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Fusarium spp. are among the most important pathogens of Douglas-fir 

(Pseudotsuga menziesii) seedlings in bareroot nurseries. Currently the most effective 

disease control method is soil fumigation with methyl bromide. As methyl bromide is 

phased out, however, other disease management strategies may become more important. 

We explored two alternative approaches to management ofFusarium diseases in 

Douglas-fir seedlings. The first approach was to transfer certain components of conifer 

forest soil, where Fusarium usually does not occur, to nursery soil, where Fusarium is 

often abundant. Specifically, we tested two hypotheses: (1) conifer forest soil contains a 

greater proportion of bacteria antagonistic in vitro to Fusarium than does nursery soil, 

and (2) pine needles, humic acid, ectomycorrhizal fungi, or bacteria obtained from forest 

soil will protect Douglas-fir seedlings against disease caused by soilborneFusarium spp. 

if added to nursery soil. We did not find conclusive evidence to support either 

hypothesis. The second approach was to investigate the potential for biological control 

of seedborne Fusarium. Previous workers have shown, and we have confirmed in our 

studies, that Fusarium present on a small percentage of Douglas-fir seeds before cold 

stratification may spread during stratification; we recovered Fusarium from nearly all 
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stratified seeds, representing three seedlots, plated on three culture media. When these 

seeds were planted in pasteurized soil, however, seedborne Fusarium did not cause 

significant disease in seedlings. Biological control of seedborne Fusarium during 

stratification may be important both to reduce the contribution of seedborne Fusarium to 

nursery soil and to protect germinants from soilborne Fusarium. We hypothesized that 

Pseudomonas chlororaphis isolate RD31-3A, a fluorescent pseudomonad previously 

shown to control Fusarium on Douglas-fir, would reduce the spread of Fusarium during 

stratification and protect seedlings from damping-off when seeds were planted into soil 

infested with pathogenic F. oxysporum. High populations of RD31-3A were recovered 

from seeds after stratification, and bacterial treatment reduced the spread of Fusarium 

without affecting seed germination or subsequent seedling dry weights. RD31-3A did 

not, however, protect seedlings from soilborne F. oxysporum. Nevertheless, seed 

treatment with bacteria during stratification may be an efficient way to deliver biological 

control agents to conifer seeds. 
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BIOLOGY AND CONTROL OF FUSARIUM SPP. ON DOUGLAS-FIR 
(PSEUDOTSUGA MENZIESII) 

CHAPTER 1
 

INTRODUCTION
 

The host: Douglas-fir 

Douglas-fir, Pseudotsuga menziesii (Tviub.) Franco, has two subspecies. Coastal 

Douglas-fir (P. menziesii var. menziesii) is found west of the Cascade Range and Sierra 

Nevada from sea level to 5000 feet. Rocky Mountain Douglas-fir (var. glauca (Biessn.) 

Franco) is found in the eastern Cascades and Sierra Nevada and throughout the Rocky 

Mountains (Bormann, 1984) . All experiments conducted for this thesis used the coastal 

subspecies. 

In commercial Douglas-fir seed production, cone collection begins in late summer to 

late fall, when physical, biochemical, climatic or visual tests indicate that seeds are mature. 

Cones may be stored in burlap bags for up to several months, to dry or await processing. 

Seed processing involves kiln-drying to facilitate extraction, tumbling, scalping (removal of 

debris), dewinging, cleaning, and sorting to remove empty or partially filled seed and other 

foreign particles. Seeds are then tested for physical and biological characteristics (purity, 

moisture content, weight, viability, and vigor). Seed viability can be maintained for 10-20 

years if frozen at 6-9% moisture content. Cold stratification, to break seed dormancy, 

involves soaking seeds in water for 24-48 hr, draining away excess water, and storing seeds 
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at 2-5°C in loosely fastened bags to allow adequate aeration (Owston and Stein, 1974; 

Tanaka, 1984). 

Douglas-fir seedlings can be commercially produced in bareroot nurseries or 

greenhouse-grown in individual containers filled with peat-vermiculite growth medium. In 

commercial bareroot Douglas-fir seedling production in the Pacific Northwest (Thompson, 

1984), soil is usually fumigated in the fall to eliminate weed seeds and pathogens. Soil pH, 

which should be between 5 and 6 for conifer seedling production, is also adjusted in the fall. 

Fields are left fallow during the winter, then the soil is cultivated as soon as it is dry enough in 

the spring. Fertilizer is added as needed before seedbeds are formed, about 7.5-15 cm above 

the tractor paths, to promote drainage and warming of the seedbed. Most sowing is done 

between mid-April and early June, as early as possible after average soil temperature at 10 

cm depth exceeds 10°C. Douglas-fir seeds are commonly covered with soil 0.3-0.6 cm deep, 

and bed density ranges from 160-750 seedlings m-2, depending on the type of seedling desired 

(Thompson, 1984). 

Seed germination in Douglas-fir is epigeal (Owston and Stein, 1974). After the 

radicle has emerged and the primary root has begun to develop, the hypocotyl rapidly 

elongates and arches up out of the soil. The hypocotyl then straightens, bringing the 

cotyledons with the seedcoat still attached above the ground (the "birdcage" stage of 

germination). As the cotyledons expand, they force their way out of the seedcoat, which falls 

to the ground. Around this time, the seedling enters an initial growth phase (Wenny and 

Dtunroese, 1992), during which the root system begins to develop. At around 10 weeks after 

planting, an accelerated growth phase begins, in which seedling height and root collar 
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diameter (caliper) increase. Buds are initiated around 14 weeks after planting. Seedlings may 

be left in the nursery for one or two growing seasons before harvest. 

The genus Fusarium 

The fungal genus Fusarium is classified in Division Eumycota (mycelial fungi), 

Subdivision Deuteromycotina (imperfect fungi), Class Hyphomycetes, Order Hyphales 

(asexual spores produced on or within hyphae freely exposed to air). The genus is 

characterized by hyaline, septate, phialidic (enteroblastic) asexual spores whose foot cell bears 

a heel (Booth, 1984). About half the species in this genus produce a perithecial (sexual) state 

(Booth, 1984). 

Fusarium species are found worldwide in soil and decaying plant matter (Moss and 

Smith, 1984). About half (27) of the approximately 40 species in the genus are parasitic on 

higher plants, causing storage rots, vascular wilts, and root rots. Some produce mycotoxins. 

Others are saprophytes or pathogens of insects or humans (Booth, 1984; Price, 1984). 

Although many Fusarium sp. may cause disease in Douglas-fir seedlings, 

Fusarium oxysporum Schlecht. is the species most commonly found in soil from bareroot 

nurseries (Hansen et al., 1990). Fusarium oxysporum is among the species for which the 

perithecial state is not known (Messiaen and Cassini, 1981). Culture morphology of E 

oxysporum can be classified as sporodochial (dense aerial mycelium with numerous 

sporodochia), sclerotial (sporodochia replaced by sclerotia), cottony (vigorous aerial 

mycelium, sporodochia absent), ropy (sparse aerial mycelium is clumped in wicks, 

sporodochia absent), and slimy pionnotal (aerial mycelium collapsed in center of colony, 
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macroconidia in slimy pionnotes). Transformations of one morphological type to 

another are frequent (Messiaen and Cassini, 1981). 

For the Fusarium species that are potentially pathogenic on conifers, strains 

within each species exhibit considerable variability in virulence (Bloomberg, 1981), and 

colonization of the roots of healthy seedlings is common (James et al., 1989; Kope et al., 

1996). For any given strain, however, virulence is much more stable than culture 

morphology (Booth, 1984; Messiaen and Cassini, 1981). Recognition of biological variability 

within F. oxysporwn leads to the recognition of some 110-120 forms (formae speciales and 

races within formae speciales) of this species (Burnett, 1984). Pathogenic isolates can not 

be distinguished from nonpathogenic isolates on the basis of culture morphology. 

Diseases caused by Fusarium spp. in Douglas-fir seedling nurseries 

Fusarium spp. can cause many diseases in conifer seedlings, from before sowing 

through the second growing season (Bloomberg, 1981; Kelley and Oak, 1989; Hamm 

and Hansen, 1989; Brownell and Schneider, 1983). Common names of conifer seedling 

diseases caused by Fusarium spp. include seed decay, pre-emergence damping-off post-

emergence damping-off cotyledon blight, and root rot (James, 1986a, b; Landis, 1989). 

Seed decay and pre-emergence damping-off occur before seedlings emerge 

through the soil surface and are therefore difficult to distinguish in the field from poor 

seed viability. In seed decay, fungi penetrate and colonize the seedcoat and break down 

internal seed contents before seed germination. In pre-emergence damping-off germinated 

seeds are killed soon after the radicle has emerged. Several fungi have been implicated in 
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damping-oft including Rhizoctonia, Pythium, Phytophthora, and Fusarium (Landis, 1989). 

However, only Fusarium spp. (including F. oxysporwn, F avenaceum, F. moniliforme, F. 

solani, F roseum, and F tricinctum) have been demonstrated to cause damping-off of 

container-grown conifer seedlings. The other fungi may be present in bareroot nurseries but 

are not present in soilless media used in container nurseries. 

Post-emergence damping-off occurs shortly after seedlings emerge through the soil, 

but before primary needles develop and stems become woody. Infection results in water-

soaked lesions on the hypocotyl at or slightly below the groundline; these lesions become 

constricted and affected seedlings fall over (this disease is also known as hypocotyl rot, 

top damping-off, or stem rot). In cotyledon blight, fungi arising either from the seed 

itself or from soil clinging to the seedcoat may spread to cotyledons during the 

"birdcage" stage of germination. In both cases, the pathogen often sporulates on 

decaying tissues. 

Root rot, one of the most common diseases of conifer seedlings worldwide (Landis, 

1989), occurs on seedlings that are at least several months old. Foliar symptoms include 

scattered chlorotic or curled needles followed by tip dieback, wilt symptoms, and stunting. 

Foliage may turn reddish brown just before the seedling dies. The base of the stem may 

become constricted, but seedlings remain standing; sporodochia producing macroconidia 

may occur on stems. Root symptoms include lack of fine roots and extensive cortical decay. 

The maximum incidence of root rot is in mid-August to mid-September of the first and 

second growing seasons (Bloomberg, 1973; James, 1986a). Fusarium species associated 

with root rot include Fusarium roseum, F. solani, and F oxysporum (Johnson et al., 

1989). 
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Early exposure to the pathogen is critical to later development of root rot. In 

greenhouse experiments with artificially infested nursery soil, the incidence of root rot 

was highest when seeds were exposed to inoculum ofE oxysporum at the time of 

sowing, even though root rot symptoms did not develop until approximately two months 

after emergence (Bloomberg, 1973). Stack and Sinclair (1975) also found that most 

severe disease occurred when F. oxysporum was applied early. Symptomless infections 

in healthy seedlings are common (Timonin, 1966; Bloomberg and Orchard, 1969; James 

et al., 1989). For example, Bloomberg (1966) found that 50-80% of healthy Douglas-fir 

seedlings contained fungi, mostly Fusarium spp. Disease may not develop until the 

seedlings become stressed by drought or heat (Landis, 1989). 

Disease development 

For all diseases caused by Fusarium on conifer seedlings, the disease cycle 

presumably begins with the germination of a chlamydospore on or near the plant in response 

to exudates from susceptible tissue (Price, 1984; Hamm and Hansen, 1989). Hyphae 

subsequently infect the host by penetrating stomata, wounds, root tips or root meristems 

(Pennypacker, 1981). The fungi are initially intercellular, ramifying through the middle 

lamellae of cortical cells. They may become intracellular in the later stages of pathogenesis. 

Infection often leads to complete maceration and collapse of cortical cells, leading to 

extensive root rot and eventually to death of the host. The pathogen may produce external 

sporodochia, with conidiophores penetrating the stomata of the stem and/or hypocotyl 

(Pennypacker, 1981). The role of these conidia as secondary inoculum is unknown (Hamm 
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and Hansen, 1989). James (1987) failed to show that infection radiates from infected 

Douglas-fir seedlings in container nurseries even though propagules of F. oxysporum can be 

dispersed in air (Gam liel et al., 1996). 

Fusarium inoculum from soil and seeds 

Fusarium is often isolated from soil, particularly from organic particles (Bloomberg, 

1976). Chlamydospores can form in colonized tissue (Pennypacker, 1981) and serve as 

inoculum for subsequent crops (Hamm and Hansen, 1989), although inoculum viability 

declines as root fragments decompose (Bloomberg, 1976). Chlamydospores may also be 

carried into a nursery in dust or on equipment (Hamm and Hansen, 1989). The amount 

of Fusarium inoculum in soil is variable. For example, total Fusarium counts in seven 

conifer nursery soils ranged from 5.7 x 102 to 5.1 x 104 propagules per gram (Schisler 

and Linderman, 1984) and rhizosphere populations of E oxysporum may be as high as 2 

x 105 propagules per gram dry soil (Ocamb and Juzwik, 1995). It is not known how soil 

Fusarium counts relate to subsequent disease development. 

In addition, some conifer seedlots are contaminated by seedborne Fusarium 

(Bloomberg, 1966; Graham and Linderman, 1983). Previous workers have often found 

Fusarium spp. on and within conifer seeds, including loblolly pine (Mason and Van Arsdel, 

1978; Barrows-Broaddus and Dwinell, 1985), longleaf pine (Pawuk, 1978), slash pine 

(Anderson et al., 1984), spruce (James, 1987), and Douglas-fir. The proportion of Douglas-

fir seeds contaminated by Fusarium varies widely from seedlot to seedlot, ranging from 1
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15% of seeds to 60% or more (Graham and Linderman, 1983; James, 1987; Dumroese et al., 

1988; Neumann, 1993; Axelrood et al., 1995). 

Many Fusarium species found on conifer seeds are potentially pathogenic (Graham 

and Linderman, 1983; James et al., 1989; Huang and Kuhlman, 1990; Axelrood et al., 1995). 

It is difficult, however, to determine the importance of seedborne Fusarium in nursery 

operations. For example, in two Douglas-fir container nurseries, James (1987) found good 

correlation (R2= 0.76-0.83) between incidence of seedborne Fusarium and colonization of 

healthy seedling roots by Fusarium, but only moderate correlation (R2 = 0.50) between 

incidence of seedborne Fusarium and disease incidence. Therefore, seedborne Fusarium may 

be important for root colonization but not necessarily disease, unless environmental 

conditions later become favorable for disease development. 

Several researchers have attempted to determine when Fusarium is introduced to 

conifer seed. Fusarium can occur in internal seed tissues (James, 1986b); however, 

Fusarium is rarely associated with cones collected directly from Douglas-fir, eastern white 

pine, or spruce (Rediske and Shea, 1965; Bloomberg, 1969; Harvey and Carpenter, 1975; 

Ivfittal and Wang, 1987). Fusarium was isolated only once in a study of thousands of flowers 

and cones collected from eight Douglas-fir seed orchards (Nelson et al., 1986). These studies 

strongly suggest that Fusarium invades internal seed tissues after cone harvest, and that 

inoculum may spread during seed extraction, stratification, or sowing (Littke, 1990; Axelrood 

et al., 1995). 

http:0.76-0.83
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Current disease control measures 

In Pacific Northwest nurseries, the most common and effective pest-control 

measure is soil fumigation with methyl bromide-chloropicrin (Sutherland, 1984; Cordell 

et al., 1989). Hansen et al. (1990a) reported that fumigation with either methyl bromide

chloropicrin or dazomet could reduce population densities of F. oxysporum in nursery 

soils for up to 23 months after fumigation. Fumigation with dazomet also reduced the 

incidence of Fusarium hypocotyl rot in a bareroot Douglas-fir nursery (Hansen et al., 

1990a). 

In 1993, methyl bromide was listed in the Montreal Protocol as an ozone-

depleting compound, and the importation and production of methyl bromide is scheduled 

to end by the year 2001 (Braun and Supkoff, 1994). Another disadvantage of methyl 

bromide is its relatively high cost (Sutherland, 1984). Furthermore, fumigation can 

eliminate beneficial microorganisms like mycorrhizal fungi and beneficial bacteria 

(Sutherland, 1984), although spores of ectomycorrhizal fungi typically reinfest soil fairly 

rapidly following fumigation (Cordell et al., 1989; Ridge and Theodorou, 1972). Even if 

microbes rapidly reinfest fumigated soil, however, the composition of the microbial 

community following fumigation differs from that in unfumigated soil (Ridge and 

Theodorou, 1972). 

Alternatives to fumigation with methyl bromide might include soil and seed 

fungicides such as thiram, captan and benomyl (Sutherland, 1984; Cordell et al., 1989). 

For example, benomyl is commonly used for control of Fusarium hypocotyl rot, although no 

fungicides are considered effective against Fusarium root rot (Hansen et al., 1990a). 
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Fungicide treatment of conifer seeds, however, often increases the proportion of abnormal 

germinants (Cayford and Waldron, 1967) or reduces the speed or completeness of 

germination (Peterson, 1970; Lock et al., 1975). Several studies have suggested that seed 

imbibition in running water (Axelrood et al., 1995) or post-stratification treatment with 

hydrogen peroxide (Dumroese et al., 1988), or both (Neumann, 1993) can reduce Fusarium 

contamination on Douglas-fir seeds without affecting seed germination, but these practices 

are not yet widely used on a commercial scale. 

In general, development of diseases caused by Fusarium is favored by extremely 

high or extremely low temperatures, early application of nitrogen, low organic matter, 

low soil moisture, and the presence of a susceptible host (Bloomberg, 1981; Landis, 

1989). Recommended cultural control measures therefore include incorporation of peat 

or fresh sawdust into soil, delaying application of nitrogen, and shading to keep soil 

temperatures relatively low (Bloomberg, 1981). Some nurseries grow a cover crop for 

incorporation into soil as a "green manure" before sowing. However, cover crops can 

increase population densities of F. oxysporum in some nurseries (Hansen et al., 1990b). 

Other alternatives to methyl bromide might include soil disinfestation by steam 

treatment or solarization, disease-resistant plant varieties, and biological control. 

Because no single one of these alternatives is likely to be as effective as methyl bromide 

in controlling root pathogens and weeds, a combination of the best of these options is 

most likely to be successful (Braun and Supkoff, 1994). 
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Biological control of diseases caused by Fusarium 

Approaches to biological control 

Biological control of plant pathogens is defined as "the reduction of the amount 

of inoculum or disease-producing activity of a pathogen accomplished by one or more 

organisms other than man" (Cook and Baker, 1983). This somewhat broad definition 

includes activities as diverse as cultural practices, plant breeding, and mass introduction 

of antagonists, nonpathogenic strains, or other beneficial organisms. For the purpose of 

this thesis, however, only biological control by mass introduction of antagonists will be 

considered. 

Disease suppression by biological control agents may occur indirectly, by 

induction of host defenses. Indirect approaches include cross protection, in which an 

avirulent strain of the pathogen stimulates host defenses against subsequent challenge 

with a virulent pathogen, and induced resistance, in which organisms unrelated to the 

pathogen induce systemic host defenses against a pathogen. Alternatively, the biological 

control agents may directly affect the pathogen by parasitism, production of antibiotics 

that inhibit or destroy the pathogen, or competition with the pathogen for food, 

nutrients, growth factors, or space. The results of these interactions may include 

destruction of dormant propagules of the pathogen, prevention of inoculum formation, 

displacement of the pathogen in crop residue, and protection against infection. A given 

antagonist may use more than one form of antagonism in biological control (Cook and 

Baker, 1983). 
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Successful biological control often depends on early, extensive colonization of 

the infection court by the antagonist (Deacon, 1988), because pathogens are often most 

vulnerable at the time of initiation of infection. Previous research has demonstrated that 

microbial antagonists can be applied to either soil or seeds for successful biological 

control in many crops. For example, a review article by Kloepper (1991) describes 

examples in which plant-growth promoting rhizobacteria (Pseudomonas spp. and 

Bacillus subtilis) helped control Fusarium wilts and damping-off caused by Pythium 

spp. and Rhizoctonia solani in flax, cucumber, cotton, and peanut. Seed treatment with 

biological control agents also has been used to protect seedlings of various crops from 

pathogens such as Pythium spp., Aphanomyces cochlioides, Gaeumannomyces graminis 

var. tritici, and Fusarium moniliforme (Williams and Asher, 1996; Hwang et al., 1996; 

Weller and Cook, 1983; Hebbar et al., 1992). 

