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CHAPTER 1

INTRODUCTION

The term ‘endophyte’ was originally coined by DeBary (1866) to describe
microorganisms, including fungi and bacteria, in living plant tissues. Carroll (1988)
restricted the term to fungi inhabiting, but not inciting disease within leaves and stems of
healthy hosts. I use the description given by Redlin and Carris (1996), “Endophytic fungi
are normally located in healthy plants, in leaves, needles, twigs, stems, and roots and
have been shown to provide beneficial, mutualistic, pathogenic or neutral influence to
their hosts.” The contradictory terms used to explain the ways endophytes influence their
hosts illustrate the lack of understanding scientists have concerning the ecology and

function of endophytes.

Researchers have been investigating fungal endophytes for over twenty years (Clay and
Schardl 2002). They have been found in every plant species and tissue examined,
including leaves and twigs of woody and herbaceous tropical plant species (Bayman et al.
1997, Gamboa et al. 2002, Arnold et al. 2003), needles of woody plant species (Carroll
1988), and fine and coarse roots of herbaceous plants (Hadacek et al. 2002, Midgley et
al. 2002, Vandenkoornhuyse et al. 2002) and woody plants (Grunig et al. 2002, Hoff

2002).

Studies of endophytic fungi have resulted in the isolation of extraordinary numbers of

morphospecies, a term commonly used in endophytic fungi literature to identify



morphologically distinct individuals that are difficult to assign to known species because
teleomorphic structures are commonly lacking. They include Ascomycetes,
Basidiomycetes, and Deuteromycetes, as well as Oomycetes (water molds) (Sinclair and
Cerkauskas 1996, Arnold et al. 2000). Fungal endophytes have been found in every plant
examined for their presence (Gamboa et al. 2002), but few studies have closely examined
the spatial distribution of different fungal endophytic taxa. Midgley et al. (2002)
examined the fungal endophyte assemblage in Woollsia pungens (Cav.) F. Muell, an
Australian heath shrub, and found that one fungal endophyte genotype occupied a wide
distribution within the root system, suggesting limited functional diversity. The
dominance of one endophytic species of fungus in one or multiple hosts within the same
geographic area may have considerable influence on host fitness. However, few studies
have examined the spatial distribution of specific fungal endophytes and their influence

on the plant host remains unclear.

Many examples of fungi entering plant roots are illustrated in the mycorrhizal literature,
but mycorrhizal fungi differ from endophytic fungi in that they are located in and/or on
root tips (Saikkonen et al. 1998). Endophytic fungi have been isolated from the woody
roots, not the root tips, of Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) and
ponderosa pine (Pinus ponderosa Dougl. ex Loud) (Hoff et al. 2004). However, the
mechanisms and entry modes used by these endophytes are unknown. Hessburg and
Hansen (2000) suggest through the investigation of the pathogenic fungus causing black
stain root disease, Leptographium wageneri var. pseudotsugae Harrington and Cobb, that

wounds and natural openings may be important entrance courts for fungi, especially those



that lack pectolytic or cellulolytic enzymes. Carroll (1988) points out that taxonomically,
endophytes are frequently closely related to pathogenic fungi, which may aid in
elucidating of the function and ecological roles that endophytic fungi play as these

organisms are studied further.

Endophytic fungi have been widely studied in grasses where they produce secondary
compounds that may reduce plant herbivory. For example, Gange et al. (2002) showed
an inverse correlation between endophytic species presence and gall insect presence in
Canada thistle (Cirsium arvense (L.) Scop.). Relationships between endophytic presence
in plant tissues and reduced herbivory on plants suggests a related hypothesis:
Endophytes may cross-protect against fungal pathogens (Redman et al. 2001).
Taechowisan et al. (2003) illustrated that fungal endophytes isolated from herbaceous
plants in the Zingiberaceae inhibited the in vitro growth of two fungal pathogenic species.
Arnold et al. (2003) found that when tropical cacao leaves were colonized with
endophytic fungi and a dominant pathogen, leaf death and necrotic lesions were
significantly less and were smaller than on leaves not colonized with endophytic fungi. It
is unknown, however, if the endophytes found in the woody roots of Douglas-fir and
ponderosa pine inhibit the growth of fungal pathogens normally associated with these two

tree species.

Although we have some information on endophytes we still do not know exactly why
these organisms are present in host plant tissues. To date, hypotheses concerning the

functional and ecological roles of endophytic fungi have largely dealt with interactions



with their host plants. Most of the current hypotheses about the functional and ecological
roles of endophytic fungi are very specific and it is unknown whether observed
relationships and interactions can be generally applied to a broader range of herbaceous
or woody plants. The functional and ecological roles of endophytic fungi warrant further
investigation because of the lack of clear established relationships. Endophytic fungi may
be protecting plants against pathogens and other biotic or abiotic agents that threaten host

fitness.

We also know little about the basic biology of endophytic fungi, especially forest
endophytes. Like most fungi their growth is likely influenced by light, pH, moisture,
nutrients, competition, and temperature. Temperature changes in forest environments
may occur as a result of fire, reduced canopy cover via harvesting, changes in understory
plant cover, and climate change. These changes undoubtedly influence both hosts and
endophytes. The temperature requirements (minima, maxima, optima) for growth of
many species of endophytic fungi are unknown, especially for fungal endophytes in
woody roots that are the subject of this study. My study was initiated to examine the
biology and ecology of two common endophytic fungal genera (Byssochlamys and
Umbelopsis), previously found in the woody roots of Douglas-fir and ponderosa pine in

the dry, fire prone, forests of eastern Washington.

The objectives were to determine, with respect to Douglas-fir and ponderosa pine:
(1) the frequency of occurrence of the fungal endophytes Byssochlamys nivea Westling

and Umbelopsis spp. in woody roots,



(2) the relationship between host size (tree diameter at breast height, DBH) and
occurrence of these two endophytes,

(3) the distribution of the fungal endophytes along the roots and in the rhizosphere around
woody roots,

(4) whether the fungal endophytes in woody roots are horizontally or vertically
transmitted,

(5) the in vitro minimum, maximum, and optimum growth temperatures of the fungal
endophytes and,

(6) whether Byssochlamys nivea is antagonistic in vitro against the pathogenic species

Armillaria ostoyae Romagn., a common root pathogen.

The research was guided by the following null hypotheses:

Hol — Byssochlamys and Umbelopsis will have the same frequency of occurrence in
woody roots and there will be no tree species difference.

Ho2 — There is no relationship between endophyte frequency in roots and host size (tree
diameter at breast height, DBH).

Ho3 — The endophytes are evenly distributed along the roots.

Ho4 — The endophytes are not found in the rhizosphere around woody roots.

Ho5 — The endophytes will be transmitted horizontally not vertically.

Ho6 — There is no difference in the in vitro growth rates at different temperatures.

Ho7 — Byssochlamys nivea will not be antagonistic towards Armillaria ostoyae in culture.



CHAPTER 2

LITERATURE REVIEW

Douglas-fir and ponderosa pine are common early seral tree species in the interior dry
forests of Washington. There is a great deal known about the ecology of these species,
including their fungal pathogens, however, there is little known about the non-pathogenic
fungi that grow in their living tissues. These fungi are known as endophytes.
Endophytes in needles of Douglas-fir have been studied since the 1980s (Carroll 1988),
but endophytes in woody roots have only been recently observed (Hoff 2002, Hoff et al.
2004). In this chapter, I review the ecological characteristics of Douglas-fir and
ponderosa pine, fungal endophytes of herbaceous and woody plants, and what is known

about endophytes in Pacific Northwest forests.

