
AN ABSTRACT OF THE THESIS OF

Peter Andrew Angwin for the degree of Doctor of Philosophy

in Botany and Plant Pathology presented on June 2, 1989

Title: Genetics of Sexuality and Population Genetics of

Phellinus weirii

Abstract approve d Redacted for Privacy

Phellinus weirii (Murr.) Gilbertson, cause of laminated

root and butt rot, is a heterothallic basidiomycete lacking

clamp connections. Two biological species groups of the fungus

have been hypothesized, the Douglas-fir and cedar-types, on the

basis of physiological, morphological and epidemiological

differences. Single-spore and vegetative isolates differ in

cultural morphology, nuclear composition and growth rates, but

variation among isolates makes it impossible to accurately

identify the ploidy of individuals. Pairings of single-spore

isolates in culture produce a wide range of reactions, from

formation of darkly pigmented barrage lines to no visible change

in morphology. Back-pairings of interacted mycelium from

single-spore pairings with completely compatible homokaryons

reveal that P. weirii follows a bipolar, multiallelic system of

mating compatibility. Single-spore and homokaryon-heterokaryon

pairings followed by back-pairings demonstrate the genetic

isolation between Douglas-fir and cedar-type isolates,

confirming the biological species hypothesis. Existence of a



third Asian species is suggested by the lack of interaction of

two Japanese isolates with both Douglas-fir and cedar-type

tester homokaryons. Protein banding patterns obtained by SDS

polyacrylimide gel electrophoresis show overall similarity

between the three types but differ at several band locations.

The Douglas-fir-type isolates were found on Douglas-fir and six

other host species, including western redcedar. The cedar-type

isolates were mostly confined to western redcedar, but were also

identified on western hemlock and grand fir. The geographic

ranges of the Douglas-fir and cedar-type Phellinus weirii

overlap in much of the Douglas-fir region, indicating that the

emerging biological species groups are likely the result of host

specialization rather than geographic separation.
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GENETICS OF SEXUALITY AND POPULATION GENETICS

OF PHELLINUS WEIRII

I. Introduction

Laminated root rot of Douglas-fir, caused by the

basidiomycete fungus Phellinus weirii (Murr.) Gilbertson is one

of the most destructive root diseases in the Pacific Northwest.

The disease has been estimated to reduce forest productivity by

approximately 4.4 million m
3
per annum (Childs and Shea 1967;

Nelson et al 1981). In northern Idaho and south-central British

Columbia, the fungus is an important butt-decay pathogen of

western redcedar. Although much has been discovered regarding

the epidemiology of the disease, relatively little is known

about the basic biology and genetics of the fungus, including

its nuclear behavior, mating systems and population genetics.

Comparison of the morphology and epidemiology of western

redcedar and Douglas-fir isolates suggests the evolutionary

divergence of Phellinus weirii into a complex of host-specific

biological species groups, but the genetic isolation of the two

groups has yet to be demonstrated. Impeding all of these

studies is the fact that Phellinus weirii, like all members of

the Hymenochaetaceae, does not produce clamp connections in the

heterokaryotic state. As a result, sexual compatibility

relationships cannot be assessed by simple visual inspection of

paired homokaryons. An alternative method to assess sexual
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compatibility must be developed before any progress can be made

toward our understanding of the mating systems and species

relationships of the fungus.

The objectives of the present study were:

(1) To develop methods to distinguish homokaryons

and heterokaryons of P. weirii.

(2) To confirm heterothallism in P. weirii.

(3) To determine the genetic basis for sexual

compatibility in P. weirii. Does sexual

compatibility follow a bipolar, tetrapolar

or other pattern?

(4) To provide direct genetic evidence supporting

or refuting the existence of biological

species of P. weirii.

(5) To provide insight indicating the mechanism

of evolutionary divergence of the biological

species groups of P. weirii. Did

speciation occur by allopatric or sympatric

means?