Various fungi have been used for biological control of foliar diseases of conifer 

seedlings (Zhang et al., 1994), and ectomycorrhizal fungi have been suggested as 

biological control agents against Fusarium in Douglas-fir (Marx, 1972). Even in the 

absence of mycorrhiza formation (Stack and Sinclair, 1975), Zaccaria laccata has been 

reported to protect Douglas-fir seedlings from disease caused by F. oxysporum in 

laboratory and growth chamber experiments (Sylvia and Sinclair, 1983; Sinclair et al., 

1982). As a root-inhabiting fungus, L. laccata probably is most effective against strains 

of Fusarium that attack roots. Damping-off and cotyledon blight, however, occur at the 

hypocotyl and cotyledons and therefore may not be susceptible to control by L. laccata. 

Application of bacteria to conifer seeds for biological disease control has not 

previously been attempted. However, Bacillus strains applied to stratified lodgepole 
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pine and spruce seeds can colonize seedling rhizospheres (Hon and Chanway, 1992) and 

increase subsequent seedling emergence and root growth (Chanway et al., 1991). 

Naturally occurring biological control: suppressive soils 

One strategy for selecting candidate biological control agents is to search for 

naturally occurring situations in which disease does not occur in spite of the presence of 

the pathogen, a susceptible host, and climatic conditions favorable to disease 

development (Linderman et al., 1983; Alabouvette et al., 1979). Soils that are naturally 

suppressive to particular pathogens, including Fusarium, are therefore of particular 

interest to biological control researchers. Fusarium-suppressive soils limit the incidence 

of Fusarium wilts in several agricultural crops such as banana, carnation, cucumber, 

cotton, flax, muskmelon and tomato (Alabouvette, 1991). 

Antagonistic soil microorganisms are usually implicated in Fusarium 

suppressiveness, since heat treatment destroys suppressiveness and addition of a small 

amount of suppressive soil can render an otherwise conducive soil suppressive (Lin and 

Cook, 1979; Scher and Baker, 1980). Many groups of microorganisms have been 

isolated from suppressive soils and introduced to pathogen-infested soil in an effort to 

duplicate suppressiveness, but only nonpathogenic F. oxysporum and certain fluorescent 

pseudomonads have given consistent results (Alabouvette, 1991; Scher and Baker, 

1980). High populations of antagonists, however, do not necessarily result in 

suppressive soil; abiotic soil factors also have unpredictable but significant effects 

(Alabouvette, 1991; Burpee, 1990). For example, high soil pH, high clay content, and 
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competition for nutrients appear to limit the activity of pathogenic F. oxysporum in some 

suppressive soils (Alabouvette, 1991). 

Natural exclusion of Fusarium spp. from conifer forest soils also has been 

observed, and may be useful in biological control of Fusarium diseases in conifer 

seedlings. For example, Smith (1967) found that 48% of sugar pine seedlings collected 

from a nursery yielded F oxysporum, whereas none of the native seedlings collected 

adjacent to the nursery yielded the pathogen. Schisler and Linderman (1984) recovered 

Fusarium spp. from all seven nurseries studied but from only one of 14 forest soils. This 

exclusion also has been observed in other studies which did not have a survey as their 

primary objective (Toussoun et al., 1969; Barrows-Broaddus and Kerr, 1981). 

Smith (1967) suggested that F. oxysporum is not a normal component of 

undisturbed forest soil. He transplanted year-old sugar pine seedlings from a nursery 

into a stand of sugar pine and white fir. Whereas 90% of root samples yielded F. 

oxysporum at the time of transplant, 14 months later only 39% of samples yielded the 

pathogen. Neither sugar pine seeded directly into the sugar pine/white fir stand, nor 

seedlings native to the stand, ever yielded F oxysporum. 

Several studies have pointed to the importance of forest litter in the exclusion of 

Fusarium spp. from forest soils. High populations of Fusarium spp. in nursery soil can 

be reduced by covering soil with a layer of pine needle litter (Toussoun, 1975). One 

possible explanation is that the litter layer suppresses annual plants that harbor 

populations of Fusarium. However, litter extracts can also influence Fusarium in the 

absence of annual plants. Water extracts of nonsterile conifer litter stimulate germination 

of macroconidia and chlamydospores of F. oxysporum in vitro and stimulate germination 
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and germ tube lysis of chlamydospores in soil (Toussoun et al., 1969). Therefore, lysis 

and death of germ tubes immediately following spore germination could account for the 

absence of F. oxysporum from forest soils. Hammerschlag and Linderman (1975) came 

to a similar conclusion, noting that solutions of organic acids found in pine needles 

stimulated germination and germ tube lysis of E oxysporum chlamydospores in 

nonsterile soil. 

Other studies point to forest soil microbiota as the reason for exclusion of 

Fusarium spp. from forest soils. For example, the rhizospheres of healthy lodgepole 

pine seedlings contain a greater proportion of spore-forming bacteria antagonistic to 

Fusarium culmorum and Rhizoctonia solani than rhizospheres of diseased seedlings 

(Timonin, 1966). Some laboratory studies also have pointed to a role for soil 

microbiota. For example, percent germination of macroconidia in forest soil slurries 

(average of 14 soils) was eight times greater than in nursery soils (average of seven 

soils). Soil pasteurization or sterilization usually resulted in a substantial decrease in 

germination percentage, suggesting that soil microorganisms somehow stimulate 

germination (Schisler and Linderman, 1984). Since germ tubes were more often 

distorted or lysed in forest soil than in nursery soil, forest soil microorganisms may help 

exclude Fusarium by stimulating germination and subsequent lysis of macroconidia. 

Whether mechanisms of suppressiveness in forest soils are the same as in 

agricultural soils remains unresolved. In both cases, soil microbiota seem to be involved 

in suppressiveness. It is important, however, to note the differences between 

suppressiveness in agricultural and forest soils. First, in some agricultural soils, high 

populations of saprophytic Fusarium suppress root colonization by pathogenic Fusarium 
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(Alabouvette et al., 1979; Alabouvette, 1991); in contrast, Fusarium spp. typically are 

absent from conifer forest soils. Second, chlamydospore germination is inhibited in 

suppressive agricultural soils (Smith and Snyder, 1972; Smith, 1977). Forest litter or 

forest soil microbiota, on the other hand, help exclude Fusarium spp. by stimulating 

spore germination and germ tube lysis (Toussoun et al., 1969; Hammerschlag and 

Linderman, 1975; Schisler and Linderman, 1984). Finally, true "suppressiveness" as 

described by Alabouvette (1991) in agricultural soils has yet to be fully documented in 

forest soils. 

Research overview and hypotheses 

In the research presented in thesis, we explored two alternative approaches to 

management of Fusarium diseases in Douglas-fir seedlings. One approach was based on 

the idea that disease-suppressive soils may contain abiotic or biotic factors that could be 

useful for disease control in soils conducive to disease. The other approach was to apply 

candidate biological control agents to Douglas-fir seeds. Delivery of biological control 

agents to seeds has been suggested as an efficient means to pre-empt infection sites that 

otherwise would be available for colonization by pathogens (Cook and Baker, 1983). 

Specifically, we tested the following hypotheses: 

Hypothesis 1: As outlined above, previous researchers have suggested that potential 

biological control agents might be found in disease-suppressive soils. Although Fusarium 

diseases are common in nursery soils, they usually do not occur in conifer forest soils and this 

suppressiveness may have a microbial component. If this microbial antagonism could be 
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expressed and quantified as in vitro inhibition of Fusarium, we hypothesized that greater 

numbers of bacteria antagonistic to Fusarium should be isolated from forest soil than 

from cultivated nursery soils. This hypothesis is tested in experiments described in Chapter 

2. 

Hypothesis 2: Given that certain (unknown) properties of conifer forest soil render 

it suppressive to Fusarium, it might be possible to mimic the suppressive effect by 

introducing those properties to nursery soil. We hypothesized that certain living 

components of forest soil such as bacteria or ectomycorrhizal fungi or nonliving 

components of forest soil such as pine needle litter or humic acid might reduce the 

occurrence of Fusarium diseases in nursery soil. These treatments as well as several 

others were tested in experiments described in Chapter 3. 

Hypothesis 3: Many aspects of the seedborne phase of Fusarium remain unknown. 

For example, although pathogenic Fusarium species can occur on seeds, it is not known 

whether Fusarium causes disease in the quantities and species distributions that actually occur 

on seeds. We hypothesized that if Fusarium is pathogenic in the quantities and species 

naturally found on seeds, then less disease should occur among seedlings grown from 

surface-disinfested seeds than among seedlings grown from Fusarium-infested seeds. 

This hypothesis is tested in experiments described in Chapter 4. The role of semi-selective 

media and cold stratification in recovery of seedborne Fusarium also were investigated in 

experiments described in Chapter 4. 

Hypothesis 4: Previous researchers have demonstrated that Fusarium diseases on 

Douglas-fir can arise from both soilborne and seedborne inoculum, and that antagonistic 

microorganisms can control both soilborne and seedborne pathogens in many crops. In 
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addition, many researchers have suggested that biological control may be most effective when 

antagonists can colonize the infection court before pathogen populations develop to high 

levels. The seedborne phase of Fusarium on Douglas-fir provides an excellent opportunity to 

further develop these ideas. For example, seedborne Fusarium populations can increase 

substantially during seed stratification. We hypothesized that a bacterial biological control 

agent applied to seeds before stratification, while Fusarium populations are still low, 

could prevent the spread of Fusarium during stratification and protect seedlings 

against subsequent infection and disease caused by soilborne Fusarium. These 

hypotheses were tested in experiments described in Chapter 5. 
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CHAPTER 2 

BACTERIAL ANTAGONISTS AGAINST FUSARIUM OXYSPORUM
 
ISOLATED FROM DOUGLAS-FIR NURSERY SOIL
 

Abstract 

Fusarium spp. generally are present in lower numbers in conifer forest soil than 

in cultivated nursery soil. We tested the hypothesis that populations of bacteria 

antagonistic to the seedling root rot pathogen Fusarium oxysporum Schlecht. are higher 

in uncultivated than cultivated soil. Soil was collected from two sites at an Oregon 

Douglas-fir (Pseudotsuga menziesii (NW Franco) seedling nursery: a nursery bed 

containing seedlings and an adjacent recently cleared (previously forested) area. 

Seedlings also were collected from the nursery bed so that rhizosphere soil could be 

compared with non-rhizosphere soil. Soil dilutions (unheated or heated at 55°C for 15 

min to eliminate Gram-negative bacteria) were plated on 1/3-strength potato dextrose 

agar amended with soil extract and sucrose. Bacterial colonies were marked and 

counted after specific incubation periods. A suspension of Fusarium oxysporum conidia 

was then sprayed on dilution plates, and after further incubation, bacterial colonies 

antagonistic to F. oxysporum were counted. Total bacterial counts ranged from 4.76 x 

106 to 1.8 x 108 colony-forming units g-1 dry soil, and the percentage that were 

antagonistic ranged from <1% to 18.5%. Heating did not significantly affect the 

proportion of antagonistic bacteria in soil. Rhizosphere soil had greater colony counts 

than non-rhizosphere soil, but the proportions of bacterial antagonists were equal. 
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Incubation time influenced the proportion of antagonistic bacteria in one trial, where the 

first 30-h incubation yielded more bacterial antagonists than the following 68 h. The in 

vitro data did not support the hypothesis that never-planted, previously forested soil has 

greater populations of antagonists than nursery soil. 

Introduction 

Fusarium spp. are among the most important soilborne pathogens in Douglas-fir 

seedling nurseries, causing seed rot, pre- and post-emergence damping-off, root rot, and 

hypocotyl blight (Bloomberg, 1981; Johnson et al., 1989; Hamm and Hansen, 1989). 

Despite their abundance in cultivated nursery soils, however, with few exceptions 

(Wright and Bollen, 1961; Bhatt, 1970), Fusarium spp. are absent from conifer forest 

soils (Smith, 1967; Widden and Parkinson, 1973; Schisler and Linderman, 1984). 

The litter layer and soil microorganisms have been implicated in the exclusion of 

Fusarium spp. from conifer forest soils. Conifer litter extracts and solutions of organic 

acids found in pine needles stimulate lysis and death of Fusarium oxysporum Schlect. 

germ tubes immediately after spore germination (Toussoun et al., 1969; Hammerschlag 

and Linderman, 1975). Soil microorganisms may also stimulate germination and germ 

tube lysis of macroconidia of E oxysporum (Schisler and Linderman, 1984). Studies of 

other natural Fusarium-suppressive soils have linked suppressiveness to saprophytic 

fungi, Pseudomonas fluorescens, Bacillus spp., and actinomycetes (Louvet et al., 1981). 

The microorganisms producing these effects in conifer forest soil are unknown, although 
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species of Pseudomonas, Bacillus, and Streptomyces from pine forest soils are 

antagonistic to F. oxysporum in vitro (Broadbent et al., 1971). 

In this study, we investigated the occurrence of bacteria inhibitory to F. 

oxysporum from two soils and attempted to define a search strategy for biological-

control agents against Fusarium spp. We tested the hypothesis that non-fumigated, 

never-cropped, cleared forest soil would have a higher proportion of antagonistic 

bacteria than previously fumigated, cropped nursery soils, as suggested by the exclusion 

of Fusarium from forest soils. The objectives of this study were to determine the 

suppressive effect of soil bacteria against F. oxysporum in vitro, the role of heat-tolerant 

bacteria in antagonism, the proportion of antagonists in rhizosphere compared to non

rhizosphere soil, and the timing of appearance of antagonistic colonies. Portions of this 

work have been presented elsewhere (Hoefnagels and Linderman, 1994). 

Materials and Methods 

This study consisted of three consecutive experiments. Soil for all experiments 

was collected from two sites at a Weyerhaeuser forest-seedling nursery in Aurora, OR. 

One site ("uncultivated") was a plot that originally contained large conifers and had been 

cleared within the past year but had never been fumigated or planted; the other site 

("cultivated") was a nursery bed, fumigated the previous fall, and planted with Douglas 

fir seedlings. The first two experiments also used rhizosphere soil from Douglas-fir 

seedlings collected from the nursery bed. In addition, the first experiment used 
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rhizosphere soil from Douglas-fir seedlings collected at the Weyerhaeuser forest-seedling 

nursery near Olympia, WA. 

In all three experiments, 10-fold serial soil-dilution series were prepared from air-

dried, sieved (2 mm) cultivated and uncultivated soils. Three (first two experiments) or 

two (third experiment) soil samples of about 1.7 g each were placed in test tubes 

containing 9 ml sterile distilled water. Samples (0.1 ml) of soil suspensions were spread 

onto 1/3-strength potato dextrose agar amended with 100 ml soil extract per liter. The 

dilutions were then heated to 55°C for 15 min and another 0.1 ml was plated from each. 

Each dilution was plated in duplicate (first two experiments) or triplicate (third 

experiment) and incubated at 25°C in the dark. For the first experiment, dry weights of 

plated soils were estimated by determining the moisture content of soils, calculating dry 

weights of diluted soils, and dividing by the volume of the original dilution. For the 

second and third experiments, plated soil dry weights were determined by oven-drying 

and weighing aliquots of original dilutions. 

To obtain rhizosphere soil, approximately 50 root tips and their attached soil 

were snipped from each of three seedlings from each nursery. Each 50-tip sample was 

placed in a test tube containing 9 ml sterile distilled water. Unheated and heated soil 

suspensions derived from the root tips were serially diluted and plated as described 

above. Dry weights of rhizosphere soil were determined by oven-drying and weighing 

aliquots of original dilutions. 

In all experiments, bacterial colonies were marked with different-colored pens 

after specific incubation periods. In the first experiment, bacterial colonies were marked 

and counted after 30 and 98 h incubation. In the second and third experiments, colonies 
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were marked and counted after 24, 48, and 72 h incubation. After the final (98 or 72 h) 

counts, all plates were sprayed with a suspension (1-2.5 x 106 spores ml-') of E 

oxysporum conidia prepared in carboxymethylcellulose medium (Cappellini and Peterson, 

1965). The plates were incubated again until zones of inhibition around bacterial 

colonies were evident. The number of bacterial colonies from each incubation period 

that inhibited Fusarium growth were tallied. 

Soil bacterial populations in heated and unheated soil suspensions were 

calculated by adding the counts from dilution plates with 30-300 colonies and dividing by 

the dry weights of soil used in the dilutions. Log-transformations of total populations 

and arcsine-square-root transformations of proportions ofbacteria antagonistic to F. 

oxysporum were analyzed by the General Linear Models procedure of SAS (ver. 6.10; 

SAS Institute, Cary, NC). Comparisons of interest were unheated vs. heated (all soils), 

rhizosphere vs. bulk cultivated (heated and unheated), and bulk cultivated vs. bulk 

uncultivated (heated and unheated). Multiple mean comparisons (Student's t-test) were 

generated by the Least Squared Means procedure of SAS, and the error rate from 

multiple comparisons was controlled by the Bonferroni adjustment (Steel and Tonic, 

1980; Milliken and Johnson, 1984). 
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Results 

Total plate counts ranged from 0.47 to 18.0 x 107 colony-forming units (cfu) 

dry soil (Table 2-1). Significantly more bacteria survived heat treatment in cultivated 

soil than in uncultivated soil, even though plate counts in unheated cultivated and 

uncultivated soils were not significantly different in the first two experiments (Table 2-1). 

Interestingly, heat treatment did not significantly affect plate counts for cultivated soil in 

any experiment. In contrast, heat treatment significantly reduced plate counts for 

rhizosphere and uncultivated soil in the first two experiments (Table 2-1). Rhizosphere 

soil had significantly higher plate counts than cultivated (non-rhizosphere) soil when soils 

were unheated. 

All soils used in these experiments had some bacteria that were inhibitory to F. 

oxysporum in vitro; the proportion varied from 0.8% to 18.5% of bacterial colonies 

(Table 2-1). The proportion of inhibitory bacteria was not significantly affected by heat 

treatment, and there were no significant differences in the percentages of inhibitory 

bacteria in rhizosphere vs. cultivated (non-rhizosphere) soil (Table 2-1), regardless of 

heat treatment. Cultivated and uncultivated soils differed significantly in the proportion 

of antagonistic bacteria when soils were heated. In the first experiment, the proportion 

of antagonistic bacteria was significantly higher in cultivated than in uncultivated soil. 

This relationship was reversed in the second experiment, and there were no significant 

differences in the third experiment (Table 2-1). 

The proportion of bacteria antagonistic to Fusarium did not differ significantly 

among the colonies appearing at different times in the second or third experiments (data 



Table 2-1. Total plate counts and proportions of soil bacteria inhibitory to Fusarium oxysporum. 

Experiment 1 Experiment 2 Experiment 3 
Unheated Heated Unheated Heated Unheated Heated 

Total plate counts colony-forming units g-1 dry soil (x 107) 
Rhizosphere 16.3" 5.42 t 18.0" 7.65 

tUncultivated 1.17 0.47 t 4.16 t 1.75 t 1.34 t 0.51 t 
Cultivated 2.45 1.20 6.58 5.10 6.03 4.17 

% Inhibitory bacteria % of total plate counts 
Rhizosphere 3.4 8.8 0.8 5.5 
Uncultivated 1.4 0.9 t 8.8 18.5 t 5.4 7.7 
Cultivated 6.5 8.6 1.6 2.8 5.4 5.1 

t Significantly different from cultivated soil; a= 0.05/7 = 0.0071 for experiments 1 and 2, and a= 0.05/4 for 
experiment 3. 

t Significant difference between unheated and heated soil; a= 0.05/7 = 0.0071 for experiments 1 and 2, and a= 
0.05/4 for experiment 3. 
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not shown). In the first experiment, however, the proportions of antagonistic bacteria 

from rhizosphere and cultivated soils were significantly different for the 30 and 98 h time 

classes. In unheated and heated rhizosphere soil and heated cultivated soil, a greater 

proportion of early-appearing than late-appearing bacterial colonies were antagonistic 

(Table 2-2). 

Discussion 

We did not find conclusive evidence to support the hypothesis that uncultivated, 

previously forested soil has a greater proportion of bacterial antagonists to F. oxysporum 

than does cultivated nursery soil. For unknown reasons, the experiments yielded 

different results. Our three experiments, conducted over three months, may represent 

three "snapshots" of constantly fluctuating antagonistic soil microbial populations 

(Linderman et al., 1994). In addition, the suppressive effect of the soil bacterial 

community on F. oxysporum (Schisler and Linderman, 1984) may not be measurable by 

the dilution plate-overspray technique. Finally, it is possible that intact conifer forest soil 

would yield different results from the disturbed, previously forested soil used in our 

experiments. Confirmation of these explanations would require intensive, long-term 

examination of antagonists from many pairs of forest and nursery soils. 