Characteristics of Douglas-fir

Douglas-fir can be found growing on a variety of aspects, slopes, land forms, soil textures
and parent materials (Steele 1981, DeVelice 1986, Atzet 1990, Cooper et al. 1991). In the
dry forests of the eastern Cascades, Douglas-fir can be found at elevations ranging from
460-1,800 m (1,500-6,000 ft). The inland variant (Pseudotsuga menziesii (Mirb) Franco
var. glauca (Beissn.) Franco) is typically shade-tolerant at low and middle elevation
ranges (Hermann 1990, Cooper 1991, Uchytil 1991) and is much more cold tolerant than
the coastal variant (Pseudotsuga menziesii (Mirb) Franco var. menziesii) (Krajina et al.
1982, Burns and Honkala 1990). In dry forests, Douglas-fir tends to grow in relatively

pure stands or in mixture with ponderosa pine (Steinberg 2002).



Douglas-fir occupies forests with varied fire regimes (Uchytil 1991). Fire resistance and
tree survival generally increase with tree size (Harrington 1991, Agee 1996). Mature
Douglas-fir, because of its thick bark, is more fire resistant than true firs, spruces, western
red cedar, western hemlock, lodgepole pine, and western white pine, but are less fire
resistant than ponderosa pine (Wellner 1970, Harrington 1991). Sapling and pole
Douglas-fir are less fire resistant during these stages of growth (Weaver 1968, Ryker and

Losensky 1983, Kalabokidis and Wakimoto 1992).

Estimates of historical fire return intervals in the eastern Cascades Douglas-fir and
ponderosa pine forests range from 7 to 18 years (Agee 1996). The relatively high fire
frequencies historically maintained ponderosa pine forests, instead of Douglas-fir,
because Douglas-fir was unable to reach a fire resistant size before the next fire (Arno
and Gruell 1983). Ponderosa pine stands now support small to moderate sized Douglas-

fir because of fire suppression and extensive selective cutting (Agee and Maruoka 1994).

Characteristics of Ponderosa Pine

Ponderosa pine can be found growing on a variety of soil textures and parent materials,
but does well on deep, wet, sandy gravel and clay loams with a pH between 6.0 and 7.0
(Atzet and Wheeler 1984, Van Hooser and Keegan 1988). The species typically occupies
the grassland to forest transition zone (Habeck 1992).The climate best suited for
ponderosa pine growth and reproduction is characterized by a relatively long growing
season and minimal summer precipitation (Franklin and Dyrness 1973). Ponderosa pine

sites in Oregon and Washington exhibit an average annual precipitation of 35-75 cm (14-



30 in); over half is in the form of snow (Franklin and Dyrness 1973). Ponderosa pine is
shade intolerant and is typically found on dry, warm sites (Franklin and Dyrness 1973,

Atzet and Wheeler 1984, Hooser and Keegan 1988).

Ponderosa pine has an open crown structure and thick bark which promotes fire
resistance (Flint 1925, Saveland 1982, Fischer and Clayton 1983). Seedling establishment
is greatest on sites recently burned with exposed mineral layers (Lotan et al. 1981).
Ponderosa pine stands, with well-stocked overstories and few understory trees, were
historically maintained by pre-settlement high frequency and low severity surface fires
(Lampi 1960, Henderson 1967, Arno 1988, Habeck 1990). Fire suppression, however,
has resulted in ponderosa pine stands being replaced by shade-tolerant and moisture

demanding climax stands (Lampi 1960, Henderson 1967, Arno 1988, Habeck 1990).

Fungal Endophytes

Endophytic fungi are found in leaves, needles, twigs, stems and roots of healthy plants
(Redlin and Carris 1996) and they apparently provide beneficial, mutualistic, neutral and
sometimes pathogenic influences on their hosts. Generally though, they are not thought

to be pathogens, but saprophytes, using non-living organic matter as a food source.



Herbaceous Plant Hosts

Fungal endophytes located within herbaceous plant tissues are taxonomically diverse and
some have been shown to form symbiotic relationships with their hosts (Clay and Schardl
2002). Most studies investigating the taxonomy and ecological significance of endophytic
fungi in herbaceous plant tissues have focused on grasses and grass-like plant families. In
the mid-20" century ‘Bermuda grass tremors,” a nervousness-like disorder affecting cattle
grazing on common and coastal Bermuda grass, became a problem in the southern United
States. The cause was related to alkaloids produced by the fungus Claviceps spp. (Porter
et al. 1974, Clay and Schardl 2002). This represents one of the first fungal endophyte
studies. Since 1974, studies of endophytic fungi inhabiting herbaceous plants have
included investigations into leaf and root inhabiting fungal endophytes of grasses and
forbs. Many are agriculturally important and tropical species, for example Festuca L.,
Lolium perenne L., Lepanthes rupestris Stimson, and Peucedanum L. (Clay and Holah
1999, Malinowski et al. 1999, Rillig et al. 1999, Bayman et al. 2002, Bordallo et al.
2002, Gange et al. 2002, Hadacek and Kraus 2002, Cheplick and Cho 2003, Narisawa et

al. 2004).

The greatest amount of research on the functional and ecological roles of fungal
endophytes has been conducted with grass and grass-like species and the fungal genera
Neotyphodium and Acremonium. These studies suggest that fungal endophytic presence
reduces herbivory, influences host population dynamics and plant diversity, and

contributes to plant drought tolerance and nutrient utilization (Clement et al. 1996, Clay
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and Holah 1999, Malinowski et al. 1999, Hadacek and Kraus 2002, Morse et al. 2002,

Cheplick and Cho 2003).

Woody Plant Hosts

Endophytic fungi in woody plants have not been studied as widely as those in herbaceous
plants. Both above and below-ground plant tissues have been examined for the presence
of endophytic fungi in a limited number of woody hosts. Investigations into the
ecological relationships among endophytic fungi and their woody hosts, as well as the
influence of different environments on these relationships have not been extensively

examined.

Leaf and Needle Fungal Endophytes

Fungal endophytes contribute substantially to fungal diversity based on the extensive
numbers of morphospecies isolated. Arnold et al. (2001) sampled tropical woody plant
genera representing nine plant families and found endophytes in every leaf sampled.
They found a total of 418 morphospecies of endophytic fungi in their survey, but only
140 were found in more than one leaf. Arnold et al. (2003) studied another tropical plant
species, the woody cacao (Theobroma cacao L.), and identified 344 morphospecies from
126 leaves of different ages. Gamboa et al. (2002) found an average of 13 different
morphospecies in Arabian coffee (Coffea arabica L.) leaves. Fungal endophytes have
also been isolated from temperate species, including the needles of coastal redwood
(Sequoia sempervirens (Lamb. ex D. Don) Endl.), Douglas-fir, Norway spruce (Picea

abies (L.) Karst), and Scots pine (Pinus sylvestris L.), as well as other evergreen and
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deciduous woody plant species (Bernstein and Carroll 1977, Espinosa-Garcia et al. 1996,
Bayman et al. 1998, Deckert and Peterson 2000, Arnold et al. 2000, Muller et al. 2001,

Ahlholm et al. 2002).

Root Fungal Endophytes

The below-ground plant tissues of woody plants have not been surveyed for the presence
of endophytic fungal colonization as extensively as above-ground plant tissues, but
generally fewer morphospecies are found in roots than have been identified in leaves and
needles. Grunig et al. (2002) identified 21 morphospecies from 160 Norway spruce roots.
Fungal endophytes also have been isolated from Scots pine, Himalayan fir (Abies
spectabilis (D. Don) Spach.), and other evergreen and deciduous roots (Ahlich and Sieber
1996, Sen et al. 1999). Ahlich and Sieber (1996) isolated putative fungal endophytes
from the fine roots of different woody plant species, but it remains unclear whether the

endophytic species isolated were actually types of mycorrhizal fungi.