Studies addressing the first three objectives are presented

in Chapter III. Detailed comparisons are made of the cultural
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morphology, growth rates, nuclear composition and

electrophoretic protein banding patterns of single-spore and

vegetative isolates of Phellinus weirii. A method to determine

the compatibility of single-spore and di-mon pairings is then

developed, which is used to examine the genetics of sexuality of

the fungus. Chapter IV addresses the last two objectives,

dealing with the host-specific biological species of Phellinus

weirii. Electrophoretic total protein analysis, single-spore,

and dikaryotic-monokaryotic pairings are used to confirm the

biological species hypothesis. Evidence is then presented

regarding the likely mechanism of speciation in the P. weirii

complex. Finally, an examination of the cultural morphology and

growth rates of selected isolates assesses the range of cultural

variation within the biological species groups.
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II. Literature Review

Taxonomy

Phellinus weirii (Murr.) Gilbertson was originally

described by Murrill in 1914 as Fomitiporia weirii from a

western redcedar specimen collected by Weir in 1912. The

perennial basidiocarp was described as:

"Broadly effused, often extending many feet along the
trunk, irregular, adnate, rather soft, of light
weight, flexible when young, 3-10 mm thick, margin
rather thick, adnate, or slightly seceding, undulate,
lobed or irregular, broadly sterile, ferruginous to
fulvous, velvety-tomentose; context conspicuous,
fulvous, punky, soft and flexible; hymenium plane or
conformed to the substratum, fulvous-umbrinous, often
with an avellaneous tint; tubes indistinctly 2-3 times
stratified in older specimens, 2-4 mm long each
season, avellaneous within; mouths angular, stuffed
when young, minute, about 6 to a mm, edges thin,
entire; spores ellipsoid, smooth, hyaline, 5 x
hyphae ferrunginous; cystidia conic, tapering to a
sharp point, not ventricose at the base, fulvous,
filled with contents, sometimes strongly curved, 35-50
x 5-104.c, the concolorous, tapering stalk often
reaching 50.uin length, but narrower than the
projecting portion."

In the same publication, Murrill renamed the fungus Poria

weirii Murrill in order to conform with Saccardo's nomenclature.

Overholts (1931) provided an additional description of the

sporophore of Poria weirii on western redcedar. Six specimens

were examined; five from Priest River, Idaho, and one from

Waltersville, Or.
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The first report of Phellinus weirii on Douglas-fir was

made by Mounce, Bier and Nobles (1940) from specimens collected

in 1928 at the Lake Cowichan Forest Experiment Station (58 km.

northwest of Victoria, B.C.). Although the specimens were found

on both Douglas-fir and western hemlock, produced annual, as

opposed to perennial basidiocarps, were somewhat lighter in

culture and produced more abundant setal hyphae, Mounce et al

concluded from the similarities in decay and other cultural

characteristics that the root rot organism was the same fungus

described by Murrill. In 1948, Nobles described the growth and

hyphal characters of P. weirii in culture as follows:

Growth Characters.-Growth moderately rapid, plates
covered in three weeks. Advancing zone even, sharply
delimited, raised aerial mycelium extending to limit
of growth. Mat white at first, changing tc
"tilleul-buff" (9.0YRB.8.7/1.5), "vinaceous-buff"
(7.0YR7.0/3.5), "avellaneous" (8.0YR6.2/3.5), and
"wood brown" (7.0YR5.7/4.0), or "cream buff"
(3.0Y8.3/4.5) and "chamois" (2.0Y7.5/5.8) (two weeks),
in some isolates becoming "honey yellow" (2.0Y6.7/6.2)
and "tawny-olive" (8.0YR4.8/5.8) (four weeks), the
color evenly distributed or limited to certain zones,
slightly raised, cottony in newest growth, becoming
somewhat flattened and woolly; in some isolates
producing small areas crustose in texture and
"tawny-olive" (8.0YR4.8/5.8) to "Saccardo's umber"
(9.OYR3.8/3.5) in color. Reverse unchanged or
bleached after three to four weeks. Odor strong and
unpleasant at first, but no longer perceptible after
four to five weeks. On gallic and tannic acid agars
diffusion zones moderately strong, colonies 2.0-4.5
cm. diameter on both media.