Although heating soil for 15 min to 55°C usually reduced total numbers of 

bacteria, heat treatment did not significantly affect the proportion of bacteria inhibiting F. 

oxysporum. This finding suggests that heat treatment does not enrich for inhibitory 

bacteria. Heat treatment may still be important in the search for biological control 
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Table 2-2. Proportion of Fusarium- inhibitory bacterial colonies appearing 
after 30 and 98 h incubation in the first experiment. Within each row, 
values followed by different letters are significantly different at the 
Bonferroni-corrected significance level of a = 0.05/16 = 0.0031. 

% Inhibitory colonies 
Soil Heat treatment 30 h 98 h 

Rhizosphere Unheated 11.8a 2.4b 
Heated 15.9a 5.2b 

Cultivated Unheated 8.5a 5.9a 
Heated 15.1a 5.6b 

Uncultivated Unheated 1.0a 1.7a 
Heated 2.9a 0.7a 
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agents, however, because heat selects for bacteria that can tolerate environmental 

stresses and therefore may have long "shelf-lives" and potential for development as 

practical, commercial soil or seed treatments. 

Rhizosphere soil had greater plate counts than did cultivated soil in the first and 

second experiments. This result is consistent with a "rhizosphere effect" in which the 

presence of roots increases soil bacterial populations (Katznelson et al., 1962; Neal et al., 

1964; Timonin, 1966). We did not find, however, that rhizosphere soil had a 

significantly greater proportion of bacterial antagonists against F. oxysporum than did 

cultivated (non-rhizosphere) soil. Our results contradict those of Timonin (1966), who 

found that bacteria antagonistic to Fusarium and Rhizoctonia comprised a greater 

proportion of lodgepole pine rhizosphere soil than of non-rhizosphere soil. The number 

of bacteria tested in Timonin's study, however, was small (29-50 colonies per soil), and 

may not have adequately represented soil bacterial populations. 

Timing of appearance of bacterial colonies on dilution plates only was significant 

in the first experiment, when the proportion of colonies antagonistic to F. oxysporum 

was sometimes greater for colonies appearing within the first 30 h of incubation than for 

those appearing between 30 and 98 h. In contrast, Linderman et al. (1994) found that 

early-appearing antagonists were less antagonistic to five fungal pathogens than those 

appearing after 72 h. This aspect of the search for biological-control agents may warrant 

further study. Measuring the diversity of soil bacterial communities on culture plates is 

difficult because many colonies look alike, and because all soil microorganisms do not 

grow equally well in laboratory culture. Any qualitative differences in populations (e.g. 
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timing of appearance of antagonists, response to heat treatment) may be useful for 

detecting population shifts not otherwise measurable on culture media. 

To our knowledge, this study represents the first use of the dilution plate

overspray technique to determine differences in antagonistic potential among soils. The 

methodology is simple and can yield much information about numbers and timing of 

appearance of in vitro antagonists to fungal pathogens. In vitro tests are extensively 

used as primary screens for biological-control agents, but they may not always yield 

meaningful conclusions about ecological differences between soils or even help detect 

the best candidate biological-control agents. One reason is that only a small proportion 

of the total soil bacterial population grows on culture plates (Skinner et al., 1952). Also, 

in vitro inhibition of pathogens usually is poorly correlated with biological-control 

performance in soil (Merriman and Russell, 1990). Additional techniques are needed to 

assess the anti-Fusarium potential of soil microbial communities. Multiple techniques 

used in tandem may improve screening for promising biological-control agents. 
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CHAPTER 3
 

EFFECT OF SOIL AND SEED TREATMENTS ON DOUGLAS-FIR SEEDLING
 
EMERGENCE AND MORTALITY 

Abstract 

Nine soil and seed treatments were evaluated for their ability to control damping-

off in Douglas-fir seedlings. The treatments included two Bacillus spp. isolated from 

nursery soil, the commercial biological control agents Kodiak (Bacillus subtilis) and 

Mycostop (Streptomyces griseoviridis), commercial inoculum of the ectomycorrhizal 

fungus Laccaria laccata (= L. bicolor), pine needles, humic acid, and a commercial seed 

biostimulant. The experiment was conducted twice for each of two Douglas-fir seedlots. 

The treatments, applied alone and in various combinations, did not reduce seedling 

mortality. Results of a subsequent experiment suggest that differences in seed planting 

techniques could account for differences in seedling emergence in the two experiments. 

Introduction 

In Pacific Northwest nurseries, the most common and effective pest-control 

procedure is soil fumigation with methyl bromide-chloropicrin (Sutherland, 1984; 

Cordell et al., 1989). In 1993, however, methyl bromide was listed in the Montreal 

Protocol as an ozone-depleting compound and the importation and production of methyl 

bromide is scheduled to end by the year 2001 (Braun and Supkoff, 1994). Alternatives 
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to methyl bromide might include seed and soil fungicides such as thiram, captan and 

benomyl (Sutherland, 1984; Cordell et al., 1989). Fungicide treatment of conifer seeds, 

however, often increases the proportion of abnormal germinants (Cayford and Waldron, 

1967) or reduces the speed or percentage of germination (Peterson, 1970; Lock et al., 1975). 

Other alternatives to methyl bromide might include pine needles (Toussoun, 1975), 

ectomycorrhizal fungi (Sinclair et al., 1982; Sylvia and Sinclair, 1983), and soil 

microorganisms (Schisler and Linderman, 1984). The primary objective of this research 

was to evaluate some potential alternatives to methyl bromide for efficacy in controlling 

damping-off of Douglas-fir seedlings in greenhouse experiments using nursery soil. The 

treatments included two commercial bacterial biological control agents, two Bacillus 

spp. we isolated from nursery soil, the ectomycorrhizal fungus Laccaria laccata (Scop. 

ex Fr.) Berk. and Br. (later reclassified as Laccaria bicolor (Maire) Orton), Seed Life (a 

commercial seed treatment), Humax 3 (a commercial source of humic acid), and pine 

needles. The experiment was conducted twice and the two replicate experiments 

differed in the method by which seeds were planted. Because seedling emergence in the 

first experiment was much lower than in the second, we also investigated whether seed 

planting depth affects seedling emergence and survival. 
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Materials and Methods 

Biological materials 

Douglas-fir seedlots LV08-L0-01 RF1068 (hereafter abbreviated LV) and 

CB08-L0-01 RJ2020 (hereafter abbreviated CB) were provided by Weyerhaeuser 

Corporation (Centralia, WA); both seedlots originated from similar elevation zones (0

2000 ft). Seed lot LV was collected from the Longview, WA orchard block in 1991; 

seedlot CB was collected from the Coos Bay, OR orchard block in 1992. Seeds were 

cold-stratified by Weyerhaeuser personnel before they were provided to us. Seeds from 

both seedlots were heavily infested with Fusarium (95% and 80% of seeds, respectively, 

for CB and LV; see Chapter 4). 

Bacillus macerans Fr. isolate WR1 and Bacillus polymyxa (Prazmowski) Mace 

isolate WS2 were isolated from heated rhizosphere soil and unheated non-rhizosphere 

soil, respectively, from Douglas-fir seedbeds at the Weyerhaeuser conifer seedling 

nursery at Aurora, OR. Both isolates were shown to be antagonistic to F. oxysporum in 

vitro (see Chapter 2 for details on isolation methods and in vitro antagonism). WR1 also 

was antagonistic in vitro against 18 of 19 additional unidentified Fusarium isolates 

recovered from Douglas-fir seeds (data not shown). WR1 and WS2 were identified to 

species by analyzing methyl ester derivatives of whole cell fatty acids (Microbial 

Identification System, MIDI, Newark, DE). 

Kodiak (Bacillus subtilis (Ehrenberg) Cohn) and Mycostop (Streptomyces 

griseoviridis) were obtained from Gustafson (McKinney, TX) and Kemira OY (Espoo, 
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Finland), respectively. Laccaria laccata isolate LbS238P in a vermiculite formulation 

was obtained from Mycorr Tech, Inc., Pittsburgh, PA. 

Other treatments 

Fallen needles of Pinus ponderosa were collected in Grants Pass, OR and cut 

into pieces (approx. 2 cm). Seed Life, a seed treatment consisting ofmajor, minor, and 

trace nutrients as well as enzymes, alginates, vitamins, carbohydrates, minerals, and plant 

hormones, was obtained from Micro-Ag, Inc., Steptoe, WA. Humic acid (OCW Humax 

3) was obtained from OCW Ag Products, Inc., Salem, OR. 

Treatment application 

The experiment was conducted twice. For each experiment, 480 150-m1 super-

cell containers (Ray Leach, Canby OR) were filled with nursery soil collected from a 

Douglas-fir seedbed at the Weyerhaeuser Corporation nursery in Aurora, OR. Soil was 

air-dried and sieved to <2 mm before use. A single seed was planted in each container 

(24 replicates per treatment for each of seedlots CB and LV). Containers were randomly 

arranged in racks (completely random design, no blocking) on a single greenhouse 

bench. Seedling emergence and mortality were monitored approximately weekly for 80 

(first experiment) or 115 (second experiment) days. Seedlings were watered as needed, 

but fertilizer was not applied. Treatments for both experiments are listed in Table 3-1. 
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Table 3-1. Emergence of Douglas-fir seedlings from two seedlots (LV 
and CB) in response to various soil and seed treatments. 

Number of seedlings (out of 24) 
Experiment 1 Experiment 2 

Treatment LV CB LV CB 

Control (water) 14 15 19 23 

WR1 10 9 23 20 
WR1 + WS2 16 17t 22 20 
WR1 + Laccaria laccata 14 9 23 23 

L. laccata 23 23 

Kodiak 13 15 23 21 

Mycostop 17 10 21 23 

Seed Life (0.005%) 9 16 

Seed Life (0.01%) 12 10 

Seed Life (0.1%) 22 21 

Pine needles 5* 4** 23 22 
Humax 3 (0.5%) 12 14 

Humax 3 (5%) 22 22 
Average 12.2 11.9 22.1 21.8 
P (Fisher's exact test) 0.004 0.001 0.670 0.709 
* Differs from control (P-41.008) 
** Differs from control (P0.001) 

Differs from WR1 (P-41.020) 
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In the initial experiment, seeds were dropped into holes formed by poking a glass 

rod into the soil and the holes were gently pressed shut to cover the seeds. Liquid 

treatments (water, bacterial suspensions, Seed Life, and Humax 3) were applied as soil 

drenches (2.6 ml per container) after seeds were planted. Control seedlings received 

only sterile distilled water. Suspensions of Kodiak and Mycostop were prepared at a 

rate of 0.05 g product per liter sterile distilled water. WR1 and WS2 were streaked onto 

plates of'/2- strength PDA., after four days incubation, each plate was flooded with 15 ml 

sterile distilled water and cells were scraped free with a sterile glass rod. Suspensions 

prepared from four plates of WR1 (for treatments with WR1 alone or in combination 

with Zaccaria laccata) or two plates each of WR1 and WS2 were poured into a sterile 

beaker, stirred, and diluted by a factor of 10 with sterile distilled water. Plate counts of 

bacterial suspensions, in colony-forming units (cfu) ml-', were 6.9 x 107 for Kodiak, 1.7 

x 107 for WR1, and 2.3 x 106 for WR1 + WS2. The population of Mycostop was not 

directly determined, but is calculated at 5 x 104 cfu m1-1 based on a formulation 

containing 109 cfu g"' (Landenpera, 1987). Seed Life was diluted with sterile distilled 

water to 0.005% (label rate) or 0.01% (2 x label rate), by volume. Humax 3 was diluted 

to 0.5% (by volume) with sterile distilled water. Laccaria laccata inoculum (1-2 ml) 

was placed in a small trench next to the seed. Pine needles were initially applied as a 1-2 

cm layer, but later thinned to about 0.5 cm when it became apparent that seedling 

emergence was inhibited by the thicker layer. 

In response to poor seedling emergence in the first experiment, seeds in the 

second experiment were placed on the soil surface and covered with a uniform layer of 

soil approximately 0.5 cm deep. A companion experiment (see below) tested whether 
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seed planting depth affects seedling emergence and mortality. Also, instead of soil 

drenches, in the second experiment seeds were mixed in liquid treatments for 10 min and 

air-dried in a sterile laminar flow hood. Control seeds received only water. Suspensions 

of Kodiak and Mycostop were prepared at rates of 0.5 g and 0.4 g product per 100 ml 

sterile distilled water, respectively. WR1 and WS2 were streaked onto plates of1/2

strength PDA; after 17-33 days incubation, each plate was flooded with 15 ml sterile 

distilled water and cells were scraped free with a sterile glass rod. Suspensions from six 

plates of WR1 (for treatments with WR1 alone or in combination with Laccaria 

laccata), or three plates each of WR1 and WS2, were poured into a sterile beaker, 

stirred, and diluted to 100 ml with sterile distilled water. The population of the WR1 

suspension was 1.3 x 108 cfu ml"'; the population of the Mycostop suspension was not 

determined, but calculated at 4 x 106 cfu m1-1. Populations were not determined for 

Kodiak or WR1 + WS2. Seed Life and Humax 3 were diluted to 0.1% and 5% (by 

volume), respectively, with sterile distilled water. Pine needles were applied in a layer 

approximately 0.5 cm thick. Laccaria laccata inoculum (1-2 ml) was placed on the soil 

surface before seeds were planted and covered with additional soil. 

Seed treatment with WR1 was repeated in a third experiment. Half of the WR1 

suspension described above (second experiment) was autoclaved and streaked to confirm 

sterility. Seeds (49 per treatment, seedlot CB only) were mixed for 10 min in live WR1, 

autoclaved WR1, or water, then air -dried in a sterile laminar flow hood. Seeds were 

planted as described for the second experiment. Containers, separated by sufficient 

space to prevent inoculum splash between neighboring containers, were arranged on a 
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single greenhouse bench. Seedling emergence and mortality were monitored periodically 

until the experiment was terminated 80 days after planting. 

For the three experiments described above, the proportion of seeds that emerged 

and the proportion that died after emergence were analyzed by Chi-square test (SAS 

statistical software ver. 6.10; SAS Institute, Cary, NC). When expected values in the 

Chi-square test were less than five, Fisher's exact test was used for treatment 

comparisons. Comparisons of interest included each treatment vs. control and the 

following pair-wise comparisons: WR1 vs. WR1 + WS2 and WR1 vs. WR1 + L. laccata 

in the first and second experiments, and L. laccata vs. L. laccata + WR1 in the second 

experiment. 

Planting depth 

To determine whether planting technique may have contributed to poor seedling 

emergence in the first experiment, the effect of seed planting depth on seedling 

emergence and mortality was examined. One hundred surface-sterilized, super-cell 

containers, each with a sterile cotton ball in its tip, were layered with about 20 ml steam-

pasteurized sand and 100 ml soil. All were watered and allowed to drain for three days. 

One cold-stratified seed (seedlot LV) was planted in each container and covered with 

one, two, four, or six 5-ml portions of soil to approximate depths of 0.5, 1, 2 or 3 cm, 

respectively (25 seeds per treatment). Containers were randomly arranged on a single 

greenhouse bench (completely random design). Emergence and mortality were 

monitored throughout the experiment. At the conclusion of the experiment (50 days 
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after planting), the remaining healthy seedlings were washed free of soil, separated into 

roots and shoots, oven-dried, and weighed. 

The proportion of seedlings that emerged and that died after emergence were 

analyzed by Fisher's exact test. Emergence date was analyzed as an ordered, categorical 

variable by Wilcoxon Rank Sum Test (StatXact-Turbo, ver. 2.11, Cytel Software Corp., 

Cambridge, MA). Dry weight and root-shoot ratio were analyzed by ANOVA in SAS. 

Because of poor emergence, data for seedlings planted at 3 cm were excluded from the 

statistical analyses of emergence date and dry weight. 

Results 

Seedling emergence was affected by treatments only in the first experiment 

(Table 3-1). In the first experiment, emergence was lower for seeds treated with pine 

needles than for control seeds (Table 3-1). Also, for seedlot CB in the first experiment, 

emergence was greater for seeds treated with WR1 + WS2 than for seeds treated with 

WR1 alone, but neither was significantly different from the control (Table 3-1). More 

seedlings emerged in the second experiment (overall mean = 92%; range = 79-96%) than 

in the first experiment (overall mean = 50%; range = 17-71% of seedlings), and 

emergence was completed more rapidly in the second than the first experiment (data not 

shown). 

Post-emergence mortality was not affected by soil or seed treatments in the first 

or second experiment (P = 0.164 and P = 0.185 for seedlots LV and CB, respectively, in 

the first experiment; P = 0.231 and P = 0.064 for seedlots LV and CB, respectively, in 
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the second experiment; Figs. 3-1 and 3-2). In the first experiment, 20-89% (overall 

mean = 59%) of emerged seedlings eventually died, whereas in the second experiment, 

4-41% (overall mean = 17%) of emerged seedlings died. In both experiments, over 75% 

of post-emergence mortality had occurred by 30 days after planting (Figs. 3-1 and 3-2). 

The third experiment confirmed the lack of effect of WR1 on seedling emergence 

(P = 0.950) and post-emergence mortality (P = 0.679; Fig. 3-3). Emergence (86-90%) 

was similar to that in the second experiment, but mortality at 26 days after planting was 

much greater than for control or WR1 seeds in the second experiment (Fig. 3-2, seedlot 

CB only), and approached 70% of emerged seedlings by the end of the experiment (Fig. 

3-3). 

Seed planting depth affected the number of emerged seedlings only at 3 cm 

(Table 3-2). Because only two of the seeds planted at 3 cm emerged, data from this 

depth were excluded from further statistical analysis. Among the other treatments, 

planting depth did not affect post-emergence mortality, but emergence date was 

significantly delayed with increased seed planting depth, and seedlings planted at 0.5 cm 

had the greatest total dry weights (Table 3-2). 
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Figure 3-1. Cumulative mortality as a percentage of emerged Douglas-fir 
seedlings in the first experiment. Liquid treatments were applied to seeds 
from seedlots LV and CB. 
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Table 3-2. Effect of planting depth on emergence, emergence date, post-emergence 
mortality, total dry weight, and root/shoot ratio in Douglas-fir seedlings. Within 
columns, values followed by the same letter are not significantly different (see 
footnote). Too few seedlings emerged among seeds planted at 3 cm to allow 
statistical analysis of any parameter except total emergence. 

Average 
emergence No. 
date (days seedlings 

No. after died post- Total dry Root/shoot 
Depth (cm) emerged planting)t emergence wt. (g): ratios 

0.5 

(out of 25)* 
21 a 9.8 a la 0.072 a 0.37 ab 

1 25 a 11.8 b 2a 0.058 b 0.32 b 

2 25 a 16.3 c 5a 0.049 b 0.49 a 
3 2 b 

Analyzed by Fisher's exact test; values significantly different at P < 0.001. 
I. Analyzed by Wilcoxon rank test; values significantly different at P < 0.001. 

Analyzed by ANOVA; values significantly different at P < 0.05. 
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Discussion 

Although causes of mortality were not determined in these experiments, many 

dead and dying seedlings had symptoms typical of Fusarium diseases (e.g. sporulating 

lesions and collapsed tissue at the soil line). Fusarium was detected when soil 

suspensions were plated on Nash-Snyder medium (Nash and Snyder, 1962; Appendix 

A), but populations were not quantified. Fusarium also was present on 80-95% of seeds 

from the two seedlots used in these experiments (see Chapter 4). Although other 

pathogens may also have been present, no treatment protected the seedlings from the 

Fusarium that was present in the soil or seeds used in these experiments. 

None of the bacterial treatments (WR1, WS2, Kodiak, or Mycostop) reduced 

seedling mortality in our study, in spite of in vitro antagonism against Fusarium by WR1 

and WS2. Bacillus and Streptomyces spp. are attractive candidate biological control 

agents because they can survive a wide range ofenvironmental conditions and have good 

storage potential. In previous studies, however, Mycostop has had mixed results against 

diseases caused by Fusarium spp, preventing wilt caused by F. oxysporum on carnation 

(Landenpera, 1987; Tahvonen, 1988), but not on sweet basil (Keinath, 1994). Bacillus 

spp. can colonize rhizospheres of conifer seedlings (Shishido et al., 1995), produce 

antibiotics in vitro, and control some diseases in vivo (Leifert et al., 1995). Although 

antibiotic production in vitro is sometimes correlated with biocontrol activity in vivo 

(Leifert et al., 1995), in vitro antagonism is not usually considered a good predictor of 

biocontrol activity (Williams and Asher, 1996; Reddy et al., 1993), perhaps because 

antibiotic production in vitro depends on the conditions in which bacteria are grown 
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(Leifert et al., 1995). Clearly, biocontrol research would benefit from screening 

techniques that more closely approximate the complex conditions in which diseases 

occur. 

