette' cones and this extended drying time is necessary because the 'Nugget'

bracts are so dense at the cone tips that they retain moisture longer than the strigs.

The position of hop cones could also explain why inoculated cones developed

necrosis differently compared to necrosis observed on diseased field cones. When

cones are still attached to plants in the field, they hang with their tips facing down and

necrosis tends to develop at the tip, although necrosis can affect more than just the

lower whorls of the cone. Since the inoculated cones were detached, they rested on

their sides in the moist chambers and necrosis developed on the upward facing side of

the cone that was inoculated. If increased relative humidity, such as water that

collects at the tips of cones, does play a role in the development of symptoms, then

placing detached cones on their sides in moist chambers and inoculating them may
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have allowed necrosis to develop on the cone surface more uniformly, rather than

just at the tips. Although there was a low incidence of symptomatic cones from

preliminary field inoculations (Appendix B), necrosis that developed was at the tips of

the cones, which also supports the idea of necrosis development.

Development of necrosis on 'Willamette' cones varied by location, more so

than variability exhibited in 'Nugget' inoculations. 'Willamette' cones from farm I

inoculated with F. avenaceum or F. sambucinum treatments at 106 conidialmL

developed similar levels of necrosis to that observed on 'Nugget' cones from the same

farm. Levels of necrosis observed on 'Willamette' cones from farms TI and III were

generally lower than those when 'Nugget' cones from the same respective farms were

inoculated with the same Fusarium species at 106 conidialmL. 'Nugget' is resistant to

hop powdery mildew, but 'Willamette' is susceptible, so fungicide applications are

necessary for hop powdery mildew management in these commercial hop fields. Farm

I does not have hop powdery mildew, thus farm I does not apply fungicides for

powdery mildew control. Powdery mildew fungicide applications possibly affected

'Willamette' cone susceptibility andlor the populations of Fusarium of these

'Willamette' cones.

More hop cultivars should be examined to determine to a better extent cultivar

response differences. In addition, isolates of Fusarium species that are pathogenic on

hop cones could be tested for mycotoxin production in hop cones if mycotoxins are of

concern for hop growers or the brewing industry. However, hop cone tip blight has

been sporadic in occurrence.



Surveys of commercial fields found eight Fusarium species associated with

hop burrs and cones in Oregon, six of which were recovered on most sampling dates:

Fusarium sambucinum, F. avenaceum, F. equiseti, F. oxysporum, F. culmorum and F.

solani. In general, all six Fusarium species were recovered more frequently from

burrs (including stigmas) than from cones (bracts and strigs), and were all recovered

more frequently from the stigmas than from the rest of the burr structure. Hop stigmas

have nutrient rich surfaces and likely attract a multitude of microorganisms. Since

Fusarium species were recovered most frequently from burrs, especially from stigmas,

it is possible that Fusarium species may be successful colonizing these stigmatic

surfaces. With the exception ofF. avenaceum, all seven species were recovered most

frequently from stigmas sampled on July 29, 2002. The stigmas were senescing on

burrs collected on this sampling date and these senescing stigmas may facilitate

Fusarium populations on burrs, and subsequently of the developing cones.

Understanding when and where Fusarium species colonize and infect hop

plants is crucial for understanding the etiology of hop cone tip blight and for

developing strategies for cone tip blight management. Fusarium species infecting

flower parts is not a new problem. Head blight of cereals is caused by various

Fusarium species and research has shown that infections take place when the fungi

invade floral parts (101). Limited studies have shown that spraying hop cones with a

protectant chemical made from grapefruit extract may decrease the severity of necrosis

on hop cones affected by hop cone tip blight, as well as slow the growth of Fusarium

species in culture when added to artificial media (99); however, these experiments

were carried out by spraying the grapefruit extract on cones after cones began
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developing. Results from Fusarium surveys in this thesis of commercial hop fields

illustrate that Fusarium populations may be greatest on burrs, just before cones

develop, as the stigmas are senescing. If Fusarium species infect hop cones after

colonizing stigmas, then timing of fungicide or biopesticide application should be

investigated. If the stigmas are protected from Fusarium populations, then perhaps

cone necrosis associated with hop cone tip blight would be reduced. This may already

be apparent in 'Willamette' fields where the development of necrosis differed by farm.