Ecology and Function

There have been few studies investigating the ecology and roles of fungal endophytes in
woody plants. Hypothesized ecological roles of fungal endophytes in woody plants have
ranged from roles in the decomposition of needles (Muller et al. 2001), reductions of
herbivory (Ahlholm et al. 2002), and antagonistic relationships with pathogens (Arnold et

al. 2003).
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Muller et al. (2001) were unable to prove that fungal endophytes have direct roles in the
decomposition of tree needles, and suggested that the endophytes are most likely
outcompeted during the decomposition process. Ahlholm et al. (2002) suggested that
fungal endophyte infections in plants may negatively affect herbivory, but could not
establish causality. Arnold et al. (2003) found that when the tropical cacao leaves were
colonized with endophytic fungi and a dominant pathogen, leaf death was significantly
reduced and necrotic lesions were significantly smaller than when the fungal endophytes

were absent.

Pacific Northwest Fungal Endophytes

There are relatively few studies of fungal endophytes in the Pacific Northwest. As with
the previous endophyte studies discussed, much of the work in the Pacific Northwest has
remained in the realm of survey and identification of species. Few studies have delved
into the function, evolutionary relationships, and effects of disturbance on these
organisms. However, studies looking further into the endophyte-host relationship have

reiterated that observation scale can be important.

Of Pacific Northwest tree species, Douglas-fir and its associated needle and root
endophytes have been most widely studied. George Carroll was the pioneer in the fungal
endophyte field in the Pacific Northwest with studies on Douglas-fir needle endophytes,
insect/endophyte interactions, and spatial patterns of fungal endophytes (Carroll 1988,
1992, 1995, 1997, Wilson and Carroll 1997). Jeff Stone also has done a great deal of

work on fungal endophytes in the Pacific Northwest, focusing on anatomical and
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physiological aspects of endophytic fungi (Stone 1986, 1987, 1988, Stone et al. 1994,

1996).

Relatively recent studies have expanded beyond Douglas-fir needles to needles of
western white pine (Pinus monticola Dougl. ex D. Don) (Ganley et al. 2004) and woody
roots of Douglas-fir and ponderosa pine (Hoff 2002, Hoff et al. 2004). The fungal
endophytes found in western white pine needles were cultured and shown to be non-

pathogenic (Ganley et al. 2004).

Hoff et al. (2004) identified 27 fungal genera living in the woody roots of Douglas-fir
and ponderosa pine. This particular habitat of these host species was one previously
unexplored for the presence of endophytes. Two dominant fungi were identified;
Umbelopsis spp. and Byssochlamys nivea. They were isolated 20.4 and 10.4 percent of

the time, respectively (Hoff et al. 2004).

The genus Byssochlamys (Ascomycetes/Eumycota) is the teleomorphic stage of the
anamorphic genus Paecilomyces. Byssochlamys nivea and Byssochlamys fulva Olliver et
Smith ascospores have been shown to persist for thirty minutes in temperatures of 86-88°
C and some can survive at 90°C (Brown and Smith 1957). Literature from the late 19"
century to the mid 20" century identified the genus Spicaria, now known to be the form
genus Paecilomyces, as occurring in or on paper and leather products, in various food
products, cotton textiles, insects, nematodes and other fungi, and soils (Ellis and Everhart

1883, Saccardo 1886, Massee 1898, Sopp 1912, See 1919, Marchal and Marchal 1921,
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Moesz 1921, Saito 1921, Bakhtin 1928, Kennelly and Grimes 1930, Macy et al. 1931,
Thom and Raper 1932, Bisby et al. 1933, Naumoff and Kiryalova 1935, Petch 1936, von
Szilvinyi 1936, Sakaguchi et al. 1939, Hausam and Liebscher 1940, Mascera 1940,
Charles 1941, Drechsler 1941, Conant et al. 1945, Macmillan and Basu 1947, Basu 1948,

Raper and Thom 1949).

Discovery of the production of toxins and/or secondary metabolites by endophytic fungi
has resulted in a small amount of research investigating the possibility that endophytes
may reduce host attack or infection by pathogenic fungi. Several studies have isolated
metabolites and putative toxins from fungal endophytes and some have been shown to
inhibit host attack by pathogenic fungi (Schulz et al. 2002, Wang et al. 2002,

Taechowisan et al. 2003, Thines et al. 2004).

Umbelopsis (Zygomycete/Eumycota) is a genus of fungi that has not been widely studied.
Species in the genus have been found in soils (Kwasna 2004), perennial and woody plant
roots (Fisher et al. 1991, Holdenrieder and Sieber 1992, Vandegrift 2002, Halmschlager

and Kowalski 2004), and decaying plant matter (Sugiyama et al. 2003).
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CHAPTER 3

MATERIALS AND METHODS

Study Area

The Mission Creek study area, one of thirteen Fire and Fire Surrogate (FFS) study areas
in a national study, is located in the Wenatchee River Valley Ranger District of the
Wenatchee National Forest, approximately 15 km southwest of Wenatchee, Washington
(Figure 1) (Agee et al. 2001). The study sites were within the Mission Creek watershed,
a tributary of the Wenatchee River, which is located on the east side of the Cascade
Mountain range, in central Washington state, USA (47°25°N, 120°50°W) (Dolan 2002).
My study included three control experimental sites (Crow 3, Sand 19, and Pendleton 30)
of the twelve total experimental sites in the study area. Experimental sites ranged in size
from 10 to 20 ha (Figure 2); site characteristics are shown in Table 1 and Appendix A.
The two southeastern sites, Crow 3 and Pendleton 30, were dominated by ponderosa pine
and generally have southerly aspects with relatively gentle slopes (average 35 percent).
The other site, Sand 19, was dominated by Douglas-fir, had a southwesterly aspect and
relatively steeper slopes (average 61 percent) than Crow 3 and Pendleton 30 (Dolan

2002). Elevations ranged from 735 to 960 m.

The Wenatchee National Forest climate is strongly influenced by the Pacific Ocean and
geography provided by the Cascade Mountains and prevailing westerly winds, with most
of the precipitation occurring in late fall and winter (USDA 1990). Annual precipitation

ranges from 25-100 cm, with the majority occurring between October and April as snow
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(USDA 1990, Lillybridge et al. 1995). Leavenworth, Washington, approximately 23 km
northwest of the study area, receives on average 65 cm of annual precipitation, with only
4.3 cm between June and August (WRCC 2004). Hot, dry summers are typical of the
eastern Cascades, with average maximum temperatures of 29.5° C occurring between

June and August (WRCC 2004). Average annual temperature is 9° C (WRCC 2004).

The vegetation of the area is typical of eastern Cascade dry forests, dominated by
Douglas-fir and ponderosa pine. While the plant communities at each study site show
definite variability, most fall within the dry Douglas-fir plant association group, with
various shrubs, grasses, and herbaceous species (Lillybridge et al. 1995). The dry forests
of the Wenatchee National Forest displayed a natural fire return interval of ten to twenty
years (Everett et al. 2000) and this strongly affects the vegetation communities. All study
units are in the Douglas-fir/ pinegrass (Calamagrostis rubescens Buckl.) vegetation
community, but elk sedge (Carex geyeri Boott) and common snowberry (Symphoricarpos
albus (L.) Blake) also comprise the community at Sand 19 (Lolley 2005). Fire
suppression and selective logging has influenced the current vegetation on the sites (Agee

etal. 2001).