The inability of L. laccata to reduce seedling mortality is in contrast to the results 

of previous workers who used L. laccata as a biocontrol agent against F. oxysporum in 

laboratory and growth chamber experiments (Stack and Sinclair, 1975; Sylvia and 

Sinclair, 1983; Sinclair et al., 1982). Although we probably terminated our experiments 

before mycorrhizae had a chance to form in our seedlings, L. laccata has been reported 

to protect Douglas-fir seedlings from F. oxysporum even in the absence of mycorrhiza 

formation (Stack and Sinclair, 1975). It is possible that environmental conditions in our 

experiments were such that F. oxysporum could overcome any protective effect of L. 

laccata (Strobel and Sinclair, 1991). In addition, since not all strains of Fusarium are 

likely to be equally susceptible to biological control, L. laccata may have been ineffective 

against the particular strains causing disease in our experiments. As a root-inhabiting 

fungus, L. laccata probably would be most effective against Fusarium strains attacking 

roots. Damping-off, on the other hand, can occur at the hypocotyl and may therefore 

not be susceptible to control by L. laccata. 

We included combinations of inocula in these experiments to investigate the idea 

that multiple antagonists could be more effective than single organisms (Cook and Baker 

1983; Park et al., 1988). In our experiments, however, combinations of inocula 

performed no differently from single strains. Emergence of seedlings treated with WR1 

+L. laccata was equal to that of seedlings treated with WR1 alone (first and second 

experiments) or L. laccata alone (second experiment). Emergence among seeds treated 
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with WR1 + WS2 was greater than with WR1 alone for seedlot CB in the first 

experiment, but this effect did not occur in seedlot LV or in either seedlot in the second 

experiment. 

Among the nonliving treatments, only pine needles affected seedling emergence, 

and then only in the first experiment. This result is consistent with the planting depth 

experiment, in which seedlings planted 3 cm deep had much lower emergence rates than 

seeds planted at 0.5, 1, or 2 cm. Although planting depth was not precisely measured in 

the first experiment, seeds were covered with a 1-2 cm layer of pine needles in addition 

to soil cover, therefore many probably were planted at least 3 cm deep. 

In neither experiment did pine needles, Humax 3, or Seed Life affect seedling 

mortality. Although humic-rich soil amendments can reduce damping-off of Douglas-fir 

seedlings (Schisler and Linderman, 1989), and pine needles, water extracts of pine litter, 

and solutions of organic acids found in pine needles can affect soil populations of 

Fusarium spp. (Toussoun, 1975; Toussoun et al., 1969; Hammerschlag and Linderman, 

1975), effects undoubtedly vary among soils (Schisler and Linderman, 1989) and 

environmental conditions. 

The percentage of seedlings that died after emergence was higher in the first and 

third experiments than in the second experiment. A difference in disease pressure cannot 

explain the difference in mortality between the second and third experiments, since both 

experiments were conducted simultaneously in the same greenhouse, used the same 

sources of soil, seeds, and bacteria, and emergence rates were similar in the two 

experiments. Since it seems unlikely that environmental conditions could differ greatly 
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on two adjacent benches of a single greenhouse, we can offer no explanation for this 

result. 

Our results indicate that differences in seed planting technique could account for 

the differences in seedling emergence between the first two experiments. In planting 

depth experiments with slash and longleaf pine, greater planting depths were associated 

with a reduction in seedling emergence (Jones, 1963; Rowan, 1980). The reason for the 

abrupt decline in seedling emergence with increased planting depth is unclear. It seems 

unlikely that genninants simply ran out of carbon or nutrient reserves before reaching 

light when planted at 2 cm but not 3 cm deep, because Douglas-fir seeds contain 

sufficient reserves that seedlings do not require fertilization for the first six weeks after 

planting (van den Driessche, 1984). On the other hand, soil environmental conditions 

such as insufficient oxygen or excess carbon dioxide can inhibit seed germination and 

seedling development (Krugman et al., 1974) and stimulate pathogen growth (Bourret et 

al., 1968). 

In our experiment, relatively small increases in seed planting depth resulted in 

delays in seedling emergence even though numbers of emerged seedlings were similar. 

Because a delay in emergence date was associated with decreased seedling dry weights 

and might also mean increased susceptibility to pre-emergence damping-off, seeds were 

planted approximately 0.5 cm deep in subsequent experiments (Chapters 4 and 5). 

None of the seed and soil treatments tested in the experiments described in this 

chapter consistently increased seedling emergence or reduced seedling mortality. The 

results of these experiments do, however, emphasize the importance of seed planting 

depth as a factor in consistent seedling emergence. In addition, the high proportion of 
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seeds from seedlots CB and LV that were contaminated with Fusarium (Appendix B) 

led to subsequent experiments on the prevalence and pathogenicity of Fusarium in 

Douglas-fir seeds, as described in Chapter 4. 
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CHAPTER 4 

EFFECTS OF CULTURE MEDIUM AND SEED STRATIFICATION ON 
RECOVERY OF FUSARIUM SPECIES FROM DOUGLAS-FIR SEEDS 

Abstract 

In an effort to explain the variable amounts of Fusarium recovered from different 

Douglas-fir seedlots, the effects of culture medium and seed stratification on Fusarium 

recovery were investigated. Cold-stratified seeds from three seedlots were plated on 

Komada's medium at pH 3.8 and pH 6.8, and on modified Nash-Snyder (peptone-

PCNB) medium, and Fusarium colonies were counted four, eight, and 12 days after 

plating. The percentage of seeds with Fusarium differed among the three media only at 

four days after plating, and Fusarium was recovered from nearly all seeds plated on the 

three media by eight and 12 days after plating. A total of nine species (F. avenaceum, F. 

culmorum, F. lateritium, F. moniliforme, F. poae, F. proliferatum, F. sambucinum, F. 

solani, and F. tricinctum) were recovered from the three seedlots, and species 

composition for each seedlot did not differ significantly among the media. Seeds from 

the three seedlots also were plated on Komada's medium (pH 6.8) before imbibition, 

after imbibition, and after 3 and 6 wk stratification. Fusarium recovery from seeds 

increased in response to cold stratification, indicating that previous reports of low levels 

of Fusarium on unstratified seeds may underestimate the true contribution of seedborne 

Fusarium to nurseries. When stratified seeds were planted in conditions conducive to 

disease development, however, little disease attributable to Fusarium resulted. 
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Introduction 

Fusarium spp. are often found on and within conifer seeds, including loblolly pine 

(Mason and Van Arsdel, 1978; Barrows-Broaddus and Dwinell, 1985), longleaf pine 

(Pawuk, 1978), slash pine (Anderson et al., 1984), spruce (Colorado blue spruce and Black 

Hills spruce; James, 1987), and Douglas-fir. The percentage of Douglas-fir seeds with 

Fusarium varies widely from seedlot to seedlot, ranging from 1-15% of seeds (Graham and 

Linderman, 1983; James et al., 1987; Dumroese et al., 1988; Neumann, 1993; Axelrood et 

al., 1995) to 60% or more (Neumann, 1993; Axelrood et al., 1995). Fusarium spp. also can 

be recovered from non-coniferous seeds, for example, cotton (Smith et al., 1981), small 

grains (Cook, 1981), tomato (Jones and Woltz, 1981), and sweet basil (Elmer et al., 

1994). 

Among the Fusarium species on conifer seeds, many are potentially pathogenic. For 

example, F. moniliforme var. moniliforme, F moniliforme var. subglutinans, and F 

proliferatum isolated from surface-sterilized slash and loblolly pine seeds caused damping-off 

when applied to slash pine seeds (Huang and Kuhlman, 1990). Fusarium oxysporum isolated 

from Douglas-fir seed was associated with pre-emergence damping-off when introduced to 

surface-sterilized seed before sowing (Graham and Linderman, 1983). Pathogenicity tests on 

12 seedborne isolates comprising six species (F oxysporum, F avenaceum, F. moniliforme, 

F. sambucinum, F lateritium, F acuminatum) revealed that F. oxysporum and F 

moniliforme were consistently pathogenic on Douglas-fir (Axelrood et al., 1995). In each of 

the studies listed above, seedlings were artificially inoculated with individual Fusarium 
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isolates. It is not known whether seedborne Fusarium can cause diseace in the quantities and 

species mixtures that actually occur on stratified seeds. 

Another unknown aspect of seedborne Fusarium is the effect of culture medium 

on quantities and species of Fusarium recovered from seeds. Although Axelrood et al. 

(1995) found that Fusarium recovery from Douglas-fir seeds was lower on Komada's 

medium at pH 4.0 than at pH 7.0, we know of no studies in which Fusarium recovery 

was systematically compared on different culture media. 

In preliminary studies, Fusarium was recovered from 0-95% of Douglas-fir seeds 

representing 43 seedlots collected from Oregon and Washington (Appendix B). Two of the 

seedlots had particularly high levels of seedborne Fusarium (89-95% of seeds) compared to 

the other 41 seedlots (0-44% of seeds). Seeds from both of these high-Fusarium seedlots 

had been cold-stratified before plating, unlike the other 41 seedlots, and had been plated on a 

different culture medium from the others (Appendix B). Therefore, the objective of two of 

the experiments described in this chapter was to investigate the effects of culture medium 

and seed stratification on Fusarium recovery from three Douglas-fir seedlots. An 

additional objective was to determine the pathogenicity of Fusarium spp. occurring on 

stratified seeds from the three seedlots. Portions of this work have been presented 

elsewhere (Hoefnagels and Linderman, 1996). 
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Materials and Methods 

Effect of culture medium on recovery of seedborne Fusarium spp. 

Three Douglas-fir seedlots were supplied to us by Weyerhaeuser Corp. 

(Rochester, WA). Seed lots DH2026 and DG2064 were field-collected in 1982 near 

Springfield, Oregon (2501-3000 ft elevation) and Twin Harbors, Washington (501-1000 

ft elevation), respectively; seedlot DJ8002 was field-collected in 1988 near Coos Bay, 

Oregon (1001-1500 ft elevation). Seeds were stored dry and unstratified at -15°C until 

use. 

On each of four consecutive days (blocks), 100 stratified seeds from each seedlot 

were plated on each three semi-selective culture media (10 seeds per plate): Komada's 

medium (Komada, 1975), pH adjusted to 3.8 ± 0.2; Komada's medium without pH 

adjustment (average pH = 6.80; range = 6.70-6.86); modified Nash-Snyder medium 

(Nelson et al., 1983; average pH = 6.36; range = 6.33-6.40). Recipes for these culture 

media are provided in Appendix A. The 90 plates from each of the resulting four blocks 

were randomly arranged on separate trays and incubated in diffuse daylight on a single 

laboratory bench (23-25°C). 

After four, eight, and 12 days incubation, one-third of the plates from each block 

were randomly selected and the most prominent fungus growing from each seed was 

subcultured to corn meal agar (CMA; Difco Laboratories, Detroit, MI). Fusarium 

colonies were counted, and the presence of other common fungal genera was noted. 

Plates were wrapped in Parafilm and stored in the dark at 4°C until Fusarium species 

http:6.33-6.40
http:6.70-6.86
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were identified. For each seedlot, 45-48 colonies were randomly selected for 

identification from among the colonies isolated 12 days after seeds were plated. To 

identify Fusarium species, single germinated spores were transferred to SNA (Nirenberg, 

1976) and potato dextrose agar (PDA; Difco Laboratories, Detroit, MI), and compared 

to species descriptions (Nelson et al., 1983; Appendix C) and to known species. 

Identities of selected isolates were confirmed by Paul Nelson at the Fusarium Research 

Center at Pennsylvania State University. 

The percentage of seeds with Fusarium was analyzed separately for each seedlot 

and sampling date by logistic regression with contrasts between media. When logistic 

regression models fit the data poorly because the percentage of seeds with Fusarium 

approached 100%, Fisher's exact test was used to make pairwise comparisons between 

media (SAS ver. 6.10, SAS Institute, Inc., Cary, NC). Because plates were randomly 

selected for Fusarium counts, by chance some seedlot x culture medium combinations 

were not represented at each sampling date in block 2. Data from block 2 were 

therefore omitted from statistical analysis. 

Effect of imbibition and cold stratification on recovery of seedborne Fusarium 

Seed imbibition and cold stratification methods were adapted for a laboratory 

scale from procedures used at Weyerhaeuser's seed processing plant at Rochester, WA 

(P. Cameron, personal communication; Krugman et al., 1974). In all experiments 

described in this chapter, 10-40 g portions of seeds were imbibed for 24-48 hr in 250

500 ml sterile distilled water. After imbibition, seeds were drained and stored wet in 
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plastic bags for 6 wk at 4°C. Plastic bags designed to hold 20 10-cm, sterile petri dishes 

were used for seed stratification because of their ideal size and known sterility. The tops 

of the bags were partially closed with metal twist-ties to leave openings 1-2 cm in 

diameter for air circulation. The bags were gently shaken every other day to promote air 

and moisture circulation and to prevent formation of fungal mats on the seeds. 

To determine the effect of cold stratification on seedborne Fusarium, seeds from 

each of seedlots DG2064, DH2026, and DJ8002 were plated (10 seeds per plate) on 

Komada's pH 6.8 before seed imbibition, immediately after seed imbibition, after 3 wk 

cold stratification, and after 6 wk cold stratification. Seeds withdrawn after imbibition 

and during or after stratification were air-dried in a sterile laminar flow hood before 

plating to retard bacterial growth on culture media. Plates were randomly arranged on 

trays and incubated in difflise daylight on a single laboratory bench (23-25°C). Colonies 

resembling Fusarium were counted 10-21 days after plating. 

The experiment was conducted twice, with minor differences. In both trials, four 

100-seed blocks were plated at each stage for each seedlot, except that in the first trial, 

four 50-seed blocks of post-imbibition seeds were plated. In the first trial, blocks 

represented subsamples from the same plastic bags (one bag per seedlot), whereas in the 

second trial, blocks represented four independent bags of seeds (one 100-seed sample 

was withdrawn from each bag at each sampling date). Finally, seed imbibition periods 

were 27 and 39 hr in the first and second trials, respectively. 



55 

Pathogenicity of Fusarium on cold-stratified seeds 

Willamette Valley alluvial loam (pH 6.4) was air-dried, sieved (< 2 mm), and 

mixed with sieved river sand (< 2 mm) in a 3:1 (v:v) ratio. This mix was steam-

pasteurized for 30 min at 60°C and stored in surface-sterilized 5-gallon buckets until use. 

Soil was sprinkled on CMA or dilution-plated on Komada's medium (pH 6.8) to confirm 

the absence of Fusarium. 

Seeds from seedlots DG2064, DH2026, and DJ8002 were imbibed and cold-

stratified for 6 wk as described above and air-dried in a sterile laminar flow hood. 

Stratified seeds in nylon mesh bags were treated for 40 min in 30% H202 to eliminate 

seedborne Fusarium, rinsed 10 times in sterile distilled water, and air-dried in a sterile 

laminar flow hood. Control seeds were treated for 40 min in sterile distilled water, 

rinsed and air-dried as above, or left untreated. Seeds (39-100 per treatment; 10 seeds 

per plate) were plated on Komada's medium pH 6.8 and incubated as described above. 

The proportion of seeds with fungi resembling Fusarium was counted after 10-14 days, 

and germination potential was determined as described below. 

For each seedlot, 25 ml of pasteurized soil-sand mix was placed in each of 80 25

mm glass test tubes. One peroxide-treated or control seed was placed on the soil surface 

(40 tubes per treatment) and covered with a 0.5-cm layer of sterile sand (sieved to < 1 

mm and autoclaved for 1 h on each of two consecutive days). Each seed was watered 

with 5 ml sterile distilled water and covered with a clear plastic cap. Test tubes were 

randomly arranged in two 40-tube racks (blocks) and placed in a growth chamber, with 
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8-h days controlled at 30°C and 16-h nights controlled at 20°C. Light was supplied by 

cool-white fluorescent and incandescent lights. 

Seedling emergence and post-emergence mortality were monitored for all seeds 

every 3-7 days after planting. Dead and dying seedlings were removed and hypocotyls 

and/or cotyledons were plated on CMA to isolate potential pathogens. Isolates of 

Fusarium recovered from dead and dying seedlings were identified to species as 

described above. When seedling emergence was judged to be complete (no additional 

emergence for approximately one week), seeds which had failed to emerge were 

examined to determine whether the seeds had failed to germinate or had died after 

germination. At the end of the experiments (50-55 days after planting), healthy seedlings 

were gently rinsed free of soil, air-dried, and weighed. 

The experiment was conducted twice for each seedlot, except that dry weights 

were measured only once for seedlot DJ8002. Emergence and post-emergence mortality 

for peroxide-treated and control seeds were compared using chi-square analysis, or 

Fisher's exact test when chi-square expected values were less than five. Seedling dry 

weights were compared by analysis of variance; when analysis indicated block x 

treatment interactions, each block was analyzed separately. Otherwise, blocks were 

combined and analyzed together. All statistical analyses was completed on SAS (ver. 

6.10, SAS Institute, Cary, NC). 
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Seed germination tests 

For post-stratification germination tests, seeds were planted on the surface of 

Sunshine Mix Plug 5 potting medium (Fisons Horticulture, Inc., Vancouver, BC) in 

clear, plastic 13 x 13.5 x 3.5 cm germination boxes. Conditions were as specified by 

A.O.S.A. protocols for Douglas-fir (Association of Official Seed Analysts, 1981), except 

that incandescent and fluorescent lights maintained light levels at 15 klux. A seed was 

considered to be fully germinated when cotyldedons were visible. Percentage 

germination is reported as the average of two to four blocks of 100 seeds each. 

Whenever possible, fungi from aboveground lesions on dead and dying germinants were 

isolated and identified to species. 

Results 

Effect of culture medium on recovery of seedborne Fusarium spp. 

For all three seedlots, Fusarium recovery approached 100% for all three culture 

media by 12 days after plating (Fig. 4-1). There was an effect of culture medium on the 

percentage of seeds with Fusarium, however, at four days after plating, when Fusarium 

recovery on Nash-Snyder medium was significantly lower than on Komada's medium at 

pH 3.8 or 6.8 in seedlots DH2026 and DJ8002 (Fig. 4-1). Fusarium recovery also was 

lowest on Nash-Snyder medium for seedlot DG2064 at four days after plating, but a 

significant block x treatment interaction attributable to variable Fusarium recovery on 
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Figure 4-1. Percentage of Douglas-fir seeds with Fusarium four, eight, and 12 days 
after plating on three culture media. Data points represent averages of three 100-seed 
blocks taken from seedlots DG2064, DH2026, and DJ8002 (data from one of four 
blocks were eliminated from analysis; see text for details). Within each seedlot and 
sampling date, data points accompanied by different letters are significantly different (P < 
0.05). For seedlot DG at the first sampling date, a significant block x medium 
interaction remained after eliminating block 2 for data analysis (see text for details). The 
three letters accompanying the data points are given as block 1/block 3/block 4. 
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Komada's medium at pH 6.8 remained even after removal of one block of seeds from 

statistical analysis. For the other seedlots and sampling dates, Fusarium recovery on 

Komada's medium at pH 3.8 was essentially equal to that on Komada's medium at pH 

6.8. 

A total of nine Fusarium species were recovered from the three seedlots (Fig. 4

2; Appendix C). On seedlot DG2064, F. lateritium was the most prominent species, 

although F. poae and F. tricinctum also were represented. Of the six species recovered 

from seedlot DH2026, the most frequently occurring were F lateritium and F 

tricinctum. Six species also were recovered from seedlot DJ8002; F. sambucinum and 

F. avenaceum were most common (Fig. 4-2). Although there were minor differences in 

species recovery among the culture media, the most obvious differences were in seedlot 

DH, where F. lateritium was recovered more frequently, and F tricinctum recovered 

less frequently, on Komada's medium at pH 6.8 than on the other two media (Fig. 4-2). 

Six isolates ofF. lateritium (L-379, L-380, L-381, L-382, L-383, and L-384) and one 

isolate ofF. culmorum (R-9491) originating from our seedlots have been deposited at 

the Fusarium Research Center at Pennsylvania State University. 