However, Fusarium species were recovered from bracts later in the season and these

populations may incite hop cone tip blight.

Data from these surveys also indicate that it is possible to find more than one

Fusarium species associated with a hop burr or cone. Multiple species were isolated

from different parts of the same burr or cone or from the same parts of burrs or cones.

Species other than the ones used for inoculations were also recovered from inoculated

cones in the pathogenicity experiments. It is not clear what role, if any, mixed

communities of Fusarium species could play in relation to the development of

symptoms of hop cone tip blight. It is possible that different species or different

isolates or strains of the same species could have a synergistic effect in terms of

disease symptoms. However, results from pathogenicity experiments may suggest

otherwise. The single isolate ofF. avenaceum from sweet corn consistently caused

high levels of cone necrosis, regardless of inoculation date. This could suggest that

sometimes Fusarium species may compete with one another, somehow reducing the

ability of other species to colonize plant tissue and consequently cause disease. Since

the pathogenicity experiments could not be conducted with sterile cones, there were



background levels of different Fusarium species that may have been recovered

with, or instead of, the Fusarium species used for inoculation. As previously

discussed, the presence of other Fusarium species may have competed with, or

masked, the presence of the Fusarium species used for inoculation. Alternatively,

recovery ofF. sambucinum from cones inoculated with bulked hop isolates ofF.

sambucinum was generally greater compared to when the sweet corn-derived F.

sambucinum isolate was used. Bulking multiple isolates ofF. sambucinum may have

increased the overall success for cone colonization and allowed the F. sambucinum

population to better compete with the indigenous microflora.

Since there appears to be a number of Fusarium species in commercial hop

fields, an additional issue is raised regarding the potential sources of inoculum. If hop

cone tip blight is at all analogous to head blight of cereals, then one possible source of

inoculum could be hop debris left in fields following hop harvest or from cover crops.

Host plant debris is the principal reservoir ofF. graminearum in wheat fields (101),

although soil and seeds are other possible sources of inoculum. Hops are perennial

plants and when the bines are harvested, the crowns stay intact, along with some stem

stubble remaining on the hills. If the stem stubble is colonized by Fusarium species,

then it could act as a potential source of inoculum for cone tip blight the following

season. Inoculum movement from weeds within the field or inoculum sources outside

of the field is also possible sources of infection.

Is there a possible connection between Fusarium associated with hop cone tip

blight and Fusarium associated with hop canker? Fusarium sambucinum has been

shown to cause hop canker and now hop cone tip blight. Although it does not appear
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isolated from hop cankers in Poland (98) and it is not unusual for other species of

Fusariuri to be isolated from hop cankers in the Pacific Northwest (Bienapfl,

unpublished) or in Yugoslavia (88). If stubble from hop plants is colonized by

Fusarium species, or if the hop plants are infected with hop canker, then the Fusarium

may affect the growing shoots and subsequently the burrs and cones. This is

especially important because Fusarium species associated with head blight of cereals

have been shown as important components of larger Fusarium complexes involving

root rot, crown rot, and seedling blight (101).

Conclusion

This thesis contributes to our understanding of the potential role Fusarium

species may play in cone necrosis in commercial hop fields. Isolates of both F.

avenaceum and F. sambucinum can cause cone necrosis, similar to that found

associated with hop cone tip blight, and both Fusarium species were reisolated from

symptomatic tissue. Fusarium sambucinum was recovered more frequently from

symptomatic cones that had been inoculated with F. sambucinum compared to F.

avenaceum recovery from respective inoculations, suggesting perhaps, that F.

sambucinum is a more robust pathogen. Also, a dosage response was observed when

F. avenaceum and F. sambucinum were inoculated at different concentrations.

My results also show that isolates ofF. avenaceum and F. sambucinum

obtained from hosts other than hop are pathogenic on hop cones, suggesting that

strains ofF. avenaceum and F. sambucinum that affect hop cones are not necessarily
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specialized pathogens. In addition, isolates of other Fusarium species, F. equiseti

and F. oxysporum, can cause symptoms of cone necrosis. In some cases multiple

Fusarium species were recovered from the same burr or cone parts, making it unclear

what types of interactions may be taking place between the different species. Future

work should examine a larger number of isolates of these other Fusarium species as

well as complexes of Fusarium species.