Soils are sandy and well-drained, developing on non-glaciated Tyee sandstone with
limited amounts of shale and conglomerate arising from the Swauk and Chumstick
formations (Tabor et al. 1982, Soil Survey Staff 1995). Ash deposits from fire and
volcanic eruptions also are present, but are scattered and difficult to trace. Soil types

include Haploxerepts, Haploxerolls, Argizerolls, and Haploxeralfs throughout the study
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area (Dolan 2002), with Ultic Haploxeralf, Lithic Haploxeroll, and Lithic Argixeroll

subgroups found on Pendleton, Crow 3, and Sand 19, respectively.

Field Sampling

Sample Area Establishment and Tree Sampling

All field samples were collected in July, August and September 2004. The initial
sampling plot was chosen based on Hoff et al. (2004). The trees that were positively
identified as having Byssochlamys or Umbelopsis spp. present were mapped (US Forest
Service, Wenatchee, WA). One tree from each site was used to establish the plot for this
investigation. Forty, 39 and 39 trees were randomly selected in the Crow 3, Pendleton 30,
and Sand 19 sites, respectively, for root core and rhizosphere samples within the specific
75 m? study plot at each site. Douglas-fir and ponderosa pine were equally sampled over
the three sites. Diameter at breast height (DBH, 1.37 m above the forest floor on the
uphill side of the tree, in cm) and species were recorded for each tree except for the
saplings, which were denoted as Douglas-fir saplings (Table 2). Tree locations, except

those which were sampled for cones, were mapped using a Trimble ProXRS GPS unit.

Root Core and Rhizosphere Sampling

Root cores were collected by excavating a major lateral tree root from the bole out to 35
cm. An increment borer, typically used for tree stem coring, was used to take two
increment cores (ca. 5 mm diameter) from roots. Cores were taken at 10 cm and 30 cm
from the bole. Each root increment core was placed into a plastic soda straw and sealed at

each end with masking tape. When the saplings were sampled, the entire sapling was
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collected and no root increment cores were taken. A total of 220 root cores and eight
saplings were collected. All root cores and saplings were stored on ice in a plastic cooler
and transported to the Forest Pathology and Soil Microbiology Lab, at the University of
Washington, College of Forest Resources, Seattle, Washington. They were stored in a

refrigerator at 3° C until processed.

Soil samples were collected at every location where a woody root increment core was
obtained. Approximately 10 g of soil were collected from the rhizosphere within 3 cm of
the root increment core extraction location. The soil samples were placed in plastic
baggies, sealed, and labeled the same as the collected increment cores. A total of 232
soils samples were collected. All soil samples were stored on ice in a plastic cooler and
transported to the Forest Pathology and Soil Microbiology Lab, at the University of
Washington, College of Forest Resources, Seattle, Washington. They were stored in a

refrigerator at 3° C until processed.

Seed Sampling

Eighteen recently fallen Douglas-fir cones were collected from six different parent trees
(three cones from each tree). Two parent trees were sampled from, or on the trails leading
to, the three Crow 3, Sand 19, and Pendleton 30 sites. Ponderosa pine seeds were not
collected because of the infrequency of recently fallen cones during field sampling. Each
set of cones from differing host trees were sealed in separate plastic baggies. All cone

samples were stored on ice in a plastic cooler and transported to the Forest Pathology and
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Soil Microbiology Lab, at the University of Washington, College of Forest Resources,

Seattle, Washington. They were stored in a refrigerator at 3° C until processed.

Lab Analyses

Fungi in Root Cores

Woody root cores were initially split into smaller pieces (ca. 2.0 mm in length) and
surface sterilized in a Clorox bleach solution (2 mL bleach:1 mL sterilized water)
followed by two sterilized water rinses at 60 seconds each. This reduced the growth of
surface contaminating organisms present on root cores. After surface sterilization, all root
core pieces were placed into 60 x 15 mm petri plates containing a selective medium (2%
Malt Extract Agar [MEA] and 100 mg streptomycin sulfate per L). The plates were
incubated in the dark at 25° C for one month. After incubation of the root core pieces,
fungi were examined for morphological features using brightfield and stereo microscopy.
Fungal keys (Brown and Smith 1957, Amos and Barnett 1966, Kendrick et al. 1994)
were used to determine the presence of the genera Umbelopsis and Byssochlamys.
Byssochlamys was also identified to species based on mycelial colony color and conidial
structure and size. Stolk and Samson (1971) described the mycelial colony color of
Byssochlamys nivea as ranging from olive-buff to deep olive-buff. B. nivea has
conidiophores 15-300 um long and 2-3 um in diameter. Phialides have a swollen base
and taper into a thin tube at the end and are often variable in length (18-45 x 2.7-5.0 um).
Conidia are borne in chains, 3.8-6 x 2.5-5 um in size, typically smooth, broadly
ellipsoidal, and often have one end that is slightly flattened (Brown and Smith 1957).

Byssochlmays fulva Olliver and Smith has phialides borne in groups of two to three and
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conidia 4-8.7 x 1.5-5 um (Stolk and Samson 1971). Byssochlamys verrucosa Samson and
Tansey and Byssochlamys striata (Raper and Fennell) Arx have ornamented ascospores,
and Byssochlamys zollerniae Ram has black, echinulate chlamydospores (Ram 1968,

Stolk and Samson 1971, Samson and Tansey 1975).

Presence or absence of B. nivea and Umbelopsis spp. was recorded for each root core.
The results were then reported as percent frequency of occurrence of each fungal

endophyte.

Fungi in Rhizosphere Soil

Byssochlamys nivea presence in the rhizosphere soil was determined by placing 2-3 g of
non-dried soil into a sterilized 50 mL screw top glass tube. Twenty mL of sterilized de-
ionized water were added to each tube, shaken for 1 min, then heated in a 75° C water
bath for 30 min (Beuchat and Pitt 2002). After heating, each sample was shaken for 1
min, then equally distributed into three 100 x 15 mm petri plates, and swirled with 2%
MEA. All samples were then incubated at 25° C in the dark for one month. Plates were
then examined under a stereo microscope for the presence of B. nivea. Identifications

were based on morphological characters, as described above.

Umbelopsis spp. presence in the rhizosphere soil was determined using a soil dilution
plate method. One g of non-dried soil was placed in a 20 mL sterilized test tube and 9 mL
of de-ionized, sterilized water were added to the test tube. The soil and water solution

was then thoroughly shaken. One mL of the solution was then added to a second test



21

tube containing 9 mL of sterilized water. This was done five times, for a final soil
dilution of 1g:100,000 mL, soil to water. One mL of the final dilution was equally
divided and plated onto two 100 x 15 mm petri plates with 2% MEA then swirled. Ten
samples from each study site were randomly selected, for a total of 30 samples across the
three study sites. They were processed using the methods described above. The 60 total
plates were then turned upside down, and incubated at 25° C, in the dark, for one month.
Plates were then examined under a stereo microscope for the presence of Umbelopsis spp.

Identifications were based on morphological characters.

Presence or absence of B. nivea and Umbelopsis spp. was initially recorded for each
individual soil plate. Results were then combined for each soil sample at the 10 cm and
30 cm sampling distance from each tree and reported as the frequency of fungal

endophyte occurrence.