The most common genera of contaminant fungi on Nash-Snyder medium were 

Gliocladium sp. and Trichoderma sp. for seedlots DG2064 and DH2026 and 

Oidiodendron for seedlot DJ8002. On Komada's medium at pH 3.8 and pH 6.8, the 

most common contaminant from all three seedlots was Trichoderma sp. 
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Figure 4-2. Fusarium species recovered from Douglas-fir seeds on three culture media. 
Seeds from seedlots DG2064, DH2026, and DJ8002 were cold-stratified and plated on 
Komada's medium (pH 3.8 and 6.8) and Nash-Snyder medium, and 45-48 Fusarium 
colonies per seedlot were randomly selected for identification to species. 
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Fusarium recovery throughout cold stratification 

The percentage of seeds with Fusarium increased steadily throughout cold 

stratification from less than 25% before imbibition to 65% or more after 6 wk 

stratification (Fig. 4-3). For seedlots DH2026 and DJ8002, Fusarium recovery 

increased in response to both imbibition and cold stratification. For seedlot DG2064, on 

the other hand, the proportion of seeds with Fusarium was unaffected by seed imbibition 

but increased in response to cold stratification (Fig. 4-3). 

Pathogenicity of Fusarium resident on seeds 

Seed treatment with hydrogen peroxide removed most Fusarium from seeds 

without reducing seed germination in standard germination tests (Table 4-1). The 

presence of seedborne Fusarium did not affect seedling emergence, the proportion of 

seedlings that died after emergence, or seedling dry weight in the growth chamber assay 

(Table 4-1). 

Seedling mortality was rarely associated with Fusarium spp. In the six 

experiments combined, only three seedlings (first experiments, seedlots DH2026 and 

DJ8002) died with a soil-line lesion, a symptom typical of post-emergence damping-off 

(Table 4-2). Fusarium avenaceum was isolated from the DH2026 (control) seedling, 

whereas F. oxysporum and Gliocladium sp. were isolated from the DJ8002 seedlings 

(one peroxide-treated, one control seedling; Table 4-2). In two other control seedlings, 

mycelium of E lateritium and F. oxysporum grew from seedcoats to cover the 
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stages of seed stratification. Bars represent averages of four 100-seed 
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represent one standard deviation. A First experiment. B Second 
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Table 4-1. Effect of peroxide treatment on seedborne Fusarium, seed germination in standard germination test, seedling 
emergence, post-emergence mortality, and seedling dry weight for three Douglas-fir seedlots. For emergence, post-
emergence mortality, and seedling dry weight data, values within each seedlot and experiment followed by the same letter 
are not significantly different (P < 0.05). 

Seed lot 
DG2064 DH2026 DJ8002 

Experiment Exp. 1 Exp. 2 Exp. 1 Exp. 2 Exp. 1 Exp. 2 

% seeds with Fusarium 
11202 4% (90)1. 0% (119) 0% (90) 5% (150) 2% (90) 0% (90) 

Control 92% (90) 68% (120) 94% (90) 33% (150) 23% (39) 100% (90) 
% germination in standard germination test
 

H202 50% 47% 93% 93% 87% 85%
 
Control 47% 48% 83% 91% 82% 89%
 

% emergence (out of 40 seedlings planted)
 
H202 58% a 40% a 100% a 80% a 93% a 95% a
 
Control 53% a 60% a 93% a 90% a 95% a 95% a
 

% post-emergence mortality (of emerged seedlings)
 
11202 0% a 6% a 0% a 0% a 19% a 5% a
 
Control 0% a 0% a 3% a 6% a 8% a 3% a
 

Seedling dry weight, g 
11202 0.0151 a/a 0.0139 a 0.0152 a 0.0143 a No data 0.0143 a 

Control 0.0172 a/b1 0.0136 a 0.0158 a 0.0150 a No data 0.0139 a 

I. Numbers in parentheses represent numbers of seeds plated. 
In the first experiment with seedlot DG2064, there was a significant treatment x block effect for seedling dry weight. For 
one block, seedling dry weights for peroxide-treated seedlings were significantly greater than dry weights for control 
seedlings, whereas seedling dry weights were approximately equal in the other block. 
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Table 4-2. Fungi recovered from seeds and seedlings in growth chamber pathogenicity 
assay of Fusarium resident on cold-stratified Douglas-fir seedlots. 

Seed lot Expt. Symptoms 

DG2064 1 Mycelium on 
ungerminated seed 

Mycelium growing from 
seedcoat along cotyledon 

2 Mycelium on 
ungerminated seed 
Seedling stopped 
growing at hook stage; 
no lesion 

DH2026 1 Mycelium on 
ungerminated seed 
Lesion at soil line 

2 Rotten embryo in 
ungerminated seed 
Abnormal (reverse) 
emergence of seed from 
seedcoat 
Seedling stopped 
growing at hook stage; 
no lesion 
Mycelium growing from 
seedcoat along cotyledon 

DJ8002 1 Cotyledon and foliar 
browning 

Lesion at soil line 

2 Seedling stopped 
growing at hook stage; 
no lesion 

Abnormal development: 
endosperm constricted 
around cotyledons 

Treatment 

Peroxide 

Control 
Control 

Peroxide 

Peroxide 

Control 

Control
 
Peroxide
 

Control 

Control 

Control
 

Peroxide
 

Control
 

Peroxide
 
Control
 

Control
 

Peroxide
 
Peroxide
 

No. 
seedlings 

1 

2 

1 

1 

1 

1 

1 

1 

1 

1 

1 

6 

2 

1 

1 

1 

1 

Fungi 

Cylindrocarpon 

Gliocladium; Penicillium 
Fusarium lateritium 

Cylindrocarpon, Aspergillus 

None 

Gliocladium 

Fusarium avenaceum 
Trichoderma 

Trichothecium 

Fusarium oxysporum 

None (3 seedlings); 
Fusarium oxysporum on root 
(1); Talaromyces flavus on 
cotyledon (1); Gliocladium 
on cotyledon (1) 
None; Gliocladium on 
cotyledon 
Fusarium oxysporum 
Fusarium oxysporum on 
root; Gliocladium from 
lesion 
Trichoderma 

None 
Penicillium 
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cotyledons to which the seedcoats were attached (first experiment for seedlot DG2064, 

second experiment for seedlot DH2026; Table 4-2). In both cases, however, the 

mycelium remained confined to a single cotyledon for the final 3-4 weeks of the 

experiments, and the seedlings remained otherwise healthy. 

Disease was not quantified in seed germination tests, but occasionally fungi were 

isolated from diseased germinants. With one exception, Fusarium species associated 

with disease in the germination tests were the same as those that caused disease in the 

pathogenicity assay. For seedlots DG2064 and DJ8002, respectively, F. lateritium and 

F. avenaceum were associated with diseased germinants in germination tests. For 

seedlot DH2026, F. proliferatum and F. oxysporum were isolated from diseased 

germinants in germination tests. 

In the first experiment with seedlot DJ8002, most of the seedlings that died after 

emergence had similar symptoms: the cotyledons began browning from the tips about 3

4 weeks after planting, and the browning slowly spread to the rest of the foliage during 

the next 1-3 weeks. No other foliar or root lesions were observed on these seedlings, 

and no single pathogen was consistently associated with cotyledons or hypocotyls of 

these seedlings (Table 4-2). This disease did not occur in any other experiment, and 

could not be overcome by adding water to the seedlings. 

Various genera of fungi were associated with ungerminated seeds and seedlings 

that stopped growing shortly after emergence, but no fungi occurred consistently enough 

to assign definite causes of mortality (Table 4-2). In addition, two seedlings died after 

developing abnormally. In one case (control seedling in second experiment with 

DH2026), the cotyledons rather than the radicle emerged first from the seedcoat; in our 
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experience, this condition occurs periodically in some seeds and is not associated with 

any pathogen. In the other seedling (peroxide-treated seedling in second experiment 

with DJ8002), the seedcoat moved to the ends of the cotyledons during the birdcage 

stage, but the seed endosperm remained around the base of the cotyledons and 

apparently prevented further seedling growth. 

Discussion 

Among the nine species of Fusarium isolated from cold-stratified Douglas-fir 

seeds taken from three seedlots, seven (F. avenaceum, F. lateritium, F. poae, F. 

sambucinum, F. tricinctum, F. proliferatum, and F. moniliforme) have been previously 

reported on Douglas-fir (Axelrood et al., 1995; James et al., 1989b). Among the other 

species found here, Fusarium solani has been found on seeds of eastern white pine 

(Ocamb and Juzwik, 1993), longleaf pine (Pawuk, 1978), and slash pine (Huang and 

Kuhlman, 1990); Fusarium culmorum has not been previously reported on conifer seeds. 

Also notable is the apparent absence of species that have been commonly found 

by previous workers, particularly F. oxysporum (Graham and Linderman, 1983; James et 

al., 1989b; Axelrood et al., 1995; James, 1986b) and F. acuminatum (James et al., 

1989b; James, 1986b; Axelrood et al., 1995). In spite of the absence of E oxysporum 

from our culture plates, however, there is evidence that F. oxysporum was present on 

seeds from seedlots DH2026 and DJ8002. For seedlot DH2026, F. oxysporum was 

isolated from mycelium growing directly from a seedcoat along one cotyledon of a 
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seedling in the second experiment, from water drained from seeds after imbibition (data 

not shown), and from seedlings that died in the standardized germination test. For 

seedlot DJ8002, F. oxysporum was previously isolated from stratified seeds plated on 

Komada's pH 6.8 (data not shown). 

There are at least two possible reasons for the absence of F. oxysporum from the 

isolates identified in our comparison of culture media. First, other species may have 

been more abundant than F. oxysporum, in which case identification of more isolates 

may have revealed the presence of E oxysporum. Second, F. oxysporum may have been 

overtaken by faster-growing or more prominent species. Only the single most prominent 

fungus was subcultured from each seed, only isolates subcultured 12 days after plating 

were selected for identification, and many seeds had more than one Fusarium colony. 

More extensive sampling of all fungi growing from each seed would reveal whether any 

species were systematically excluded by the methods used in this experiment. 

In spite of the abundance of Fusarium on all three seedlots, there was little 

disease in the growth chamber assay, confirming previous studies suggesting that high 

levels of seedborne Fusarium do not necessarily predict high levels of disease (James et 

al., 1987; Axelrood et al., 1995). Environmental conditions in the growth chamber were, 

however, conducive to disease caused by other Fusarium isolates (see Chapter 5). 

Because seed germination tests and pathogenicity assays were conducted simultaneously 

in the same growth chamber, days were short (8 h) and relatively warm (30°C) to 

conform with conditions for standardized seed germination tests (Association of Official 

Seed Analysts, 1981). This temperature range is near the optimum temperature (27°C) 

for in vitro growth of F. oxysporum, F. avenaceum, and F. sambucinum (James et al., 
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1989b). Also, in pines, more damping-off occurs at around 30°C than at lower 

temperatures among seedlings artificially inoculated with F. moniliforme (Huang and 

Kuhlman, 1990) or F. oxysporum (Tint, 1945b). 

Since environmental conditions in the growth chamber assay were conducive to 

disease, it is possible that the Fusarium isolates present on our seeds were not, by and 

large, pathogenic. Other workers have found that individual isolates of F. oxysporum 

and F. monilifonne can cause disease when applied to Douglas-fir and slash pine seeds 

(Axelrood et al., 1995; Huang and Kuhlman, 1990; Graham and Linderman, 1983). 

Different isolates of a given Fusarium species, however, vary in virulence (James et al., 

1989a), so it is possible that strains present on our seeds were not virulent. If so, these 

abundant weakly pathogenic or nonpathogenic strains of Fusarium may have protected 

the seedlings against pathogenic strains (Paulitz et al., 1987; Alabouvette, 1991). 

It is also possible that pathogenic isolates were not present in quantities high 

enough to cause disease. In the studies cited above, inoculum consisted of suspensions 

of 104-106 spores m14. We could find no studies addressing the minimum level of seed-

applied inoculum necessary for pathogenic isolates to cause disease, and we do not know 

how the percentage of seeds with Fusarium relates to the number of propagules per 

seed. Our attempts to calculate the number of Fusarium propagules per seed by plating 

ground seeds were unsuccessful because of contamination by other fungi and the high 

volume of ground seeds necessary to produce accurate plate counts (data not shown). 

Our results confirm previous reports that cold stratification can promote the spread of 

Fusarium on seeds (Axelrood et al., 1995). It is possible that inoculum present on a small 

percentage of seeds before stratification simply spreads to other seeds during imbibition and 
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stratification. Other workers have found that imbibing seeds in running rather than 

standing water can reduce the incidence of seedborne Fusarium (Axe lrood et al., 1995; 

James, 1987). In this study, we isolated F. oxysporum from water drained from imbibed 

seeds (data not shown), indicating that Fusarium propagules may spread from seed to 

seed during imbibition. However, it is also possible that conditions during seed 

stratification favor spore germination and mycelial growth of Fusarium. For example, seed 

exudates and increasing concentrations of CO2 can stimulate chlamydospore germination 

(Bourret et al., 1968; Schroth et al., 1963) and mycelial growth (Bourret et al., 1965) of F. 

solani. Since seed respiration during stratification consumes 02 and generates CO2 

(Krugman et al., 1974), the gaseous atmosphere in a plastic bag of stratifying seeds could 

stimulate Fusarium spore germination and mycelial growth. On the other hand, cold 

temperatures during stratification may inhibit mycelial growth of Fusiarium . In one study 

comparing linear growth rates in vitro of four Fusarium species, none of 17 isolates of F. 

oxysporum grew at 5°C, and growth was minimal at 5°C for a total of 20 isolates of other 

Fusarium species (James et al., 1989b). In contrast, F. sambucinum can survive for many 

months in soil at 6°C (Griffin and Pass, 1969). Since different Fusarium species are likely to 

react differently to stratification conditions, better techniques for quantifying propagules per 

seed are needed to determine exactly why Fusarium populations increase on seeds during 

cold stratification. 

The presence of internal seedborne Fusarium in the seeds used in this study is 

strongly suggested by the fact that Fusarium could be isolated from some seeds that 

were treated for 40 min in 30% peroxide, as also observed by Graham and Linderman 
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(1983). Also, in preliminary studies, we isolated Fusarium from 4% of internal seed 

contents aseptically dissected from stratified seeds (Appendix B). Internal seedborne 

Fusarium may be especially difficult to eradicate in seed sanitation programs. 

In our three seedlots, the three culture media used did not strongly affect 

recovery of quantities or species of seedborne Fusarium. This result was somewhat 

surprising, given that Komada's and Nash-Snyder media were designed to select for 

Fusarium oxysporum and Fusarium solani f. sp. phaseoli, respectively (Komada, 1975; 

Nash and Snyder, 1962). On the other hand, in work with soilborne Fusarium, a study 

testing three isolation techniques in conjunction with three culture media (modified 

Nash-Snyder, Komada's, and rose bengal) found that isolation technique was more 

important than isolation medium in determining Fusarium species diversity (McMullen 

and Stack, 1983). 

Contaminant fungi interfered to some extent with our ability to differentiate 

Fusarium on all three culture media tested in this study. Colonies of contaminant fungi 

were usually less prominent on Komada's medium adjusted to pH 6.8 than on the other 

two media, confirming previous results of higher Fusarium recovery and fewer 

contaminant fungi with Komada's at pH 7.0 vs. pH 4.0 (Axelrood et al., 1995). 

Trichoderma was usually the most prominent contaminant, particularly on Nash-Snyder 

medium. On this medium, the predominant fungus isolated from nearly every seed at 

four days after plating on Nash-Snyder medium was Trichoderma. By 12 days after 

plating, however, Fusarium recovery approached 100% of seeds as Fusarium grew over the 

Trichoderma colonies. On Komada's medium at either pH, however, large Trichoderma 

colonies sometimes surrounded small Fusarium colonies, and it was evident that 
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Trichoderma could interfere with detection of Fuscrrium . For this reason, estimates of 

Fusarium recovery on any of the culture media used in this study should be regarded as 

minimum levels, not absolute values. 

In spite of its limitations, Komada's medium at pH 6.8 was selected as the best 

culture medium for future studies (Chapter 5), because Fusarium colonies were usually more 

easily visible on Komada's medium at pH 6.8 than at pH 3.8 or on Nash-Snyder medium. 

Fusarium mycelium on Komada's medium at pH 6.8 usually was prominent, and the red, 

blue, and purple pigments that many Fusariwn species produce in agar were easily visible. In 

contrast, pigments did not develop at all on Nash-Snyder medium. Finally, as mentioned 

above, colonies of contaminant fungi usually were smaller on Komada's at pH 6.8 than on 

Komada's at pH 3.8. 

In summary, the results of this study suggest that previous reports of pre-stratification 

seedborne Fusarium levels may underestimate the actual contribution by stratified seeds to 

nursery Fusarium populations. Although high levels of seedborne Fusarium caused only 

occasional disease in our growth chamber assay, mycelium sporulating on seedcoats and 

cotyledons may spread inoculum to neighboring seedlings and add to the Fusarium load in 

soil. In Chapter 5, the use of a biological control agent to reduce the spread of seedborne 

Fusarium during stratification is described. 
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CHAPTER 5
 

PATHOGENICITY AND BIOLOGICAL CONTROL OF FUSARIUM
 
OXYSPORUM ON DOUGLAS-FIR
 

Abstract 

Pathogenicity tests of Fusarium spp. often use conidial suspensions as inocula 

even though many species of Fusarium exist as chlamydospores in soil. In this study, 

cornmeal-sand mixture infested with Fusarium chlamydospores was prepared for a total 

of eleven isolates of Fusarium oxysporum, Fusarium avenaceum, and Fusarium 

sambucinum. With the exception of one isolate of F. avenaceum, most isolates survived 

but with reduced viability during 200-440 days of storage at room temperature. The 

pathogenicity of cornmeal-sand inoculum of E oxysporum isolate DF25 was verified in a 

growth chamber assay in which Douglas-fir seedlings were grown in individual 

containers. DF25 caused post-emergence damping-off and cotyledon blight, but did not 

cause pre-emergence damping-off in Douglas-fir seedlings. 

Unstratified Douglas-fir seeds were imbibed in a suspension of Pseudomonas 

chlororaphis isolate RD31-3A, a rifampicin-resistant fluorescent pseudomonad with 

previously demonstrated biological control activity against F. oxysporum, to determine 

whether seed treatment with RD31-3A could reduce the spread of seedborne Fusarium 

during seed stratification (Chapter 4) and protect seedlings from post-emergence 

damping-off caused by F. oxysporum DF25. RD31-3A colonized the seeds and reduced 

the spread of Fusarium during cold stratification without significantly affecting 
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subsequent seed germination or seedling dry weights, but did not protect Douglas-fir 

seedlings from disease caused by DF25. Although RD31-3A did not reduce seedling 

mortality in our studies, seed imbibition in live bacterial suspensions is an effective 

method for delivering candidate biological control agents to conifer seeds. 

Introduction 

Conifer seed imbibition and cold stratification offer ideal opportunities for seed 

treatment with biological control agents. Seeds could be imbibed in bacterial suspensions, 

drained, and cold-stratified with a coating of bacteria. Such bacterial seed treatment might 

reduce the spread of pathogenic Fusarium spp. that occurs during cold stratification (Chapter 

4; Axelrood et al., 1995) or protect developing seedlings from soilbome pathogenic fungi. 

A reproducible disease assay, including a pathogenic Fusarium strain and 

environmental conditions conducive to disease, is required to test candidate bacterial 

biocontrol agents against Fusarium. Previous researchers have used various methods for 

inoculating conifer seedlings with Fusarium spp. Often, Fusarium inoculum has consisted of 

conidial suspensions applied directly to seeds (Graham and Linderman, 1983; Huang and 

Kuhlman, 1990) or growth medium (Bloomberg, 1971; Bloomberg and Lock, 1972; 

Axelrood et al., 1995). Conidial suspensions can be rapidly produced and their inoculum 

potential is easy to quantify and adjust, but they may not be realistic inoculum sources when 

the disease of interest arises from the soil, where Fusarium usually occurs as chlamydospores 

or hyphae in host residues (Burgess, 1981). Other inoculum sources used in pathogenicity 

tests have included infested wheat grain (Pawuk, 1978), celery stems (Huang and Kuhlman, 
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1990), rice mush (Tint, 1945a), or a mixture of cornmeal, perlite, and potato dextrose agar 

(James and Gilligan, 1984; James et al., 1989a). These types of inocula have the potential 

disadvantage of including a relatively nutrient-rich base along with the fungal inoculum. 