Two different cultivars were used for inoculations, 'Nugget' and 'Willamette',

and significant differences in severity of necrosis were evident. Anatomical

differences in cone structure or differences in cone susceptibility may contribute to the

differences observed in cone severity. Additional research needs to be conducted to

determine if susceptibility of hop cultivars to hop cone tip blight is dependant on cone

structure, environmental conditions, genetics of the cultivar, or a combination of any

of these factors.

This thesis also reveals information regarding the population distributions and

recovery of Fusarium species in commercial hop fields. Eight Fusarium species were

associated with hop cones and six of these species were recovered throughout the

sampling dates. Fusarium species appeared to have a peak ofrecovery from stigmas

sampled July 29 and lower levels were recovered later in the growing season.

Although this thesis indicates peak recovery of these Fusarium species, the data do not

indicate what proportion of these Fusarium isolates are saprophytes versus pathogens.

High recovery of pathogenic isolates could indicate the potential for hopcone tip

blight to become a more important disease, assuming host and environmental

conditions are conducive. This thesis did not address the contribution of early-season
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colonization versus later colonization to development of disease in the field.

Future research is necessary to better understand the population dynamics of Fusarium

species and their role in hop cone tip blight.
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Figure Al. Daily high (4)/low (.) temperatures and precipitation (Y) measurements
taken between June 1, 2001 and September 15, 2001.
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Appendix B - Preliminary field inoculations

Materials and Methods

Inoculum production
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In 2002, hop cone inoculations were conducted on plants of the cultivar 'Perle'

grown on an 18-foot trellis at the Botany and Plant Pathology Field Lab. Two

different species of Fusarium were used for cone inoculations. The same hop isolates

ofF. avenaceum and F. sambucinum (Table 1) used in the 2002 detached cone

inoculation experiments were used in field inoculations. hioculum was increased as

previously described for the 2002 inoculations.

Inoculations

Inoculum was prepared as previously described for the 2002 detached cone

inoculations. Isolates of each Fusarium species were bulked together and the control

consisted of cones sprayed with sterile reverse osmosis water. Cones were inoculated

with Misto spray bottles that were vigorously shaken prior to inoculations. Cones

were inoculated on two different dates, July 26 and August 7, where 18 plants were

sprayed with F. avenaceum, F. sambucinum, or sterile water on each date and both

Fusarium treatments were applied at 106 conidialmL (Table Bi). On individual

plants, all cones within 2.4 meters from the ground were sprayed with the appropriate

treatment.

Recovery and species identification

Cones of the cultivar 'Perle' were collected on October 9, 2002. Cones were

sampled according to methods described previously. Cones were dissected, surface
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Table BI. Concentrations of Fusarium inoculum (conidialmL) used for 2002
field inoculation experiments.

Inoculation Date

Isolate Fusarium species 7/26/02 8/7/02

F115 F.avenaceum 4.18x 106 4.72x 106

F116 F.avenaceum 5.82x 106 3.74x 106

Fl 18 F. sambucinum 8.16 x 106 8.32 x 106

F120 F. sambucinum 3.64 x 106 3.10 x 106

F124 F. sambucinum 5.60 x 106 4.30 x 106

F125 F.avenaceum 4.72x 106 5.74x 106

F126 F. sambucinum 6.94 x 106 6.62 x 106

F127 F.avenaceum 8.78x 106 9.34x 106

F128 F. avenaceum 7.26 x 106 7.56 x 106

F130 F.sambucinum 2.70x 106 3.16x 106

Bulked {F115, Fl16,
F125,F127,andFl28] F.avenaceum 7.32x 106 5.38x 106

Bulked [F118, F120,
F124, F126, and F130]

F. sambucinum 8.52 x 106 9.34x 106

disinfested, and isolations were made according to methods described previously.