Hyphal Characters.-Advancing zone: hyphae hyaline,
with simple septa, branched, 2.2-6.0.4t diameter.
Aerial mycelium: (a) hyphae as in advancing zone;
(b) hyphae yellow to brown in potassium hydroxide
solution, with walls slightly thickened, frequently
septate, branched 2.2-4.52(diameter, frequently ending
in setal hyphae; (c) setal hyphae numerous in all
parts of mat, slender, tapering to a point, with walls
thick and dark brown, 4.5- 6.0(- 7.5)4 diameter, up to
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350,x{ long. Submerged mycelium: (a) hyphae as in
advancing zone; (b) crystals numerous, octahedral.

In 1970, Kotlaba and Pouzar compared a variety of herbarium

specimens collected in Asia (Fuscoporia weirii, Xanthochrous

glomeratus sp. heinrichii, Inonotus heinrichii, Xanthochrous

heinrichii f. nodulosus, Inonotus heinrichii f. nodulosus and

Phellinus sulphurascens) and concluded that the Asian and North

American species were synonymous. They interpreted the hyphal

structure to be monomitic, and on this basis named the fungus

Inonotus weirii (Murr.) Kotlaba et Pouzar. However, after

examining a variety of specimens from the northwestern United

States, Gilbertson (1974) concluded that the hyphal system was

dimitic, and gave the fungus its current name, Phellinus weirii

(Murr.) Gilbertson.

Geographic and Host Distribution

Phellinus weirii is responsible for a root and butt rot

condition in a wide range of conifers in North America. The

present known geographic range of the disease extends north to

central British Columbia, south to northern California and east

to northern Idaho and into the western Rocky Mountains to the

continental divide (Childs 1970; Childs and Nelson 1971; Nelson

et al 1981; Wood 1986). The fungus is also present on western

redcedar (Thuja plicata) in southeast Alaska (Baxter 1952;

Holsten et al 1985) and has been reported on Japanese hemlock
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(Tsuga diversifolia), Maries fir (Abies mariesii), and Yeddo

spruce (Picea jezoensis) on the islands of Honshu and Hokkaido

in Japan (Aoshima 1953). In Russia, the fungus occurs on

Siberian fir (Abies siberica) and Siberian larch (Larix

siberica) in southwestern Siberia, the Komi region of

east-European USSR, as well as in the Altai, Sayansk and central

Ural mountains (Kotlaba and Pouzar 1970; Parmasto and Parmasto

1979).

Until the first report of laminated root rot on Douglas-fir

by Mounce, Bier and Nobles in 1940, Phellinus weirii was thought

to be a major pathogen of western redcedar only (Murrill 1914;

Overholts 1931; Hubert 1931; Boyce 1938). However, Buckland's

1946 survey of decay in British Columbia showed that P. weirii

was not as important a pathogen of western redcedar as

previously supposed. The fungus was but one of many identified

on western redcedar and, while P. weirii was most prevalent in

the intermountain region (40 of 110 infections), it was found

on only two of 615 cedars surveyed in coastal B.C. Meanwhile,

as the emphasis on forest management shifted from old growth to

young-growth production, surveys by Bier and Buckland (1947),

Buchanan (1948), Buckland, Foster and Nordin (1949), Hubert

(1950), Buckland, Molnar and Wallis (1954) and Childs (1963)

indicated the potential of laminated root rot to become a major

disease problem throughout British Columbia and the Pacific

Northwest. Of particular significance to the present

investigation is the report by Hubert (1950) of the spread of P.