Cornmeal-sand inoculum, developed many years ago as an all-purpose fungal 

inoculum (Tuite, 1969), has not been used in pathogenicity tests ofFusarium on conifer 

seedlings. Although it takes a month or two for the fungus to thoroughly colonize the moist 

cornmeal-sand base, this type of inoculum has several potential advantages in pathogenicity 

tests. First, inoculum potential is quantifiable and easily adjusted by dilution with sterile sand 

or soil. Also, because of its relatively low initial nutrient content, cornmeal-sand inoculum 

may be a better carrier for fungal propagules than inocula richer in nutrients. 

One objective of the research reported in this chapter was to produce cornmeal-sand 

inoculum of several Fuscrrium isolates and determine whether inoculum potential was 

maintained after many months of storage. Another objective was to confirm the 

pathogenicity of cornmeal-sand inoculum ofF. oxysporum isolate DF25 on Douglas-fir in 

a growth-chamber assay. We subsequently used this assay to test whether Pseudomonas 

chlororaphis isolate RD31-3A, applied during seed imbibition and cold stratification, 

could colonize Douglas-fir seeds, reduce the spread of Fusarium during stratification, 

and protect seedlings against post-emergence damping-off caused by DF25. 
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Materials and Methods 

Preparation of cornmeal-sand inoculum 

Yellow cornmeal and sieved river sand (< 1 mm) were mixed (5% cornmeal, by 

weight) in 1 qt (0.95 1) Mason jars. Following the addition of distilled water to moisten 

the mixture, each jar was covered with a perforated lid lined with glass-fiber laminated 

hydrophobic pads (Gelman Sciences, Ann Arbor, Michigan) and covered with foil. Jars 

were autoclaved for 1 hr on each of two consecutive days; samples of the cornmeal-sand 

mix in each jar were plated on 1/2-strength potato dextrose agar (PDA; Difco 

Laboratories, Detroit, MI) to confirm sterility before addition of fungal cultures. 

Sources and species of the eleven Fusarium isolates for which cornmeal-sand 

inoculum was prepared are listed in Table 5-1. To prepare Fusarium inoculum, 10 ml 

potato dextrose broth (PDB; Difco) amended with 0.3 g 1-' streptomycin sulfate was 

dispensed into sterile 10-cm petri dishes and inoculated with a 0.9-cm diameter cornmeal 

agar (CMA) plug of each Fusarium isolate. Control dishes of PDB were uninoculated. 

After five days incubation in a dark cabinet at room temperature, one broth culture was 

was poured into each jar of cornmeal-sand mixture (two jars per isolate; control jars 

received uninoculated PDB). Jars were shaken briefly and incubated in the cabinet for 

about one month. When mycelium had thoroughly colonized the cornmeal-sand mix, the 

contents of each jar were air-dried in a sterile laminar flow hood. Serial dilutions of each 

cornmeal-sand mix were plated on potato dextrose agar (PDA; Difco) to estimate 

inoculum potential. Dry cornmeal-sand inoculum was stored at room temperature in a 



78 

Table 5-1. Names, isolation sources, and species of Fusarium 
isolates for which cornmeal-sand inoculum was prepared. 

Isolate 
CB S4 
CBS5 
DF24 
DF25 
DF26 
DF27 
DF28 
DF29 
DF30 
DF31 
WF8 

Source 
Seedlot CB08-L0-01 RJ 2020 
Seedlot CB08-L0-01 RJ 2020 
Lesion of dead Douglas-fir seedling 
Lesion of dead Douglas-fir seedling 
Lesion of dead Douglas-fir seedling 
Lesion of dead Douglas-fir seedling 
Lesion of dead Douglas-fir seedling 
Root of healthy Douglas-fir seedling 
Root of healthy Douglas-fir seedling 
Root of healthy Douglas-fir seedling 
Lesion of dead Douglas-fir seedling 

Species 
F. avenaceum 
F. sambucinum 
F. oxysporum 
F oxysporum 
F. oxysporum 
F oxysporum 
F oxysporum 
F avenaceum 
F oxysporum 
F sambucinum 
F. avenaceum 
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dark cabinet; inoculum potential in each jar was checked again 6-15 months after air-

drying. 

Preliminary pathogenicity test of DF25 and DF 27 

Douglas-fir seeds (10 g) of seedlot DF270S-20-78 (Brown Seed Co., Vancouver, 

WA) were imbibed for 24 hr in 200 ml distilled water, drained, and cold-stratified for 30 

days in plastic bags. Bags of seeds were shaken every other day during stratification to 

maintain circulation of air and moisture. 

Glass test tubes (25 x 200 mm) were partially filled with 30-35 ml moist Sunshine 

Plug Mix No. 5 potting medium (Fisons Horticulture, Inc., Vancouver, BC). About 2.5

3.0 ml dried cornmeal-sand inoculum (isolates DF25, DF27, or sterile cornmeal-sand 

mix) was placed on top of the potting mix, then all tubes were watered with 2 ml distilled 

water. One cold-stratified seed was placed on top of the inoculum in each tube, then 

tubes were capped and placed in a growth chamber fitted with diurnal temperature and 

light controls (Environmental Growth Chambers, model M-31). For 8 hr daily, seedlings 

were maintained at 30°C and illuminated by 1500 W cool white fluorescent and 60 W 

incandescent lights (15 klux at the level of the shelf upon which the seedlings were 

placed). The rest of the time, seedlings were maintained in the dark at 20°C. Seedling 

emergence and post-emergence mortality were monitored periodically for 38 days after 

planting. 

This experiment was analyzed as a randomized complete block design with a 

total of 24 seedlings per treatment, arranged in three blocks. At the end of the 
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experiment, Chi-square analysis (SAS ver. 6.1, SAS Institute, Cary, NC) was used to 

test for block and treatment effects on total emergence and post-emergence mortality. In 

the absence of block effects, data from the three blocks were pooled for statistical 

analysis. 

Test of pathogenicity of F. oxysporum isolate DF25 

This experiment was conducted twice, with minor differences. Both times, 

Douglas-fir seeds (Weyerhaeuser Corp., seedlot DJ8002) were imbibed in sterile distilled 

water for about 45 hr, drained, and cold-stratified in plastic bags at 4°C. Seeds were 

mixed every other day during the 6-wk cold treatment to maintain circulation of air and 

moisture. After stratification was complete, seeds were air-dried in a sterile laminar flow 

hood, then surfaced sterilized by soaking small nylon mesh bags of seeds in 30% H202 

for 40 min and rinsing with 10 changes of sterile distilled water. Seeds were again air-

dried in a sterile laminar flow hood before planting. In the first experiment, 400 surface-

sterilized seeds were plated on Komada's medium (Komada, 1975; no pH modification) 

to determine seed Fusarium loads. In addition, 400 (first experiment) or 200 (second 

experiment) peroxide-treated and untreated seeds were planted in a standard germination 

test (see below). 

Willamette Valley alluvial loam (pH 6.4) and river sand were air -dried on a 

greenhouse bench, sieved (< 2 mm), and mixed (3 parts soil : 1 part sand, by volume). 

Soil mixes were steam-pasteurized at 60°C for 30-40 min in batches of 4-51 each; 

batches were mixed thoroughly before use. Soil samples were withdrawn before and 
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after pasteurization and plated on Komada's medium or CMA to confirm that 

pasteurization eliminated pathogenic fungi. 

For each experiment, 25 ml pasteurized soil was dispensed into 200 sterile 25 x 

200-mm glass test tubes. One peroxide-treated seed was placed on the soil surface in 

each test tube and covered with 2-3 ml inoculum mix. In the first experiment, four 

inoculum mixes were used in the following ratios of DF25 inoculum to uninoculated, 

sterile cornmeal-sand mix: 3:0, 2:1, 1:2, and 0:3. During the course of the first 

experiment, however, control tubes had extensive growth of contaminant fungi. To 

prevent such growth in the second experiment, sterile sand rather than cornmeal-sand 

mix was used to cover control seeds and to dilute inoculum. In both experiments, 

samples of each inoculum mixture were dilution-plated on PDA for colony counts. 

Each tube was watered with 5 ml sterile distilled water and covered with clear 

plastic caps. Racks of tubes were placed in a growth chamber under the conditions 

specified above. Every few days, seedling emergence and post-emergence mortality 

were tallied. Diseased seedlings were removed and the leading edge of lesions 

(hypocotyl or cotyledon) were plated on CMA; in addition, for some seedlings, samples 

of fungi growing on inoculum or in soil were plated on CMA. Fusarium spp. recovered 

from seedlings, soil, and inoculum were single-spored and plated on SNA (Nirenberg, 

1976) and PDA, and colony morphology was compared to that of DF25. On PDA, the 

colony morphology of most single-spore isolates of DF25 was distinctive: a dark purple 

pigment was produced in the agar, and aerial mycelium was generally sparse or absent 

(pionnotal), although abundant aerial mycelium occasionally occurred. As in most other 
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isolates of F. oxysporum, microconidia were abundantly produced on short 

monophialides in aerial mycelium, and chlamydospores formed singly or in pairs. 

Seedlings that failed to emerge were removed 24 (first experiment) or 21 (second 

experiment) days after planting to determine whether seeds had failed to germinate or 

had germinated but died before emergence. The experiments were concluded when new 

occurrences of mortality were no longer observed (53 and 51 days after planting for the 

first and second experiments, respectively). 

Both experiments were arranged as randomized complete blocks, with 50 tubes x 

four treatments arranged in five blocks of 40 tubes each. Chi-square analysis was used 

to test for block and treatment effects. In the absence of significant block effects, blocks 

were combined for analysis. 

Seed treatment with RD31-3A and challenge with DF25 

Pseudomonas chlororaphis strain RD31-3A (supplied by Paige Axelrood at BC 

Research, Inc.) is a rifampicin-resistant strain of P. chlororaphis isolate D31-3A, which 

was isolated on Kings' medium B (King et al., 1954) from the rhizosphere of a month-

old disease-escape Douglas-fir seedling growing in British Columbia forest soil 

previously inoculated with F. oxysporum. This isolate was chosen for our study because 

it increased the percentage of healthy seedlings when coinoculated with F. oxysporum on 

Douglas-fir seeds in previous laboratory studies (P. Axelrood, unpubl. data). 

For production of bacterial inoculum, tryptic soy broth (BBL, Becton Dickinson 

Microbiology System, Cockeysville, MD) was inoculated with RD31-3A and incubated 
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at an angle on an orbital shaker at 1200 rpm for 48 hr at room temperature. Aliquots of 

200 p.1 were spread on each of 135 plates of'/2- strength tryptic soy agar (20 g TSA + 7.5 

g agar 1-1). Plates were incubated in the dark at 28°C. After 48-72 hr incubation, plates 

were randomly divided into three blocks. Each plate was flooded with 10 ml of 10 mM 

KH2PO4/K2HPO4 (phosphate) buffer, and cells were scraped free with a flamed glass 

rod. Cell suspensions were dispensed into sterile reagent bottles (45 plates contributed 

to each of three bottles). Ten ml were withdrawn from each bottle for inoculum counts 

before autoclaving half the contents of each bottle to produce the killed controls. 

To determine whether bacterial colonization of seeds was affected by the 

presence of native seedborne bacteria, three 15-g portions of seeds (seedlot DJ8002) in 

small mesh bags were soaked for 40 min in 30% H202 or sterile distilled water. After 

nine rinses in sterile distilled water, seeds were air-dried in a sterile laminar flow hood. 

One hundred seeds from each of the six portions were plated on Komada's medium (pH 

6.8) for Fusarium counts and an additional 50 seeds from each sample were withdrawn 

for determining pre-imbibition bacterial populations (see below). 

The remaining seed samples were divided in half and placed in plastic bags 

(originally containing 20 sterile, plastic 10-cm petri dishes). Seeds were imbibed on a 

laboratory bench for 24 hr in 100 ml live or killed bacterial suspensions. After 

imbibition, the seeds were drained and cold-stratified in the plastic bags for 6 wk at 4°C. 

Bags of seeds were shaken every other day to maintain circulation of air and moisture. 

Immediately after imbibition and again after stratification, seed samples were withdrawn 

and air-dried in a laminar flow hood. Fifty seeds per treatment were plated on Komada's 

medium (pH 6.8) for Fusarium counts and 50 seeds were withdrawn for determination 
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of bacterial populations (see below). Also, after stratification was complete, 100 seeds 

per bag were withdrawn for standardized germination tests (100 seeds per bag; see 

below). 

For determination of seed bacterial populations, 10 air-dried seeds were placed in 

each of five test tubes containing 9.5 ml sterile phosphate buffer. Each tube was 

vortexed for 1 min and sonicated for 5 min before making ten-fold serial dilutions. In the 

first experiment, only populations of rifampicin-resistant bacteria were determined, and 

dilutions were plated on' /2- strength TSA amended with 1001Ag m1-1 cycloheximide, 30 

p.g m1-1 (active ingredient) benlate, and 1001.tg mrl rifampicin (TSACBR). In the second 

experiment, dilutions were plated on TSACBR as well as the same medium without 

rifampicin (TSAR) to determine total bacterial populations. All dilutions were plated in 

duplicate on each medium, and only plates with 30-300 colonies were counted as valid. 

The dilution series resulted in detection limits of 300 to 3 x 105 colony-forming units 

(cfu) seed-1, depending on the dilutions plated. For statistical analysis, when rifampicin

resistant bacteria were not detected on seeds, a value of half the detection limit was used. 

Rifampicin-resistant bacteria were isolated from some seeds receiving killed 

RD31-3A. To compare the phenotypes of these bacteria to that of RD31-3A, eight 

colonies were streaked on King's medium B and compared to eight colonies isolated 

from seeds receiving live RD31-3A. The presence or absence of fluorescence under 

ultraviolet light was noted. In addition, each colony was tested for the oxidase reaction 

as described in Kovacs (1956), except that a wooden toothpick rather than a platinum 

rod was used to streak bacteria from King's medium B to the filter paper. 
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The soil-sand mix described above was steam-pasteurized for 30 min at 60°C in 

batches of 4-5 1 each. Twenty-five ml pasteurized soil mix was dispensed into each of 

240 (first experiment) or 288 (second experiment) 25 x 200 mm glass test tubes. One 

stratified seed was planted in each tube; half were covered with 2.5-3 ml cornmeal-sand 

inoculum of F. oxysporum isolate DF25 (4.7 x 106 and 9.6 x 106 cfu dry weight in the 

first and second experiments, respectively) and half were covered with 2.5-3 ml sterile 

sand. There were 10 and 12 seeds per treatment in each block in the first and second 

experiments, respectively. The test tubes for each block were randomly arranged in 40

tube racks and placed in a growth chamber in conditions specified above. Seedlings 

were examined every few days, and emergence and post-emergence mortality were 

tallied. Fungi were isolated from the leading edge of lesions on diseased seedlings; 

Fusarium spp. from lesions were single-spored and their culture morphology compared 

to that of DF25. When emergence was complete (33-35 days after planting), unemerged 

seedlings were examined to determine whether they had failed to germinate; in some 

cases, fungi on ungerminated seeds were isolated and identified. The experiments were 

terminated at 50 days after planting, when remaining healthy seedlings were removed 

from tubes, washed gently under a stream of tap water, oven-dried at 70°C, and 

weighed. 

The experiments were arranged as 2 x 2 x 2 factorials in a split-split plot design, 

with initial seed treatment (peroxide and water) as the main plot, bacterial treatment (live 

and killed P. chlororaphis isolate RD31-3A) as the subplot, and pathogen treatment 

(plus and minus F. oxysporum isolate DF25) as the sub-subplot. Analysis of variance 

tested for treatment effects on seedling dry weights, transformed germination and 
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emergence data (arcsine-square root of proportions), and transformed bacterial 

population data (natural log). Proportions of seeds with Fusarium (post-imbibition and 

post-stratification) and post-emergence mortality were analyzed by weighted least 

squares analysis on response marginals. All statistical analyses were carried out in SAS; 

except for bacterial population data, results from the two experiments were combined. 

Standardized seed germination tests 

For post-stratification germination tests, seeds were planted on the surface of 

Sunshine Plug Mix No. 5 potting medium in clear, plastic 13 x 13.5 x 3.5 cm 

germination boxes. Conditions were as specified by A.O.S.A. protocols for Douglas-fir 

(Association of Official Seed Analysts, 1981), except that incandescent and fluorescent 

lights maintained light levels at 15 klux. A seed was considered to be fully germinated 

when cotyledons were visible. 

Results 

Viability of cornmeal-sand inoculum 

Inoculum counts for all Fusarium isolates for which cornmeal-sand inoculum was 

prepared were 106-108 cfu )3-1 immediately after air-drying, and usually declined by 2-3 

orders of magnitude by 200-440 days after drying (Fig. 5-1). The exception was F. 

avenaceum, for which dilution-plating of isolate DF29 (both jars) and jar 2 of CB S4 
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yielded no colonies 400 days after drying (Fig. 5-1). The absence of live propagules was 

verified by sprinkling inoculum from these three jars directly on PDA. 

Pathogenicity of E oxysporum isolates DF25 and DF27 

In the preliminary pathogenicity test of isolates DF25 and DF27, emergence 

among inoculated seedlings was not significantly different from that of control seedlings 

(50-71% of planted seeds; Table 5-2) and was consistent with seed germination potential 

as measured in the standardized germination test (Table 5-3). However, post-emergence 

mortality was significantly greater for both DF25- and DF27-treated seedlings than for 

control seedlings (Table 5-2). In the preliminary experiment, no attempt was made to 

attribute mortality to particular fungi. 

The seeds used in the preliminary experiment were not surface-disinfested before 

planting and Fusarium grew from seeds plated on Komada's medium (pH 6.8), but the 

percentage of seeds with Fusarium was not determined. Other fungi also were present 

on seeds, as evidenced by growth of Penicillium and Trichoderma spp. on Komada's 

medium and in the tubes in which seeds were planted. 

The pathogenicity of DF25 was verified in two larger experiments. The original 

objective of these experiments was to inoculate seedlings with a range of concentrations 

of cornmeal-sand inoculum of DF25. In both experiments, however, inoculum counts in 

all treatments were quite high, ranging from 1.9 x 105 to 1.0 x 106 cfu g"' (Table 5-2). A 

three-fold dilution series was achieved in the first experiment, but in the second 



Table 5-2. Summary of results of pathogenicity tests of E oxysporum isolates DF25 and DF27 on Douglas-fir seedlings. For the 
preliminary experiment with DF25 and DF27, emergence and mortality data followed by an asterisk differ significantly from 
controls (P < 0.05). For the two experiments using DF25 alone, values within a column followed by the same letter are not 
significantly different (P < 0.05). 

Ratio (cornmeal- Inoculum Post-emergence 
sand inoculum : density No. seeds planted No. seedlings mortality (% of 

Experiment Diluent diluent; w:w) (cfu g') per treatment emerged emerged seedlings) 

DF25/DF27 Sterile cornmeal-sand 1:0 (DF25) 1.0 x 108 24 13 54* 

(preliminary) 
1:0 (DF27) 4.6 x 107 24 12 50* 

0:1 (Control) 0 24 17 12
 

DF25 (1st expt.) Sterile cornmeal-sand 3:0 1.0 x 106 50 46 a 67 a
 
2:1 6.4x 105 50 39a 69a 
1:2 4.0 x 105 50 40 a 80 a 

0:3 (Control) 0 50 45 a 29 b
 
DF25 (2nd expt.) Sterile sand 3:0 1.9 x 105 50 43 a 28 a
 

2:1 2.5 x 105 50 46 a 22 a 
1:2 2.5 x 105 50 39 a 38 a 

0:3 (Control) 0 50 42 a 26 a 
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Table 5-3. Germination rates of Douglas-fir seeds in standardized germination 
tests. Values represent average % germination of two to four blocks of 100 
seeds each. All tests were valid by criteria described by the Association of 
Official Seed Analysts (1981). 

Average % germination 
Seed treatmentt 

Experiment Seedlot No. blocks Peroxide Untreated 
DF25/DF27 (preliminary) Brown 4 75 

DF25 (1st expt.) DJ8002 4 86 86 

DF25 (2nd expt.) DJ8002 2 87 82 

I Stratified seeds were treated for 40 min in 30% H202 and rinsed ten times in sterile 
distilled water, or left untreated. 
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experiment the inoculum and sand apparently were not thoroughly mixed and a stepwise 

dilution series was not achieved (Table 5-2). 