Fungi in Douglas-fir Seeds

Byssochlamys and Umbelopsis presence in Douglas-fir seeds was determined using
cultural methods. Three seeds were removed from the 18 cones collected and surface
sterilized. The same methods used to surface sterilize the root cores were used to surface
sterilize the 54 Douglas-fir seeds. The seeds were then placed into 60 x 15 mm petri
plates with 2% MEA and incubated in the dark at 25° C for one month. The fungi
growing on the plates were then examined for Byssochlamys and Umbelopsis using
brightfield and stereo microscopy. Presence or absence of B. nivea and Umbelopsis spp.

was recorded for each seed, then reported as percent frequency of occurrence.
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Influence of Temperature on Growth of Byssochlamys and Umbelopsis

The minimum, maximum, and optimal temperatures for growth of the Byssochlamys and
Umbelopsis spp. isolated by Hoff et al. (2004) were determined. Isolates for this portion
of the study were also obtained from the USDA Forest Service, Forestry Sciences
Laboratory in Moscow, ID. One Byssochlamys isolate and three Umbelopsis isolates (one
Umbelopsis versiformis Amos & HL Barnett and two Umbelopsis vinacea (Dixon-Stew.)
Arx) were plated. All isolates were incubated in the dark at 25° C and grown for one to

several weeks.

After the establishment of each isolate, ten 2 x 2 mm subcultures of each isolate were
placed on ten 60 x 15 mm petri plates with 2% MEA, but without streptomycin sulfate.
Each of the ten subcultures was grown in the dark at 3° C. The radial growth, in mm, of
each subcultured isolate was recorded after ten days. Each isolate was prepared, grown,
and measured in the same way at 10, 15, 20, 25, 30, and 35° C. Growth rates were

expressed as mm/day.

Influence of Byssochlamys nivea on Armillaria ostoyae Growth in Culture

Fungal antagonism was investigated using one Byssochlamys nivea isolate and three
Armillaria ostoyae isolates. The Byssochlamys isolate was collected from the study area
during a previous fungal endophyte survey (Hoff et al. 2004) and the A. ostoyae isolates
were previously collected from eastern Washington (See Appendix B for isolate

information). No Armillaria was observed in the actual study area. All isolates were
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obtained from the USDA Forest Service, Forestry Sciences Laboratory in Moscow, ID in

April, 2004.

Fungal isolates were initially grown in 60 x 15 mm petri plates on 2% MEA, without
streptomycin sulfate, for one to several weeks in an incubator at 25° C. After each isolate
became established, five replicates of each of the three different Byssochlamys-Armillaria
growth pairings were made, as well as five Armillaria controls. A 2 x 2 mm section of A.
ostoyae was aseptically cut from the original established isolate cultures and transferred
to the middle half of a 100 x 15 mm petri dish, then were placed in a dark, 25° C
incubator for three weeks. After three weeks, 2 x 2 mm Byssochlamys sections were
placed in the middle of the other half of the 100 x 15 mm petri dishes. Control plates
were prepared by placing only the 2 x 2 mm fungal isolate plugs into the middle of the

100 x 15 mm petri plates.

Hyphal interactions among B. nivea and A. ostoyae isolates were examined using a glass
microscope slide method. Standard microscope slides were sterilized using an autoclave.
Then two to three drops of 2% MEA were placed onto the center of the slide using a glass
rod. A glass cover slip was then placed on top of the agar. One 2 x 2 mm section of
Byssochlamys was then placed onto one side of the cover slip (right side), ensuring the
section had contact with the existing agar on the slide, and one 2 x 2 mm section of
Armillaria was placed on the other side of the cover slip (left side). Each slide was then
placed into an empty petri dish and incubated at 25° C in the dark for 14 days. The same

three A. ostoyae and one Byssochlamys isolates were used in the microscope slide
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pairings. All fungal growth pairings were examined for morphological characters, with
close attention directed towards any changes on hyphal morphology, at magnification

ranging from 3X for the petri plates and 400X for the microscope slides.

Statistical Analyses

Chi-square tests (Zar 1999) were used to determine whether or not there were differences
in the incidence of B. nivea and Umbelopsis spp. among the study sites, between
Douglas-fir and ponderosa pine roots, and if the incidence differed with distance along
the root (10 and 30 cm from the bole). Paired, two tailed T-tests (p < 0.05) (Zar 1999)
were used to determine whether or not B. nivea was inhibiting the growth of A. ostoyae in
the growth pairings. Linear regression analyses were used to relate B. nivea and

Umbelopsis spp. frequency to host DBH (SPSS 2004).

Radial growth rates of each isolate at each temperature were averaged and plotted against
incubation temperature to determine optimum growth temperatures. Minimum and
maximum temperatures for growth were also determined. One-way ANOVA was used to
determine if radial growth rates for each genus were different (p < 0.05) at each

temperature (Zar 1999, SPSS 2004).
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Figure 1. Mission Creek Watershed in Wenatchee National Forest (Indicated with

red star).
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Mission Creek
Study Site

Figure 2. Locations of the three sampling sites at the Wenatchee National Forest, Mission Creek
Study Area. Shaded areas: Wenatchee National Forest ownership; Top of map is north. Map modified
from Hoff et al. (2004).
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Table 2. Douglas-fir and ponderosa pine trees sampled from three study sites.

Study Site  Tree Species DBH (cm) Study Site Tree Species DBH (cm)  Study Site  Tree Species DBH (cm)

Crow 3 PIPO 3 Pendelton 30 PIPO 13 Sand 19 PIPO 8
Crow 3 PIPO 6 Pendelton 30 PIPO 13 Sand 19 PIPO 8
Crow 3 PIPO 12 Pendelton 30 PIPO 18 Sand 19 PIPO 14
Crow 3 PIPO 15 Pendelton 30 PIPO 22 Sand 19 PIPO 16
Crow 3 PIPO 16 Pendelton 30 PIPO 22 Sand 19 PIPO 17
Crow 3 PIPO 18 Pendelton 30 PIPO 22 Sand 19 PIPO 20
Crow 3 PIPO 24 Pendelton 30 PIPO 23 Sand 19 PIPO 22
Crow 3 PIPO 25 Pendelton 30 PIPO 25 Sand 19 PIPO 22
Crow 3 PIPO 25 Pendelton 30 PIPO 28 Sand 19 PIPO 29
Crow 3 PIPO 29 Pendelton 30 PIPO 29 Sand 19 PIPO 29
Crow 3 PIPO 29 Pendelton 30 PIPO 29 Sand 19 PIPO 38
Crow 3 PIPO 30 Pendelton 30 PIPO 30 Sand 19 PIPO 42
Crow 3 PIPO 34 Pendelton 30 PIPO 30 Sand 19 PIPO 47
Crow 3 PIPO 35 Pendelton 30 PIPO 30 Sand 19 PIPO 51
Crow 3 PIPO 35 Pendelton 30 PIPO 33 Sand 19 PIPO 52
Crow 3 PIPO 40 Pendelton 30 PIPO 56 Sand 19 PIPO 71
Crow 3 PIPO 48 Pendelton 30 PIPO 66 Sand 19 PIPO 79
Crow 3 PIPO 50 Pendelton 30 PIPO 71 Sand 19 PIPO 80
Crow 3 PIPO 56 Pendelton 30 PIPO 73 Sand 19 PIPO 102
Crow 3 PIPO 58 Pendelton 30 PIPO 74 Sand 19 PSME sapling
Crow 3 PSME sapling Pendelton 30 PSME sapling Sand 19 PSME 7
Crow 3 PSME sapling Pendelton 30 PSME sapling Sand 19 PSME 10
Crow 3 PSME sapling Pendelton 30 PSME sapling Sand 19 PSME 10
Crow 3 PSME 5 Pendelton 30 PSME sapling Sand 19 PSME 11
Crow 3 PSME 20 Pendelton 30 PSME 5 Sand 19 PSME 13
Crow 3 PSME 20 Pendelton 30 PSME 6 Sand 19 PSME 15
Crow 3 PSME 22 Pendelton 30 PSME 9 Sand 19 PSME 16
Crow 3 PSME 23 Pendelton 30 PSME 10 Sand 19 PSME 17
Crow 3 PSME 24 Pendelton 30 PSME 10 Sand 19 PSME 42
Crow 3 PSME 25 Pendelton 30 PSME 31 Sand 19 PSME 42
Crow 3 PSME 31 Pendelton 30 PSME 32 Sand 19 PSME 44
Crow 3 PSME 31 Pendelton 30 PSME 36 Sand 19 PSME 45
Crow 3 PSME 32 Pendelton 30 PSME 41 Sand 19 PSME 45
Crow 3 PSME 32 Pendelton 30 PSME 45 Sand 19 PSME 45
Crow 3 PSME 32 Pendelton 30 PSME 50 Sand 19 PSME 46
Crow 3 PSME 32 Pendelton 30 PSME 50 Sand 19 PSME 46
Crow 3 PSME 36 Pendelton 30 PSME 59 Sand 19 PSME 54
Crow 3 PSME 37 Pendelton 30 PSME 67 Sand 19 PSME 58
Crow 3 PSME 39 Pendelton 30 PSME 90 Sand 19 PSME 63
Crow 3 PSME 48