weirii from old, windthrown cedars to adjacent young grand fir.
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While Phellinus weirii is most damaging in pure Douglas-fir

stands west of the crest of the Cascade range in Oregon and

Washington and in mixed conifer stands east of the Cascades, the

fungus is capable of infecting most commercially important

species of conifers (Buckland and Wallis 1956; Shea 1968; Childs

and Nelson 1971). Douglas-fir (Pseudotsuga menziesii), Pacific

silver fir (Abies amabilis), grand fir (Abies grandis) and

mountain hemlock (Tsuga mertensiana) are highly susceptible to

active root decay and windthrow (Hadfield 1985). Intermediately

susceptible species, such as subalpine fir (Abies lasiocarpa),

California red fir (Abies magnifica), noble fir (Abies procera),

western larch (Larix occidentalis), Engelmann spruce (Picea

engelmannii), sitka spruce (Picea sitchensis) and western

hemlock (Tsuga heterophylla) are seldom severely damaged unless

they are growing in close association with the highly

susceptible species. Damage may also occur when they are

planted in areas formerly occupied by such species. Butt decay,

rather than active killing by root decay is more commonly

associated with these intermediately susceptible species.

Lodgepole pine (Pinus contorts), western white pine (Pinus

monticola) and sugar pine (Pinus lambertiana) are considered

tolerant species, and are seldom seriously damaged by P.

weirii. Alaska yellow -cedar (Chamaecyparis nootkatensis),

incense cedar (Libocedrus decurrens), ponderosa pine (Pinus

ponderosa), western redcedar (Thuja plicata) and

Port-Orford-cedar (Chamaecyparis lawsoniana) are considered

resistant species in Oregon and Washington. However, P. weirii
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is also an important butt rot pathogen on western redcedar in

northern Idaho and southeastern British Columbia. Hardwoods are

immune to laminated root rot.

Epidemiology and Pathology

Although relatively little research has been devoted to the

genetics of sexuality and population genetics of Phellinus

weirii, much has been done regarding the pathology and

epidemiology of laminated root rot in susceptible forest

stands. The following is a brief summary of what is known about

the disease. Infection begins when the growing roots of

susceptible trees contact diseased roots of other infected

trees. Tree-to-tree transmission may occur whenever roots are

in contact; root grafts are not necessary. New infections may

also occur when roots contact infected stumps from the previous

stand. Hansen (1976, 1979c) and Wallis and Reynolds (1965) have

shown that Phellinus weirii may survive in old stumps up to 50

years after harvest and may remain infective for up to 20

years. Once a new infection is established, the fungus spreads

by vegetative growth along the root: surfaces (Wallis and

Reynolds 1965). The advancing crusty brown ectotrophic mycelium

may grow as fast as 25 cm per year (Wallis and Reynolds 1962;

Angwin 1985). Ectotrophic mycelium containing reddish-brown

setal hyphae is one diagnostic feature of Phellinus weirii.

Growth of the fungus through the soil, however, is limited

(Buckland et al 1954; Wallis 1962, 1976). Bark penetration and
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subsequent colonization of the heartwood and sapwood tissues

follows establishment of the fungus on the root surfaces. P.

weirii, like all white rot fungi, is capable of degrading both

cellulose and lignin. Incipient decay appears in cross-section

as a ring or crescent of reddish-brown stained wood or as

streaks or bands in longitudinal sections (Mounce et al 1940;

Bier and Buckland 1947; Childs and Nelson 1971; Hadfield 1985).

In more advanced stages of decay, the wood turns yellowish-

brown, and numerous small, elliptical pockets appear. The

pockets are often filled with white mycelium and reddish-brown

setal hyphae. Preferential degradation of the springwood causes

separation along annual rings, hence the name "laminated root

rot". As decay continues, the wood disintegrates into a stringy

mass, often leaving only a hollow butt.

While below-ground symptoms may be readily apparent, aerial

symptoms often don't appear until 50% or more of the root system

is destroyed (Buckland et al 1954; Buckland and Wallis 1956;

Wallis 1957; Tkacz 1980). Above-ground symptoms include

thinning and chlorosis of the crown, reduced leader growth and

production of a distress cone crop (Mounce et al 1940; Bier and

Buckland 1947; Childs 1960; Shea 1968). Extensive degradation

of the roots of highly susceptible species such as Douglas-fir

robs the trees of structural support, making them prone to

windthrow. In other tree species, such as western redcedar,

simple butt decay is the most common manifestation of disease.