Seedling emergence ranged from 78-92% in both DF25 experiments, and was 

approximately equal for inoculated and control seedlings (Table 5-2). These emergence 

rates are consistent with those measured in standardized germination tests (Table 5-3). 

No attempt was made to determine causes of mortality for seedlings that failed to 

emerge because unemerged seedlings were not removed until emergence was complete 

(about three weeks after planting). 

Post-emergence mortality was significantly greater among inoculated seedlings 

(67-80% of emerged seedlings) than among controls (29% of emerged seedlings) in the 

first experiment, but in the second experiment, post-emergence mortality was 

approximately equal for inoculated and control seedlings (22-38%; Table 5-2). Data on 

fungi isolated from diseased seedlings were combined for the three inoculated treatments 

in each experiment, since post-emergence mortality did not differ significantly among 

inoculated seedlings in either experiment (Table 5-4). Pionnotal variants of E 

oxysporum resembling DF25 were isolated from nearly all seedlings inoculated with 

DF25 and rarely isolated from control seedlings in both experiments (Table 5-4). A 

mycelial variant of F. oxysporum was occasionally isolated from inoculated and control 

seedlings. Non-pathogenic fungi also were occasionally isolated, mostly from control 

seedlings (Table 5-4). 

Among the seedlings that died in the DF25 experiments, most lesions were either 

initiated at the soil line or spread to hypocotyls from seedcoats clinging to cotyledons 

(Table 5-4). In a few cases, lesions occurred on the hypocotyl between the soil line and 



Table 5-4. Fungi associated with diseased Douglas-fir seedlings in the pathogenicity tests of E oxysporum isolate DF25.
 
Fungi were isolated from lesions on inoculated (I) and control (C) seedlings. Data from all inoculated seedlings are
 
combined. 

Number of seedlings 
Fungi isolated 

Pionnotal Mycelial 
F. oxysporum F. oxysporum Othert None Total 

Symptoms I C I C I C I C I C 

Experiment 1 
Lesion at soil line 35 1 0 1 1 1 0 0 36 3 

Lesion arising from seedcoat 38 1 3 1 0 2 0 2 41 6 
Lesion at mid-hypocotyl 6 0 0 0 0 1 0 2 6 3 

Lesion on entire seedling 7 0 0 0 0 0 0 0 7 0 
Foliar browning 0 0 0 0 0 0 0 0 0 0 
Abnormal development 0 0 0 0 0 1 0 0 0 1 

Symptomlesst 0 0 0 0 0 0 0 0 0 0 
Total no. diseased seedlings 86 2 3 2 1 5 1 4 90 13 

Total no. seeds planted 150 50 

Experiment 2 
Lesion at soil line 11 0 0 3 0 2 0 1 11 6 
Lesion arising from seedcoat 12 0 0 0 0 0 0 0 12 0 
Lesion at mid-hypocotyl 0 0 0 0 0 0 0 0 0 0 
Lesion on entire seedling 3 0 0 0 0 0 0 0 3 0 
Foliar browning 6 0 0 0 1 1 1 4 8 5 

Abnormal development 0 0 0 0 0 0 0 0 0 0 
Symptomlesst 3 0 0 0 0 0 0 0 3 0 

Total no. diseased seedlings 35 0 0 3 1 3 1 5 37 11 

Total no. seeds planted 150 50 

t Other fungi included Penicillium, Aspergillus/Eurotium, Trichoderma, and Paecilomyces spp., and unknown fungi. 
t Symptomless seedlings stopped growing in the middle of development, without apparent lesions. 
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cotyledons. Lesions often appeared rapidly, killing previously healthy-looking seedlings 

within two days. In the second experiment, eight inoculated and five control seedlings 

were affected by a disease whose cause was unknown. The disease was first noticeable 

about 3-4 weeks after planting, when cotyledon tips turned brown. The browning slowly 

spread to other parts of the foliage during the following 1-3 weeks. No other foliar or 

root lesions were observed on these seedlings, and no single pathogen was consistently 

associated with cotyledons or hypocotyls of these seedlings (Table 5-4). 

In the first experiment, soil and inoculum into which seeds were planted often 

yielded Trichoderma, Penicillium, and Aspergillus spp. In the second experiment, when 

the inoculum diluent was switched from sterile cornmeal-sand mixture to sterile sand, 

fungal growth on soil and inoculum was not observed. 

Post-stratification peroxide treatment eliminated Fusarium from seeds in seedlot 

DJ8002. In the first experiment, Fusarium was recovered from 68% of water-treated 

seeds but was not recovered from peroxide-treated seeds. About 20% of peroxide-

treated seeds yielded other fungi, mostly Trichoderma spp. Fusarium counts were not 

attempted in the second experiment. 

Effect of RD31-3A on seedborne Fusarium and seed germination 

Live suspensions of RD31-3A used for seed bacterization averaged 1.50 x 109 

cfu ml"' and 2.50 x 107 cfu ml"' in the first and second experiments, respectively. 

Bacteria were not detected in killed suspensions streaked on' /- strength TSA. 
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Data from the two experiments were combined for statistical analysis and 

presentation of results, except that data for recovery of total and rifampicin-resistant 

bacteria are presented for the second experiment only. In the first experiment, we did 

not anticipate the presence of rifampicin-resistant bacteria on control (- H202) seeds 

treated with killed bacteria, and we therefore plated dilutions containing too many 

colonies to accurately count. This problem was addressed in the second experiment by 

plating a greater range of dilutions of seed washings. In addition, we did not count total 

bacterial colonies in the first experiment. 

Pre-imbibition seed treatment with hydrogen peroxide eliminated bacteria from 

seed surfaces, and no rifampicin-resistant bacteria were detected on peroxide-treated or 

control seeds before imbibition (Fig. 5-2). After imbibition, however, 106-107 rifampicin

resistant bacteria per seed were recovered from all seeds treated with live bacteria (Fig. 

5-2). Rifampicin-resistant bacteria (approx. 104 cfu seed") also were isolated from 

control (- H202) seeds treated with killed bacteria. By the end of cold stratification, total 

bacterial populations had increased by about ten-fold, but populations of rifampicin

resistant bacteria were about the same as they were after imbibition (Fig. 5-2). Total 

bacterial counts did not differ significantly among treatments after imbibition (P = 

0.2011) or after stratification (P = 0.3390). 

A total of 16 colonies recovered from seeds treated with live and killed RD31-3A 

were further examined. All eight colonies from seeds treated with live bacteria 

resembled RD31-3A on King's medium B and matched the RD31-3A phenotype of 

fluorescence under ultraviolet light and a positive reaction in the oxidase test. In 

contrast, none of the eight colonies from seeds receiving killed bacteria resembled RD31
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3A on King's B, and only one matched the fluorescence/oxidase-positive phenotype. All 

rifampicin-resistant bacterial colonies isolated from seeds treated with killed bacteria 

were smaller and appeared much later on rifampicin-amended culture medium than 

RD31-3A. 

Pre-imbibition seed treatment with peroxide significantly reduced post-imbibition 

Fusarium recovery from seeds (P < 0.0001), whereas bacterial seed treatment did not 

significantly affect Fusarium recovery at that stage (P = 0.8884; Fig. 5-3). Seed 

treatment with live bacteria did, however, significantly reduce post-stratification 

Fusarium recovery from both peroxide-treated and control (- H2O) 2 seeds (P < 0.0001; 

Fig. 5-3). When used together, pre-stratification peroxide-treatment and seed imbibition 

in live bacteria reduced seedborne Fusarium levels significantly more (P < 0.0001) than 

either treatment by itself (Fig. 5-3). 

The overall seed germination rate was 82% for the combined experiments. Seed 

germination was not significantly affected by either pre-imbibition peroxide treatment (P 

= 0.0646) or bacterial treatment (P = 0.0821). 

Results of challenge with DF25 

Seedling emergence was not significantly affected by seed treatment with 

hydrogen peroxide (P = 0.3844), bacteria (P = 0.3143), or DF25 (P = 0.7140). There 

was, however, a significant (P = 0.0447) peroxide x bacteria interaction: for peroxide-

treated seeds, seed imbibition in live bacteria slightly reduced seedling emergence, 
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imbibed in live suspension of RD31-3A; -B = seeds imbibed in killed suspension of RD31-3A. Error bars 
represent upper limits of 95% confidence intervals. 
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whereas for control (41202) seeds, imbibition in live bacteria slightly increased seedling 

emergence (Fig. 5-4). 

Treatment with DF25 significantly increased the proportion of seedlings that died 

after emergence (P < 0.0001; Fig. 5-5). Bacterial treatment did not affect post-

emergence mortality overall (P = 0.1632), but there was a significant bacteria x DF25 

interaction (P = 0.0239), in which treatment with live bacteria increased mortality among 

seedlings treated with DF25 and slightly reduced mortality among seedlings not treated 

with DF25 (Fig. 5-5). Pre-imbibition peroxide treatment did not significantly affect post-

emergence mortality (P = 0.3044). 

In the combined experiments, pionnotal isolates of E oxysporum morphologically 

similar to DF25 were isolated from 40 of 52 diseased seedlings inoculated with DF25 

(Table 5-5). Mycelial isolates of F. oxysporum were associated with an additional nine 

diseased seedlings, and nonpathogenic fungi (or no fungi at all) were associated with the 

remaining three (Table 5-5). Of the 15 diseased seedlings that were not inoculated with 

DF25, pionnotal isolates of F. oxysporum resembling DF25 were isolated from four 

(Table 5-5), all of which belonged to the first block of seedlings inoculated when the 

second experiment was being set up. At that time it was noticed that dust from DF25 

inoculum might contaminate control seedlings, and the inoculation technique was 

modified in such a way that no additional contamination occurred. 

The most common symptoms among seedlings inoculated with DF25 were 

lesions occurring at the soil line or cotyledons (Table 5-5). These symptoms are typical 

of post-emergence damping-off originating from soil and cotyledon blight originating 

from seedcoats, respectively, and F. oxysporum resembling DF25 was the fungus most 
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Figure 5-4. Effects of pre-imbibition treatment of Douglas-fir seeds with 30% hydrogen peroxide, seed imbibition 
in Pseudomonas chlororaphis RD31-3A, and treatment with F. oxysporum DF25 on seedling emergence. +B = 
seeds imbibed in live suspension of RD31-3A; -B = seeds imbibed in killed suspension of RD31-3A. Error bars 
represent upper limits of 95% confidence intervals. 
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Figure 5-5. Effects of pre-imbibition treatment of Douglas-fir seeds with 30% hydrogen peroxide, seed imbibition 
in Pseudomonas chlororaphis RD31-3A, and treatment with F. oxysporum DF25 on post-emergence mortality (% 
of emerged seedlings). +B = seeds imbibed in live suspension of RD31-3A; -B = seeds imbibed in killed 
suspension of RD31-3A. Error bars represent upper limits of 95% confidence intervals. 



Table 5-5. Fungi associated with diseased Douglas-fir seedlings in the combined tests of P. chlororaphis isolate RD31-3A against F. 
oxysporum isolate DF25. Fungi were isolated from lesions on diseased seedlings treated before stratification with hydrogen peroxide 
(H) and/or bacteria (B). Data from all three blocks (total of 66 seedlings per treatment) are combined. 

Number of seedlings 
Fungi isolated 

Pionnotal Mycelial 
F. oxysporum F. oxysporum Othert/None Total 

+H +H -H -H +11 +H -H -H +H +H -H -H +H +H -H -H 

Symptoms +B -B +B -B +B -B +B -B +B -B +B -B +B -B +B -B 

+ DF25 
Lesion at soil line 4 5 6 4 1 0 0 0 0 0 0 0 5 5 6 4 

Lesion arising from 
seedcoat 0 1 3 1 2 1 1 1 0 0 0 0 2 2 4 2 

Lesion at mid-hypocotyl 0 2 0 0 0 0 0 0 0 0 0 0 0 2 0 0 

Lesion on entire seedling 3 3 4 1 1 0 0 2 0 0 0 0 4 3 4 3 

Foliar browning 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Symptomless t 1 0 0 0 0 0 0 0 2 0 0 1 3 0 0 1 

Wilted 1 0 1 0 0 0 0 0 0 0 0 0 1 0 1 0 

Total 9 11 14 6 4 1 1 3 2 0 0 1 15 12 15 10 

- DF25 
Lesion at soil line 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 

Lesion arising from 
seedcoat 0 1 0 0 0 0 0 0 0 0 0 1 0 1 0 1 

Lesion at mid-hypocotyl 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Lesion on entire seedling 0 2 0 0 0 0 0 0 0 0 1 0 0 2 1 0 

Foliar browning 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 

Symptornlesst 0 0 0 0 0 0 0 0 1 0 2 2 1 0 2 2 

Wilted 0 0 0 0 0 0 0 0 1 0 0 2 1 0 0 2 

Total 0 4 0 0 0 0 0 0 2 0 3 6 2 4 3 6 

tOther fungi include F. avenaceum, Trichoderma sp., and an unidentified fungus tentatively identified as Candida sp. 
Symptomless seedlings stopped growing in th e middle of development, without apparent lesions. 
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often associated with these symptoms (Table 5-5). Treatment with peroxide or live 

bacteria did not have obvious effects on recovery of this pathogen from diseased 

seedlings. The only pathogenic fungus besides F. oxysporum recovered from any 

diseased seedling was F. avenaceum, which was isolated from one mycelium-covered 

seedling that had been treated with live bacteria but not peroxide and was not inoculated 

with DF25. Nonpathogenic fungi such as Trichoderma and Aspergillus spp., or no fungi 

at all, were usually isolated from seedlings with other types of symptoms, including foliar 

browning and wilting, and from seedlings that died without obvious symptoms (Table 5

5). 

Most fungi recovered from ungerminated seeds were identified as Trichoderma 

or Gliocladium spp. DF25 was, however, occasionally isolated from ungerminated 

seeds and F. sporotrichioides was isolated from one ungerminated seed treated with 

neither peroxide nor live bacteria. In addition, F. oxysporum was isolated from a single 

brown cotyledon on each of six DF25-treated seedlings. In all cases, mycelium had been 

observed on the cotyledons for several weeks before the end of the experiment and did 

not appear to be spreading to other parts of these otherwise healthy seedlings. 

For the combined experiments, the average dry weight of seedlings that remained 

healthy at the end of the experiments was 0.022 g. There was no significant effect of 

peroxide (P = 0.6499), bacteria (P = 0.6905), or DF25 (P = 0.8076) on seedling dry 

weight. 
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Discussion 

To our knowledge, this study represents the first time bacteria have been 

introduced to Douglas-fir seeds during seed imbibition and subsequent cold stratification. 

Pseudomonas chlororaphis isolate RD31-3A survived cold stratification and reduced 

seedborne populations of Fusarium without affecting seed germination, but did not 

protect seedlings from post-emergence disease caused by F. oxysporum isolate DF25. 

Biological control of fungal plant pathogens can be accomplished by destruction 

of existing inoculum, exclusion of the pathogen from the host, or suppression or 

displacement of the pathogen after infection (Cook and Baker, 1983). The biological 

control methods used in this study involved at least two of these strategies. Reducing 

the spread of Fusarium during stratification required destruction of existing inoculum (or 

inhibiting its production), whereas protecting seedlings from soilborne F. oxysporum 

required either excluding the pathogen from the seedling or suppressing the pathogen 

after infection occurred. 

Although the mechanisms by which RD31-3A reduced the spread of Fusarium 

during stratification are unknown, some possibilities include antibiosis, competition, and 

parasitism (Cook and Baker, 1983). Although some strains of P. chlororaphis can 

produce antibiotics (phenazines and hydrogen cyanide; Duffy et al., 1996), RD31-3A did 

not inhibit DF25 in vitro on CMA, 'A-strength TSA, or PDA (data not shown). Another 

possible mechanism is competition. RD31-3A was introduced in high enough numbers 

to displace many naturally occurring bacteria during stratification. Perhaps these high 

populations of RD31-3A similarly displaced Fusarium and inhibited its spread. 
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Parasitism of RD31-3A on seedborne Fusarium also cannot be ruled out, but the failure 

of RD31-3A to inhibit DF25 in vitro argues against this mechanism. 

Interestingly, whereas RD31-3A inhibited the spread of Fusarium during 

stratification, it failed to protect seedlings from subsequent disease caused by DF25. In 

fact, seedling mortality was slightly higher among seeds treated with live bacteria than 

among those treated with killed bacteria. One possible reason RD31-3A failed to protect 

seedlings from DF25 is that initial inoculum density of both the biocontrol agent and the 

pathogen can affect biocontrol activity (Hebbar et al., 1992; Berger et al., 1996). The 

inoculum density of DF25 probably was substantially higher than typically occurs in soil 

(Nash and Snyder, 1962). On the other hand, rhizosphere soil can harbor Fusarium 

populations as high as 2 x 105 cfu per gram dry soil (Ocamb and Juzwik, 1995), and this 

level is similar to those used by other researchers in biocontrol trials of Fusarium 

(Hebbar et al., 1992). 

The reason for the increase in seedling mortality among seeds treated with live 

bacteria is unclear. RD31-3A may have produced phytotoxic compounds that predisposed 

the seedlings to disease. Mother intriguing possibility is that RD31-3A displaced 

microorganisms such as nonpathogenic Fusarium spp. (Paulitz et al., 1987) that otherwise 

might have protected seedlings from soilborne Fusarium. The slight (but not statistically 

significant) increase in post-emergence mortality among seeds treated with peroxide supports 

this idea, because both pre-imbibition treatment with peroxide and seed imbibition in live 

bacteria reduced seed contamination with Fusarium. The mix of Fusarium species naturally 

occurring on the stratified seeds used in this study did not cause large amounts of disease in 

previous studies (Chapter 4) and may be nonpathogenic. Certainly, the possibility that 
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nonpathogenic seedbome Fusarium may actually protect seedlings from soilborne Fusarium 

deserves further study. 

Previous researchers have used soil treatment with fluorescent pseudomonads to 

control Fusarium wilts of many crops (reviewed by Lemanceau and Alabouvette, 1993). 

Bacterial seed treatments also can reduce disease caused by Fusarium spp. Forexample, 

Erwinia herbicola applied to wheat seeds reduced subsequent colonization of crown tissue 

by Fusarium culmorum (Kempf and Wolff 1989), and treatment of maize seeds with 

Pseudomonas cepacia reduced colonization of plumules and mesocotyls with F. moniliforme 

at 104 cfu g-1 but not 106 cfii gI(Hebbar et al., 1992). Other types of diseases also have 

been controlled by seed treatment with bacterial biological control agents. Forexample, 

Pseudomonas chlororaphis applied to sugar beet seeds protected seedlings against 

disease in soil infested with cornmeal-sand inoculum of Pythium ultimum or 

Aphanomyces cochlioides at "high disease pressure" (inoculum density was not 

quantified; Williams and Asher, 1996). 

Rifampicin-resistant bacteria were recovered from imbibed and stratified seeds 

treated with killed RD31-3A. These bacteria were not a result of cross-contamination 

with live RD31-3A, because they were phenotypically and morphologically different 

from RD31-3A. In our study, colonies of these rifampicin-resistant bacteria were much 

smaller and slower-growing than RD31-3A on rifampicin-amended agar, perhaps 

suggesting that they may be tolerant of, but not truly resistant to, rifampicin. We could 

find no published studies on the prevalence of naturally occurring rifampicin-resistant 

bacteria on seeds. Rifampicin-resistant bacteria usually are undetectable on leaf surfaces 

(Weller and Saettler, 1978), in soil (Bowers and Parke, 1993), and in seedling 
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rhizospheres (Holl and Chanway, 1992; Loper et al., 1985), although a small population 

of rifampicin-resistant bacteria has been detected on pea roots (King and Parke, 1996). 

Fusarium oxysporum isolate DF25 has several advantages for use in pathogenicity 

and biocontrol tests. First, its distinctive pionnotal colony morphology makes it readily 

distinguishable from most other F. oxysporum isolated from diseased seedlings. In the few 

cases in which mycelial F. oxysporum was associated with diseased seedlings, however, it 

was not possible to confirm that DF25 was the pathogen. Single-spore isolates of DF25 are 

occasionally mycelial, and mycelial isolates ofF. oxysporum also occur naturally in seeds of 

seedlot DJ8002 (Chapter 4). Another advantage of DF25 is that it was consistently 

associated with post-emergence mortality but did not cause pre-emergence damping-off 

or germination failure. This result is consistent with previous studies indicating that 

different Fusarium isolates may be associated with pre- and post-emergence damping-off 

(Bloomberg and Lock, 1972). In preliminary biological control trials, the use of a 

pathogen that causes only post-emergence disease simplifies the quantification of the 

effects of biological control agents on seedling mortality. 