PSME = Douglas-fir (Pseudotsuga menziesii)
PIPO = ponderosa pine (Pinus ponderosa)
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CHAPTER 4

RESULTS

Presence of Byssochlamys and Umbelopsis in Roots

Byssochlamys nivea and Umbelopsis spp. were found at all three sites (Crow 3, Pendleton
30, and Sand 19) with an average frequency of 14.5 and 26 percent, respectively (Figure
3, Appendix C). The B. nivea and Umbelopsis spp. isolates cultured had morphological
similarities with reference isolates of B. nivea, Umbelopsis versiformis, and Umbelopsis
vinacea (all provided by N. Klopfenstein from Hoff et al. 2004). B. nivea isolates were a
tannish brown color in culture, with tapering phialides and conidia borne on chains.
Chlamydospore (4-7 x 2.5-5 um) and conidia (3-5.7 x 2.2-4 um) sizes matched those
descriptions given by Stolk and Samson (1971). Umbelopsis spp. were irregularly septate,
with red to pink colored globose sporangia (7-12.5 um in diameter) observed in most
cultures, which matched the description of the Umbelopsis spp. cultures isolated by Hoff

(2002).

Crow 3, Pendleton 30, and Sand 19 sites were previously examined by Hoff (2002) for
the presence of fungal endophytes and she found B. nivea and Umbelopsis spp. occurence
frequencies of 20.4 and 10.4 percent, respectively (Figure 3). I found a lower occurrence
of B. nivea and a higher occurrence of Umbelopsis spp. than Hoff (2002). The difference
in percentage of Umbelopsis spp. was significant (%> = 6.635; p=10.010; d.f. = 1). The

difference in percentage of B. nivea was not significant (%> = 0.998; p=0.318; d.f. = 1).
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Fungal endophyte occurrence as a percentage of isolation is shown relative to tree DBH
classes for combined ponderosa pine and Douglas-fir data in Figure 4. Data from Hoff
(2002) also are shown in Figure 4. Fungal endophyte occurrence did not differ by host (p
> (.05), so results by study site were pooled. Fungal endophyte occurrence across seven
diameter classes was determined (< 15.0, 15.1-25, 25.1-35, 35.1-45, 45.1-55, 55.1-65,
and > 65.1 cm). Using linear regression the occurrence of Umbelopsis spp. was shown to
be positively related to DBH class (R? = 0.796; p = 0.007) (Figure 5); however, there was

no relationship between occurrence of B. nivea and tree size (R? = 0.047; p = 0.642).

Combining data with those of Hoff (2002) (Figure 4) increased the number of samples
and the power of analyses. However, tree DBH was not significantly related to the

occurrence of B. nivea or Umbelopsis spp. when using Hoff’s data (Figures 4 and 5).

The occurrence (number of samples with fungus out of total number of samples) of B.
nivea was significantly higher at the Pendleton 30 than at other two sites (x> = 13.816; p =
0.001; d.f. = 2) (Figure 6). Statistical differences between hosts (Figure 7) and distances
along the root (Figure 8) were not examined because the frequency of occurrence of B.

nivea could not be pooled across sites due to significant differences.

The occurrence of Umbelopsis spp. was similar among the three study sites (y> = 4.326; p
=0.115; d.f. =2) (Figure 9). Host species significantly influenced the occurrence of

Umbelopsis spp. (3> = 4.546; p = 0.033; d.f. = 1), with Umbelopsis spp. recovered more
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frequently from ponderosa pine than Douglas-fir (Figure 10). However, occurrence did

not vary significantly along the root (y*> = 1.466; p = 0.226; d.f. = 1) (Figure 11).

In summary, there were differences in the occurrence of the two fungal endophytes at the
three different sites. B. nivea was found most frequently on the Pendleton 30 site (Figure
6, 20 total isolates), while there was a trend for Umbelopsis spp. to be found most
frequently on the Sand 19 site (Figure 9, 26 total isolates). The average occurrence of
Umbelopsis spp. in ponderosa pine was nearly double those found in Douglas-fir
(12:6.7), but the difference was not significant (y*> = 1.504; p = 0.220; d.f. = 1). There was
no difference in the occurrence of B. nivea and Umbelopsis spp. in roots 10 cm and 30

cm from the bole.

Presence of Byssochlamys and Umbelopsis in the Rhizosphere and Seeds
Byssochlamys nivea was isolated from the rhizosphere from 52 percent of the samples,
but Umbelopsis spp. was not detected. There were no statistically significant differences
among study sites, tree species, or root sampling locations for B. nivea occurrence in the

rhizosphere. Neither Umbelopsis spp. nor B. nivea were found in Douglas-fir seeds.

Growth of Byssochlamys and Umbelopsis at Different Temperatures

The optimum growth of B. nivea, U. versiformis, and U. vinacea all occurred at 25° C
(Figure 12). Radial growth of endophytic species differed significantly as a function of
temperature (F (2,28) = 11.374; p = 0.000), however, post-hoc Tukey’s HSD tests

showed that U. versiformis grew significantly more at 25° C than U. vinacea and B. nivea
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(p <£0.05). The minimum temperature for growth of all isolates was 3° C. The radial
growth of endophytic species at this temperature differed significantly (F (2,37) = 34.166;
p = 0.000), with post-hoc Tukey’s HSD tests showing B. nivea growing significantly less

than Umbelopsis spp. (p < 0.05).

Fungal growth at 10° C, 15° C, and 20° C was significantly different among species (F
(2,32) =371.075; p = 0.000, F (2,34) =221.195; p=0.000, and F (2,34) = 16.487; p =
0.000, respectively), with post-hoc Tukey’s HSD tests showing Umbelopsis spp. growing
at a significantly higher rate than B. nivea at 10° C and 15° C (p < 0.05). At 20° C, U.
versiformis grew significantly faster than U. vinacea and B. nivea isolates (p < 0.05).
However, at 30° C B. nivea grew significantly faster than Umbelopsis spp. (F (2,37) =
690.415; p=0.000). At 30° C Umbelopsis spp. growth had nearly ceased while the B.

nivea growth did not cease growth until 35° C.