Isolation plates were examined and putative Fusarium colonies were transferred to

CLA and PDA. CLA cultures were incubated under the same regime as previously

described. PDA cultures were incubated at 24 C and received natural ambient light.

After incubation for 7 to 14 days, CLA and PDA cultures were microscopically

examined and identified to species as previously described.
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Results

When 'Perle' cones were inoculated July 26 with bulked F. avenaceum,

recovery ofF. avenaceum from symptomatic cones was 78 and 33% from bracts and

strigs, respectively (Figure BI). Fusarium sambucinum and F. equiseti were also

recovered from cones inoculated with bulked F. avenaceum. When cones were

inoculated July 26 with bulked F. sambucinum, F. sambucinum was recovered at

frequencies of 83 to 50% from bracts and strigs, respectively, much higher than

frequencies ofF. sambucinum recovery when cones were sprayed with sterile water

(Figure Bi). Fusarium avenaceum, F. oxysporum, and F. sambucinum were

recovered from bracts and strigs of cones treated with sterile water with a frequency of

20% (Figure Bi).

When inoculations were conducted 12 days later, cones inoculated with F.

sambucinum yielded frequencies of 73 and 46% of F. sambucinum from bracts and

strigs, respectively (Figure B2). Fusarium avenaceum and F. oxysporum were also

recovered from symptomatic cones inoculated with F. sambucinum, although both

Fusarium species were recovered at lower frequencies ( 20%). 'Perle' cones

inoculated August 7 with F. avenaceum had similar levels ofF. avenaceum recovery

compared to cones inoculated July 26. Relatively low levels ofF. oxysporum and F.

sambucinum (20 and 10%, respectively) were recovered from strigs inoculated with F.

avenaceum, whereas F. avenaceum was the only Fusarium species recovered from

bracts inoculated with F. avenaceum (Figure B2). Fusarium sambucinum was

recovered from 38% of bracts and strigs when sterile water was applied to cones



(Figure B2); however, F avenaceum was recovered only from bracts (50%) of

'Perle' cones sprayed with sterile water.
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Figure Bi. Percent recovery of Fusarium species from immature 'Perle' cones
sprayed July 26, 2002 with sterile reverse osmosis water or F avenaceum or F
sambucinum. Values are frequencies of recovery from 10 cones per treatment.
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Appendix C Preliminary detached cone inoculations

Materials and Methods

Inoculum production

In 2001 two different species of Fusarium were used for hop cone

inoculations. The same hop isolates ofF. avenaceum and F. sambucinum (Table 1)

used in the 2002 inoculation experiments were used in 2001 inoculations. Inoculum

was increased as previously described for the 2002 inoculations.

Hop cone collection

In 2001, hop cones of the cultivars 'Nugget' and 'Willamette' were collected

on August 9 from two hop farms (farms I and II). Cones of both cultivars were also

collected from farm I on September 6, but not from farm II due to early harvest.

Cones collected August 9 were immature while cones collected September 6 were

mature and collected just before harvest. Cones were sampled according to the

methods described previously, except 15 cones per plant were used for inoculations.

For each field, cones were detached from side branches and were placed in a box,

mixed, and randomly placed in moist chambers as previously described. A total of 50

cones were used for each treatment.

Inoculations

Individual PDB cultures were homogenized with a hand-held Tissue-Tearor

Homogenizer (BioSpec Products, Inc. Bartlesville, OK, 74005) at 5000 rpm. Conidia

and hyphal fragments were collected by vacuum filtration as previously described and
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diluted with sterile reverse osmosis water to a concentration of approximately 106

conidialmL (Table Cl) using a hemocytometer, Isolates of each Fusarium species

Table Cl. Concentrations of Fusarium inoculum (conidialmL) used for 2001
inoculation experiments.