Cornmeal-sand inoculum was produced for eleven Fusarium isolates, and most 

isolates survived for a year or more with some loss of viability. The failure of some 

isolates of F. avenaceum to survive is interesting because unlike F. oxysporum and F. 

sambucinum, F. avenaceum does not form chlamydospores in pure culture (Nelson et 

al., 1983). In soil, F. avenaceum produces thick-walled "resting spores" within 

macroconidia or hyphae. These spores are different from the spherical, double-walled 

chlamydospores produced by some other Fusarium species, but apparently can survive in 

soil for 18 months or longer (Hargreaves and Fox, 1977). It is not known whether the 
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absence of true chlamydospores contributed to the poor survival of F. avenaceum 

isolates DF29 and CBS4, nor can we account for the difference in survival between 

isolates DF29 and WF8. For all isolates, it would be interesting to sample the inoculum 

more frequently and over a longer term to determine how rapidly the populations 

declined over the first year and how long the inoculum can stay viable. 

In this study, we have demonstrated the utility of cornmeal-sand inoculum in testing 

the pathogenicity of F. oxysporum under controlled environmental conditions. We also 

demonstrated that Douglas-fir seeds can be treated with P. chlororaphis during seed 

imbibition to reduce the spread of seedborne Fusarium during stratification without affecting 

seed germination or seedling dry weight. Bacterial seed treatment during imbibition therefore 

appears to hold promise as a new method for delivery ofbiological control agents to 

Douglas-fir seeds. 
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CHAPTER 6
 

SUMMARY
 

Fusariumespp. are among the most important pathogens of Douglas-fir seedlings 

in bareroot and container nurseries. Alternative approaches to management of diseases 

caused by Fusarium spp. may become increasingly important in the future, as soil 

fumigation with methyl bromide, currently the most widely used and effective disease 

control, is phased out. 

We explored two alternative approaches to management of Fusarium diseases in 

Douglas-fir seedlings. One approach was based on the idea that disease-suppressive 

soils may contain abiotic or biotic factors that could be useful for disease control in soils 

conducive to disease. The other approach was to apply candidate biological control 

agents to Douglas-fir seeds, since delivery of biological control agents to seeds should be 

an efficient means to pre-empt infection sites that otherwise would be available for 

colonization by pathogens. 

In exploring the first approach, we did not find conclusive evidence to support 

the hypothesis that the suppressive effect of conifer forest soil on Fusarium can be 

quantified by testing in vitro the antagonistic potential of soil bacteria against Fusarium. 

Similarly, we did not achieve significant control of Fusarium diseases by transferring 

individual components of conifer forest soil, such as pine needles, humic acid, and 

ectomycorrhizal fungi, to nursery soil. The suppressive effect of conifer forest soil on 

Fusarium may be the result of a complex, interacting group of biotic and abiotic factors 
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that cannot easily be duplicated by transferring one component at a time to nursery soil. 

Manipulating the nursery soil environment to simulate conditions in forest soil may yield 

more promising results. 

Seed surfaces, however, are less complex and easier to manipulate than the soil 

environment and may therefore hold more promise for biological control of Fusarium. 

Conifer seeds are routinely imbibed in water and cold-stratified to break dormancy 

before planting. As previously described by others and confirmed in our studies, 

seedborne Fusarium, present at low levels before stratification, may spread during 

stratification to colonize nearly all seeds. Therefore, treatment of conifer seeds with 

biological control agents during cold stratification offers certain unique opportunities. 

First, the environment is uncomplicated by many of the biotic and abiotic features of soil 

that often frustrate attempts to establish populations of biological control agents. The 

chance of successful establishment of biological control agents on seeds may therefore be 

higher than in soil. Second, seed stratification itself promotes the spread of Fusarium. 

Our studies did not indicate that seedborne Fusarium (in quantities naturally occurring 

on stratified seeds) causes large amounts of disease when seeds are planted in 

pasteurized soil. Seedborne Fusarium may still be important, however, in contributing 

to the pool of soilborne Fusarium that may infect roots and cause disease in older 

seedlings. Therefore, seed stratification in the presence of biological control agents 

offers dual opportunities: to reduce the spread of seedborne Fusarium during 

stratification and to pre-empt infection sites that might otherwise be colonized by 

pathogenic, soilborne Fusarium. 
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In our studies, we imbibed seeds in suspensions of Pseudomonas chlororaphis 

isolate RD31-3A and cold-stratified the bacteria-coated seeds for six weeks. Isolate 

RD31-3A was selected for several reasons. First, it was originally isolated from the 

rhizosphere of a healthy Douglas-fir seedling that had been previously inoculated with F. 

oxysporum. Second, this isolate had shown promise in previous trials as a biological 

control agent against F. oxysporum (P. Axelrood, pers. comm). Finally, RD31-3A is 

rifampicin-resistant, which allowed us to monitor its population on seeds after imbibition 

and stratification. In our studies, RD3 I-3A colonized seed surfaces during imbibition 

and stratification and reduced the spread of seedborne Fusarium without affecting seed 

germination or seedling dry weights. When seeds treated with live bacteria were planted 

into pasteurized soil infested with a high population of pathogenic F. oxysporum, 

however, post-emergence mortality was not significantly reduced compared to seeds 

treated with killed bacteria. In spite of this failure to control soilborne disease, however, 

seed bacterization during imbibition and cold stratification may be an efficient way to 

deliver not only biological control agents but also plant-growth promoting bacteria to 

conifer seeds. 
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APPENDIX A 

CULTURE MEDIA FOR ISOLATION OF FUSARIUM SPECIES 

Modified Nash-Snyder medium (Nelson et al., 1983) 

15.0 g Difco peptone 
1.0 g KH2PO4 
0.5 g MgS041H20 
20.0 g agar 
1.0 g pentachloronitrobenzene (Terrachlor, 75% WP) 
1.0 liter water 

Adjust medium to pH 5.5-6.5 and autoclave. After medium has cooled and just 
before pouring into petri dishes, add the following antimicrobial supplements: 

20 ml streptomycin stock solution (5 g streptomycin sulfate / 100 ml water) 
12 ml neomycin stock solution (1 g neomycin sulfate / 100 ml water) 

It is best to allow the medium to dry in the petri dishes for 5 days before use. 

Komada's medium (Komada, 1975) 

1.0 g K2HPO4 
0.5 g KCl 
0.5 g MgSO4'7H20 
0.01 g Fe-Na-EDTA 
2.0 g L-asparagine 
20.0 g D-galactose 
20.0 g agar 
1.0 liter water 

After medium has cooled and just before pouring into petri dishes, add the following 
antimicrobial supplements: 

1.0 g pentachloronitrobenzene (Terrachlor, 75% WP) 
0.5 g oxgall 
1.0 g Na21340710H20 
0.3 g streptomycin sulfate 

Adjust pH to 3.8 ± 0.2 with an approximately 10% solution of phosphoric acid. 
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APPENDIX B
 

FUSARIUM RECOVERY FROM DOUGLAS-FIR SEEDS REPRESENTING 43
 
SEEDLOTS 

Douglas-fir seeds (50-108 seeds from each of 43 seedlots) were plated on 

different culture media: (1) Komada's medium as originally published (Komada, 1975), 

including pH adjustment to 3.8 ± 0.2; (2) Komada's medium, pH 3.8 ± 0.2 and amended 

with 1 g 1-' benomyl; (3) Komada's medium, pH 3.8 ± 0.2 and amended with 1 mg 1-1 

benomyl; (4) Komada's medium without pH adjustment or benomyl; (5) Nash-Snyder 

medium as modified by Nelson et al. (1983). pH was measured with an Orion Research 

digital pH/millivolt meter 611 (Orion Research, Boston, MA) after adding antimicrobial 

supplements to molten, cooled (50°C) agar. There were 10 seeds per plate. In some 

cases, molten, cooled agar was poured over the seeds in each petri dish, and seeds were 

gently moved apart with a sterile dissecting needle until agar had cooled enough to keep 

seeds in place. Otherwise, seeds were pushed into solidified agar. Seeds from two 

seedlots were cold-stratified by Weyerhaeuser personnel before they were provided to 

us; seeds from the remaining 41 seedlots were unstratified. For one stratified seedlot 

(CB08-L0-01 RJ 2020), 100 seeds were aseptically dissected and internal seed contents 

(embryo + endosperm) were plated to determine the incidence of internal Fusarium. 

Seedlot designations, numbers of seeds plated, culture media, and plating techniques, and 

percent seeds with Fusarium are given in Table A. 



Table A. Recovery of Fusarium spp. from Douglas-fir seeds from 43 seedlots. Key to culture media: 1 = Komada's 
medium as originally published (Komada 1975), including pH adjustment to 3.8 ± 0.2; 2 = Komada's medium, pH 3.8 ± 
0.2 and amended with 1 g benomyl; 3 = Komada's medium, pH 3.8 ± 0.2 and amended with 1 mg benomyl; 4 = 
Komada's medium without pH adjustment or benomyl; 5 = Nash-Snyder medium as modified by Nelson et al. (1983). 

Culture medium 
Seedlot no. Seedlot name No. seeds Stratified? 1 2 3 4 5 Technique % Fusarium 

1 LV08-L0-01 RF 1068 96 Yes x Solid 80 

2 CB08-L0-01 RJ 2020 108 Yes x Solid 95 

100 embryos Yes x Solid 4 

3 XS124 50 No x Solid 0 

4 XS134 50 No x Solid 0 

5 XB034 50 No x Solid 0 

6 500 50 No x Solid 0 

7 1026 50 No x Solid 0 

8 1011 100 No x Solid 0 
50 No x Solid 0 

9 425=XS204 100 No x Solid 1 

50 No x Solid 0 

10 1083 50 No x Solid 0 

11 404=XS174 100 No x Solid 0 
50 No x Solid 0 

12 1038 100 No x Solid 0 
50 No x Solid 0 

13 300 50 No x Solid 0 

14 1019 50 No x Solid 0 

15 255 100 No x Solid 0 
50 No x Solid 0 

16 268 100 No x Solid 0 
50 No x Solid 0 

17 502=XS294 100 No x Solid 0 
50 No x Solid 0 

18 236 100 No x Solid 0 
50 No x Solid 0 



Table A, Continued 
19 407=XS184 100 No x Solid 2 

50 No x Solid 2 

20 1023 100 No x Solid 0 

50 No x Solid 2 

21 XS144 100 No x Solid 0 

50 No x Solid 4 

22 218 100 No x Solid 0 
50 No x Solid 4 

23 XB094 100 No x Solid 0 
50 No x Solid 6 

24 XB194 100 No x Solid 0 
50 No x Solid 44 

25 RH3029 100 No x Molten 0 

26 RH3039 100 No x Molten 0 

27 RF3085 100 No x Molten 0 

28 RH3027 99 No x Molten 0 

29 RH3017 100 No x Molten 0 

30 RJ3103 100 No x Molten 0 

31 RH3020 100 No x Molten 0 
100 No x Molten 0 

32 RB2055 100 No x Molten 1 

100 No x Molten 1 

33 RB1039 100 No x Molten 2 

100 No x Molten 1 

34 RD2162 100 No x Molten 3 

100 No x Molten 2 

35 RD1019 100 No x Molten 2 

100 No x Molten 2 

36 RB1043 100 No x Molten 5 

100 No x Molten 2 

37 RB2060 100 No x Molten 2 
100 No x Molten 0 



Table A, Continued 
38 RF2202 100 No x Molten 2 

100 No x Molten 0 

39 RB1042 100 No x Molten 0 
100 No x Molten 2 

40 RF1061 100 No x Molten 0 
100 No x Molten 0 

41 DG2064 400 No x Molten 1 

42 DH2026 400 No x Molten 2 

43 DJ8002 400 No x Molten 2 
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APPENDIX C 

DESCRIPTIONS OF SELECTED FUSARIUM SPECIES 

The following summaries of Fusarium species descriptions are adapted from 
Nelson et al. (1983). 

Fusarium avenaceum (Fr.) Sacc. 

Conidia: Microconidia are generally scarce. Macroconidia are very long, 
slender, and thin-walled, with an apical cell that is elongate and may be bent. The basal 
cell is foot-shaped or notched. 

Conidiophores: Unbranched and branched monophialides. 
Chlamydospores: Absent. 
Perfect state: Gibberella avenacea Cook. 
Colony morphology: On potato dextrose agar (PDA), growth is rapid, the aerial 

mycelium is dense and white but frequently varies in color from tan to reddish-brown. 
Orange sporodochia may be present as the culture ages. The undersurface coloration 
varies from tan to carmine red to dark brown. 

Fusarium culmorum (W. G. Smith) Sacc. 

Conidia: Microconidia are absent. Macroconidia are stout, distinctly septate, 
thick-walled, and have curved ventral and dorsal surfaces. The basal cell varies from 
distinctly foot-shaped to slightly notched. 

Conidiophores: Unbranched and branched monophialides. 
Chlamydospores: They generally form abundantly and quickly; they may occur 

singly, in chains, or in clumps. 
Perfect state: None. 
Colony morphology: On PDA, growth is rapid, with dense aerial mycelium, 

generally white but often yellow to tan. Orange to red-brown sporodochia appear as the 
culture ages. The undersurface is carmine red. 

Fusarium lateritium Nees 

Conidia: Microconidia are absent or sparse in most isolates but abundant in 
some. They are ellipsoidal, spindle- or club-shaped, and 0-3 septate. Macroconidia are 
abundant and generally cylindrical, with the ventral and dorsal surfaces parallel for most 
of their length; in some clones the macroconidia are more curved. The apical cell has a 
characteristic beak or hook. The basal cell is foot-shaped. In some clones, spindle-
shaped macroconidia may be present. 

Conidiophores: Unbranched and branched monophialides. 
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Chlamydospores: They are present and formed singly or in chains. They may be 
rare in some clones. 

Perfect state: Gibberella baccata (Wallr.) Sacc. 
Colony morphology: On PDA, F. lateritium is slow-growing, with sparse aerial 

mycelium. Sporodochia are generally abundant and usually orange. The cultures 
frequently appear carmine red on both surfaces, but may also be white to pink on the 
upper surface and colorless to light orange to tan on the lower surface. 

Fusarium monihforme Sheldon 

Conidia: Microconidia are abundant and primarily single-celled, oval to club-
shaped, and have a flattened base. They form in long chains and in false heads. 
Macroconidia are present, though sometimes rare. Their appearance varies from slightly 
sickle-shaped to almost straight with the dorsal and ventral surfaces almost parallel, and 
they have thin delicate walls. The basal cell is foot-shaped. 

Conidiophores: Unbranched and branched monophialides. 
Chlamydospores: Absent. 
Perfect state: Gibberella fujikoroi (Sawada) Wollenw. 
Colony morphology: On PDA, F. moniliforme resembles F. oxysporum. Its 

white aerial mycelium grows rapidly and often becomes tinged with purple. Tan to 
orange sporodochia may be present or absent; when present, they may be discrete or 
confluent as pseudo-pionnotes. Sclerotia may also develop and are usually dark blue; 
they may be so abundant as to give this coloration to the upper and lower surfaces of the 
colony. The undersurface varies from colorless to dark purple. 

Fusarium oxysporum Schlecht. emend. Snyd. & Hans. 

Conidia: Microconidia are abundant, generally single-celled, oval to kidney-
shaped, and produced only in false heads. Macroconidia are abundant, only slightly 
sickle-shaped, thin-walled, and delicate, with an attenuated apical cell and a foot-shaped 
basal cell. 

Conidiophores: Unbranched and branched monophialides. The monophialides 
bearing microconidia are short when compared to those produced by F. monilifonne and 
F. solani. 

Chlamydospores: They are present singly or in pairs. In most isolates they form 
readily and profusely. 

Perfect state: None known. 
Colony morphology: On PDA, growth is rapid. White aerial mycelium may 

become tinged with purple or be submerged by blue or cream to tan to orange 
sporodochia. Discrete, erumpent orange sporodochia are present in some strains. The 
undersurface may be colorless to dark blue or dark purple; these colors may be visible 
through the mycelium when viewed from above. 
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Fusarium pone (Peck) Wollenw. 

Conidia: Microconidia are abundant, globose or oval in shape, 0-1 septate, and 
often have a distinct papilla. Macroconidia are generally rare, typically sickle-shaped, 3
5 septate, and have a foot-shaped basal cell. 

Conidiophores: Unbranched and branched monophialides. Microconidiophores 
are short and fat, almost globose, and quite distinctive. 

Chlamydospores: Occur infrequently; may be in clumps or chains. 
Perfect state: None known. 
Colony morphology: On PDA, growth is rapid, with dense, white to pink, aerial 

mycelium. Sporodochia are rare. The undersurface is usually carmine red. 

Fusarium proliferatum (Matsushima) Nirenberg 

Conidia: Microconidia are abundant, usually single-celled or club-shaped with a 
flattened base. Pear-shaped microconidia may also occur but generally are rare. 
Microconidia are borne in chains of varying length and in false heads. Macroconidia are 
abundant, only slightly sickle-shaped to almost straight, with the dorsal and ventral 
surfaces parallel for most of their length. The walls are thin and delicate and the basal 
cell is foot-shaped. 

Conidiophores: Unbranched and branched polyphialides and monophialides. 
Chlamydospores: Absent. 
Perfect state: None known. 
Colony morphology: On PDA, F. proliferatum resembles F. oxysporum. The 

white aerial mycelium grows rapidly and is sometimes tinged with purple. Tan to orange 
sporodochia may be present or absent; they may be discrete or confluent as pseudo
pionnotes. Sclerotia may also develop and are frequently dark blue; they may be so 
abundant that they give this coloration to the colony surface and undersurface. The 
undersurface varies from colorless to dark purple. 

Fusarium sambucinum Fuckel 

Conidia: Microconidia are generally absent. Macroconidia are short and stout, 
distinctly septate, with thick walls and moderately to strongly curved ventral and dorsal 
surfaces. The basal cell varies from distinctly foot-shaped to notched to rounded. The 
apical cell is constricted into a snout, often with a small papilla, and is sometimes 
strongly curved. 

Conidiophores: Unbranched and branched monophialides. 
Chlamydospores: Generally formed abundantly and quickly (less than 1 month) 

and are single, in chains, or in clumps. 
Perfect state: Gibberella pulicaris (Fr.) Sacc. 
Colony morphology: On PDA growth is rapid, with or without dense aerial 

mycelium. When aerial mycelium is present it is white, tan, or pink to reddish brown. 
Dark blue sclerotia may be present. Cream to tan to orange sporodochia or pionnotes 
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may be present. The undersurface may be of various colors; it is frequently carmine red, 
but also may be tan to brown. 

Fusarium solani (Mart.) Appel & Wollenw. emend. Snyd. & Hans. 

Conidia: Microconidia are sparse to abundant, generally single-celled, and oval 
to kidney-shaped. The microconidia are similar to those found in F. oxysporum, but they 
are larger and have thicker walls. Macroconidia are abundant, stout, thick-walled, and 
generally cylindrical, with the dorsal and ventral surfaces parallel for most of their length. 
The apical cell is blunt and rounded, and the basal cell is rounded or distinctly foot-
shaped or notched. 

Conidiophores: Unbranched and branched monophialides. The monophialides 
bearing microconidia are long when compared to those in F. oxysporum. 

Chlamydospores: Present and formed singly and in pairs. They are abundant in 
most clones. 

Perfect state: Nectria haematococca Berk. & Br. 
Colony morphology: On PDA growth is rapid, often with abundant aerial 

mycelium. The surface is soon covered with confluent sporodochia that give the 
appearance of pionnotes and color the surface cream, blue-green, or blue, but never 
orange. The upper surface of some clones may be dark purple. The undersurface is 
generally colorless, but some clones produce a dark violet pigment. 

Fusarium tricinctum (Corda) Sacc. 

Conidia: Microconidia are abundant and lemon- to pear-shaped or spindle-
shaped, 0-1 septate, and often have a papilla at the base. Macroconidia are abundant and 
sickle-shaped. The basal cell is distinctly foot-shaped or notched. 

Conidiophores: Unbranched and branched monophialides. 
Chlamydospores: Present and formed singly or in chains. 
Perfect state: Gibberella tricincta El-Gholl, McRitchie, Schoulties, and Ridings 

is possibly the perfect state of F. tricinctum sensu stricto. 
Colony morphology: On PDA growth is rapid, and the aerial mycelium is dense 

and white, with orange sporodochia appearing as the culture ages. The undersurface is 
carmine red. 