Influence of Byssochlamys nivea on Armillaria ostoyae Growth

When Armillaria ostoyae and B. nivea were grown together at 25° C there was no
evidence of B. nivea inhibiting the growth of A. ostoyae (Figure 13). Only in one case
was there a significant difference in growth (A. ostoyae 286 and B. nivea; t = 7.790; p=
0.001; d.f. = 4; two tailed paired t-test) and in this case A. ostoyae growth was enhanced
relative to controls (Figure 13). No other differences were significant (A. ostoyae 957; t =
0.333; p=10.761; d.f. = 3; two tailed paired t-test; A. ostoyae 284; t=0.727; p = 0.507;
d.f. = 4; two tailed paired t-test). There was a yellow pigmented interaction zone formed

between A. ostoyae and B. nivea in some of the pairings, but this zone formation did not
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appear to be related to growth trends (Figure 14). There were also no observable changes
in hyphal morphology as a result of the pairings either in the petri dishes or on the

microscope slides.
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Figure 3. Percentage of sampled roots with fungal endophytes across the three study
sites. *Difference in the percentage of Umbelopsis spp. was significant (3> = 6.635;
p=0.010; d.f. =1).
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Figure 4. Occurrence of Byssochlamys nivea and Umbelopsis spp.
as a percentage of isolations from combined Douglas-fir and
ponderosa pine roots at three study sites by Diameter at Breast
Height class. a) Ramsey, this study; b) Hoff (2002); ¢) Combined,
data from both studies combined.
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Figure 6. Byssochlamys nivea occurrence among study sites in both Douglas-

fir and ponderosa pine. Occurrence indicates raw data numbers out of 214 samples and
is not statistically equal across sites (> = 13.816; p =0.001; d.f. = 2). Standard error
bars are shown.
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Figure 7. Byssochlamys nivea occurrence in different hosts. Occurrence indicates raw
data numbers out of 214 samples. Standard deviation bars are shown. PSME = Douglas-
fir, PIPO = ponderosa pine
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Figure 8. Byssochlamys nivea occurrence in different root locations. Root locations are
lateral cm distances from the base of the bole. Occurrence indicates raw data numbers out
of 214 total samples. Standard deviation bars are shown.
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Figure 9. Umbelopsis spp. occurrence among study sites in Douglas-fir and ponderosa
pine. Occurrence indicates raw data numbers out of 215 samples. No statistical
differences among sites (x> = 4.326; p = 0.115; d.f. = 2). Standard error bars are shown.
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Figure 10. Umbelopsis spp. occurrence in different hosts. Frequency indicates raw data
numbers out of 215 samples. Standard deviation bars are shown. Host species
significantly influenced the presence of Umbelopsis spp. (> = 4.546; p = 0.033; d.f. = 1).
PSME = Douglas-fir, PIPO = ponderosa pine
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Figure 11. Umbelopsis spp. occurrence in different root locations. Root locations are
distances (cm) from the base of the bole. Frequency indicates raw data numbers out of
215 samples. Standard deviation bars are shown. No statistical difference between root
locations (y> = 1.466; p = 0.226; d.f. = 1).
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Figure 12. Growth rates of Umbelopsis and Byssochlamys isolates at differing
temperatures. Different letters at the same temperature show statistically different
growth rates (ANOVA; p < 0.05). Standard deviation bars are shown.
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Figure 13. Radial growth rates of Armillaria ostoyae alone (control) and A. ostoyae
growing with a single isolate of Byssochlamys nivea (antagonism pairing) at 25°C. There
were no statistical differences among A. ostoyae 957 and B. nivea or among A. ostoyae
284. Growth of A. ostoyae 286 was enhanced nearly four-fold when grown with B. nivea
(t="7.790; p=0.001; d.f. = 4; two tailed paired t-test). Standard deviation bars are shown.
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Figure 14. Examples of yellow pigmented interaction zones forming between Armillaria
ostoyae (left) and Byssochlamys nivea (right) isolates. a = no pigment, b = narrow line of
pigment, ¢ = thick line of pigment
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CHAPTER 5

DISCUSSION

Hoff (2002) and Hoff et al. (2004) found that Byssochlamys nivea and Umbelopsis spp.
were the most common fungal endophytes in woody roots of Douglas-fir and ponderosa
pine in the same area I conducted this study (the Mission Creek watershed in eastern
Washington). In the present study, these fungi were found in the roots of both tree
species, but Byssochlamys nivea and Umbelopsis spp. were not isolated from all roots. B.
nivea and Umbelopsis spp. occurred at frequencies of 14.5 and 26 percent, respectively.
In contrast, Hoff et al. (2004) found more B. nivea (20.4 percent) than Umbelopsis spp.
(10.4 percent). However, only the difference in the occurrence of Umbelopsis spp. was
significant. This suggests that the year of sampling may influence the occurrence.
However, the trees I sampled were not the same trees sampled by Hoff et al. (2004),
although they were nearby. In fact, spatial variability in the fungal endophyte population

more likely explains differences between our results.

I hypothesized that there would be no difference in endophyte occurrence by host species,
but I found significant differences in the occurrence of Umbelopsis spp. There were no
significant differences in the frequency of Umbelopsis spp. across the three study sites,
but the frequency of B. nivea did have significant differences. There was a much higher
occurrence of B. nivea at Pendleton 30 than the other two sites, which were similar. This
could have been due to differences in moisture, temperature or other environmental

variables at the sites.
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My null hypothesis was that there was no relationship between endophyte occurrence in
woody roots and tree size. My results showed that Umbelopsis spp. occurrence increased
with tree diameter, but B. nivea did not. There was no relationship with endophyte
occurrence and tree diameter using Hoff’s (2002) data alone or in combination with my

data.

My null hypothesis concerning endophyte occurrence along the roots was that sampling
distance from the bole would not significantly influence the occurrence of the fungal

endophytes. My results confirmed this hypothesis.

Byssochlamys nivea was found in the soil rhizosphere in each study site, but Umbelopsis
spp. was not detected using the soil dilution plate method. My null hypothesis was that
neither endophyte would be found in the rhizosphere. Umbelopsis spp. has been found in
soils in other studies in Washington and Idaho (Raini Rippi, USFS Moscow, ID, personal
communication). The soil dilution plating method I used may not be the best method for
detecting this genus from the soil. An alternative method for identifying Umbelopsis spp.
presence in the soil may include molecular identification, such as those methods outlined

in Meyer and Gams (2003).

I had hypothesized that the endophytes are transmitted horizontally not vertically. The
lack of B. nivea and Umbelopsis spp. in the seeds of Douglas-fir is an indication that

these fungi may not be vertically transmitted in their hosts, but rather horizontally
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transmitted from the soil and inside roots. The lack of the isolation of these organisms
from all root samples further supports the horizontal transmission concept. The fungi are
most likely entering the root from the soil environment since they are present in the soil

rhizosphere.

The optimum growth temperatures for B. nivea and the Umbelopsis spp. in vitro were 25°
C. However, B. nivea is known as a heat-tolerant fungus and was able to grow at higher
temperatures than Umbelopsis spp. Umbelopsis spp. also grew better at lower
temperatures than B. nivea. The eastern Washington study area has a climate that is
dominated by high temperatures and little moisture, which may explain the prevalence of

B. nivea in the roots and in the soil.

The Armillaria ostoyae and B. nivea growth pairings were done to elucidate the function
of fungal endophytes in woody roots. Byssochlamys nivea has previously been shown to
inhibit the growth in vitro of several plant pathogenic species (Park et al. 2001). The
species range from ascomycetous fungi to oomycetous water molds. Other natural and
potential biological control studies have been conducted with such genera as
Trichoderma and Gliocadium, and there is evidence to support the concept of natural
biological control of Armillaria by Trichoderma (Bliss 1951, Ohr et al. 1973, Ayers and

Adams 1981, Cook and Baker 1983, Hubbard et al. 1983).