Isolate Fusarium species

Inoculation Date

8/9/01 9/6/01

F115 F.avenaceum 4.80x 106 3.32x 106

F116 F. avenaceum 3.24x 106 4.28x 106

Fl 18 F. sambucinum 2.72 x 106 5.40 x 106

F120 F.sambucinum 6.84x 106 6.36x 106

F124 F. sambucinum 8.18 x 106 4.34 x 106

F125 F. avenaceum 7.72 x 106 5.84 x 106

F126 F. sambucinum 3.12 x 106 2.96 x 106

F127 F. avenaceum 3.90 x 106 4.42 x 106

F128 F.avenaceum 4.54x 106 3.54x106

F130 F.sambucinum 1.66x 106 6.68x 106

Bulked [Fl 15, Fl 16,
F. avenaceum 6.38 x 106 4.32 x 106

F125, F127, and F128]

Bulked [F118, F120,
F. sambucinum 8.98 x 106 5.36 x 106

P124, Fl26, and Fl30

were bulked together and the control consisted of cones sprayed with sterile reverse

osmosis water. Cones were inoculated with Misto spray bottles that were vigorously

shaken prior to inoculations. Following inoculations cones were incubated at 18 C for

eight days. After eight days all cones were rated for percentage of cone necrosis.
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Results

Environmental conditions

Climate data was collected by Oregon Climate Service in Salem, Oregon

during the 2001 growing season (citation). Salem is approximately 10 miles from

farms I and II and 22 miles from farm III. Daily high temperatures ranged from 58 F

to 96 F, with an average of 77 F, between June 1, 2002 and September, 15 2002

(Appendix A). Low temperatures ranged from 38 F to 63 F, averaging around 51 F.

Approximately 3.03 inches of rainfall was measured between June 1 and September

15, 2001; although a total of 1.9 and 0.78 inches of rainfall were measured during the

months of June and August, respectively (Appendix A).

Cone inoculations

Immature 'Nugget' cones inoculated with five bulked isolates ofF.

sambucinum averaged greater than 40% necrotic cone area, significantly greater than

the average necrotic area of cones inoculated with five F. avenaceum isolates bulked

together (27-28%) or sterile water (less than 20%) (Figure Cl). Mean percent necrosis

of cones from both farms inoculated with F. avenaceum was greater than that for

cones inoculated with sterile water, but the two treatments were only significantly

different (P < 0.05) for 'Nugget' cones from farm II. Overall, 'Willamette' cone

inoculations resulted in lower mean cone necrosis than inoculated 'Nugget' cones

(Figure Cl). Immature 'Willamette' cones inoculated with F. sambucinum had a

significantly greater (P < 0.05) mean cone necrosis compared to cones treated with

sterile water. When cones from farm II were inoculated with F. avenaceum, mean
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cone necrosis was significantly greater (P <0.05) than that found when cones were

sprayed with sterile water.
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Figure Cl. Percent necrosis of immature hop cones 8 days after inoculation (August
9, 2001) with five bulked isolates ofF. avenaceum and F. sambucinum at 106

conidialmL of two different cultivars ('Nugget' and 'Willamette') collected from two
farms (I and II). Values represent the means of 50 cones per treatment. Bars labeled
with the same letters are not significantly different (P = 0.05) according to Tukey's W
statistic.
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Mean percent necrosis for mature 'Nugget' or 'Willamette' cones

inoculated with F. avenaceum or F. sambucinum was significantly greater (P <0.05)

than that of cones sprayed with sterile water (Figure C2). Mean percent necrosis of

'Willamette' cones inoculated with F avenaceum was significantly greater (P <0.05)

than means for cones inoculated with F. sambucinum or sterile water. Mean necrosis

of 'Willamette' cones inoculated with F avenaceum was similar (97%) to mean

necrosis observed on 'Nugget' cones (98%) inoculated with the same Fusarium
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Figure C2. Percent necrosis of mature hop cones 8 days after inoculation (September
6, 2001) with five bulked isolates ofF. avenaceum and F. sambucinum at 106

conidialmL of two different cultivars ('Nugget' and 'Willamette') collected from one
farm (I). Values represent the means of 50 cones per treatment. Bars labeled with the
same letters are not significantly different (P = 0.05) according to Tukey's W statistic.
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species. There was a significant difference (P < 0.05) between F. sambucinum and

F. avenaceum treatments for the cultivar 'Willamette', with 78 and 97% necrosis,

respectively, but both species caused the same level of cone necrosis, 98%, when

'Nugget' cones were inoculated (Figure C2).