My null hypothesis was that B. nivea is not antagonistic against the root pathogen A.

ostoyae I saw no evidence of antagonism in pairings and A. ostoyae growth in the
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controls was the same as that in pairings. An unexpected result also occurred: The five
replicates of the A. ostoyae isolate 286, when paired with B. nivea, grew significantly
faster than the controls. This suggests growth enhancement of A. ostoyae in the presence
of B. nivea. When the hyphae of A. ostoyae and B. nivea in the pairings were examined

microscopically, no changes in hyphal morphology were observed.

This study examined many different aspects of two fungal endophytes that were
discovered in a previous study (Hoff et al. 2004) to be dominant in woody roots of
Douglas-fir and ponderosa pine. The goal of this study was to provide some basic
information about the biology and ecology of these organisms, in hopes of laying a
ground work for future investigation into the function of these organisms. The field of
fungal endophytes, especially in roots of woody species, is very new. The spatial
information, as well as information about multiple habitats of these fungal endophytes,
the horizontal transmission concept, and the evidence showing that these endophytes are
not antagonistic towards the common root-rotting fungus, A. ostoyae, provides a jumping

off point for future research about these organisms.

Conclusions

(1) The fungal endophytes, B. nivea and Umbelopsis spp. were found in the roots of
Douglas-fir and ponderosa pine among the three study sites at frequencies of 20.4 and
10.4 percent, respectively.

(2) There was a statistical difference in Umbelopsis spp. occurrence by tree species, with

this fungal endophyte occurring more frequently in ponderosa pine than Douglas-fir.
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(3) The frequency of B. nivea was higher at the Pendleton site than the other two sites,
but there was no difference for Umbelopsis spp. among sites.

(4) There was no significant difference in endophyte occurrence along roots.

(5) Byssochlamys nivea was commonly found in the soil rhizosphere.

(6) Both fungi are assumed to be horizontally transmitted, through infection of roots
from the soil and growth in the roots, rather than vertically. Neither fungus was detected
in Douglas-fir seeds and ponderosa pine seeds were not examined.

(7) The optimum temperature for growth of both fungi is 25° C, but B. nivea grew
somewhat better at temperatures warmer than 25° C and Umbelopsis spp. grew somewhat
better at cooler temperatures.

(8) Byssochlamys nivea did not inhibit the growth of Armillaria ostoyae in culture. In

fact, it appeared to stimulate the growth of this pathogen in one sample.

Future Studies

The occurrence of B. nivea and Umbelopsis spp. in the woody roots of Douglas-fir and
ponderosa pine, the occurrence B. nivea in the rhizosphere soils, and the assumed
occurrence of Umbelopsis spp. in the rhizosphere soils suggests that these fungal
endophytes are distributed across the dry landscape of the eastern Washington Cascades.
Further investigations should be conducted to determine if these endophytes are located
in hosts other than Douglas-fir and ponderosa pine and if there are geographic,

topographic, and elevational factors contributing to the distribution of these fungi.
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Results suggest that these fungal endophytes are horizontally, not vertically, transmitted
and the fungi were found or are assumed to be found in the soils, suggesting a soil to root
host infection mechanism. Hessburg and Hansen (2000) suggested through the
investigation of the pathogenic fungus, Leptographium wageneri that natural root
wounding, through new root formation and root growth, may be an important entry court
for fungi, which could explain the presence of endophytic fungi within the secondary
tissues of tree roots. The mechanisms of host infection by B. nivea and Umbelopsis spp.

into Douglas-fir and ponderosa pine roots should be investigated.

Byssochlamys nivea and Umbelopsis spp. were not found in Douglas-fir seeds, but the
sample size was small and ponderosa pine seeds were not examined. Douglas-fir and
ponderosa pine seeds should be examined in greater number than were examined in this
study to confirm whether or not these fungal endophytes are horizontally or vertically

transmitted.

Fungal endophytes, in general, are difficult organisms to work with. Sample collection,
fungal isolation for identification and other species manipulation and experimental
purposes can be a lengthy process. Determining function of a specific fungal endophyte
within a host in which the entire life cycle cannot be observed within the time frame of a
researchers life adds another factor into the difficulty level of working with these fungi.
A proposed method for overcoming the difficulties in working with and identifying the
function of fungal endophytes in tree species would be to identify and work with a model

tree species with a relatively short life cycle. This could involve identifying the fungal
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endophytic species inhabiting a Trichocarpa sp., which grows relatively quickly and can
be vegetatively propagated, then setting up field plots and plant cultures in the lab to
assess the various host physiological responses to the presence and absence of the

endophytic fungi.
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APPENDIX A

Orthophoto, Slope, and Aspect Maps of the Three Study Sites
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APPENDIX B

Fungal Isolates from USDA Forest Service, Forestry Sciences Laboratory in Moscow,
ID: Number, Identification, Location, Host, and Plant Association

Original Plant

Isolate Identification Isolate # Location Host Association
Armillaria ostoyae Romagn. BC-286F Curlew PSME  PSME/PHMA
Armillaria ostoyae Romagn. BC-284F Chewelah PIPO ABGR
Armillaria ostoyae Romagn. R957 Colville ABLA  TSHE/CLUN
Byssochlamys nivea Westling Tripp P9-2-1 Wenatchee PSME  PSME/CARU
Umbelopsis versiformis Amos & HL Barnett Crow 3-D7-1 Wenatchee PIPO PSME/AGSP
Umbelopsis vinacea (Dixon-Stew.) Arx Crow 1-J11-1 Wenatchee PIPO PIPO/SYAL
Umbelopsis vinacea (Dixon-Stew.) Arx Crow 3-E11-2 Wenatchee PSME  PSME/SYAL

ABGR = Abies grandis (Dougl. ex D. Don) Lindl., ABLA = Abies lasiocarpa (Hook.) Nutt., AGSP =
Agropyron spicatum (Pursh) Scribn. & J. G. Sm., CARU = Calamagrostis rubescens Buckl., CLUN =
Clintonia uniflora (Menzies ex J. A. and J. H. Schultes), PHMA = Physocarpus malvaceus (Greene) Kuntze,
PIPO = Pinus ponderosa P. & C. Lawson, PSME = Pseudotsuga menziesii (Mirbel) Franco, SYAL =

Symphoricarpos albus (L.) Blake, TSHE = Tsuga heterophylla (Raf.) Sarg.
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APPENDIX C

Frequency of Byssochlamys nivea and Umbelopsis spp. by site and root location

Frequency of Byssochlamys nivea

Total Samples Examined for Byssochlamys nivea: 214
B. nivea present: 31

Percent B. nivea present: 14.5

. Species . Frequency of
Site Szmple d Root Location (cm) Oc:lurren?:]e
Crow 3 PIPO 10 4

PIPO 30 0
PSME 10 3
PSME 30 0
Pendleton PIPO 10 10
PIPO 30 3
PSME 10 3
PSME 30 4
Sand 19 PIPO 10 0
PIPO 30 0
PSME 10 2
PSME 30 2

Frequency of Umbelopsis spp.

Total Samples Examined for Umbelopsis spp.: 215
Umbelopsis spp. present: 55

Percent Umbelopsis spp. present: 26

. Species . Frequency of
Site Sampled Root Location (cm) Oceurrence
Crow 3 PIPO 10 7

PIPO 30 5
PSME 10 1
PSME 30 2
Pendleton PIPO 10 4
PIPO 30 3
PSME 10 5
PSME 30 3
Sand 19  PIPO 10 10
PIPO 30 6
PSME 10 5
PSME 30 4
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