Thus, in Douglas-fir stands, one often sees patches of randomly

oriented windthrown trees, but in western redcedar above-ground
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breakage is commonly observed. The random orientation of

Douglas-fir windthrow contrasts the uniform pattern of blowdown

where root disease is not a factor. The combination of

windthrow and the slow tree-to-tree spread of the fungus results

in easily recognized patches of dead and dying trees (Mounce et

al 1940; Childs 1960, 1970; Hadfield 1985). The resulting

disease centers often become densely filled with brush and

herbaceous plants. Disease centers range in size from only a

few hundred square feet to an acre or more (Wallis and Reynolds

1965; Childs 1960, 1970; Childs and Nelson 1971; Dickman 1984).

Phellinus weirii produces a resupinate fruiting body that

appears as a brown crust on the undersides of windthrown trees,

on uprooted stumps and occasionally on standing dead trees

(Mounce et al 1940; Bier and Buckland 1947; Buckland et al

1954). On western redcedar the sporophores are frequently found

in flutes and hollows near the base of the tree. The

basidiocarps range in size from a few inches to several feet in

length and are seldom produced until the tree is in the advanced

stages of decay. On Douglas-fir in the coastal Pacific

Northwest, the fruiting bodies are annual, and sporulate from

late summer to early fall. However, basidiocarps on western

redcedar in northern Idaho and south-central British Columbia

are perennial, and fruit from late spring to early summer.

Although Phellinus weirii basidiocarps produce copious numbers

of basidiospores, long range aerial spread of laminated root rot

has yet to be demonstrated. Surveys of stumps and wounds by

Buckland, Foster and Nordin (1949), Wright and Isaac (1956) and
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Hansen (1979a) failed to identify basiodiospore infections.

Attempts to inoculate stumps with P. weirii basidiospores

(Nelson 1971) have similarly been unsuccessful. However,

colonization by basidiospores has been achieved on wood disks

that were frozen, then scalded prior to inoculation (Nelson

1976). Eighty percent of the disks treated with spore

concentrations of 400 basidiospores per ml were colonized while

only 5% treated with concentrations of 80 basidiospores per ml

were colonized. Douglas-fir disks were readily colonized while

those from western redcedar and Sitka spruce were not. The

results suggest that the failure of basidiospores to infect in

nature is due to a very low competitive ability. However, the

5% inoculation success at the lower inoculum density suggests

that natural infection by basidiospores may occur at very low

frequency.

Basidiomycete Life Cycles and Mating Systems

An understanding of the life cycles and mating systems of

the basidiomycete fungi is essential for understanding the

genetics and population genetics of Phellinus weirii. The

following discussion highlights the terminology associated with

the basidiomycete nuclear cycle, starting with the basidiospore.

Basidiospores are produced externally on peglike structures

called basidia, and each typically contains a single haploid

nucleus. Following release into a suitable environment, the

basidiospore germinates, producing a mycelium containing
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mitotically derived haploid nuclei identical to that of the

basidiospore. The resulting primary mycelium is termed a

homokaryon. Nuclear division in the homokaryon may be

synchronous with cross-wall formation resulting in a uniform

mycelium with one nucleus per cell, or may be asynchronous,

resulting in a mycelium containing many nuclei per cell.

Migration of nuclei through septal pores may also contribute to

the multinucleate condition.

Several species of basidiomycete fungi are homothallic,

capable of undergoing karyogamy and meiosis without anastomosis

with another compatible mycelium. Heterothallic species produce

self-sterile homokaryons, and require anastomosis with another

compatible mycelium to complete the life cycle. Mating

compatibility in heterothallic species is determined genetically

at one or more gene locus. In bipolar (unifactoral) species,

compatibility is governed by one locus, and in tetrapolar

(bifactoral) species, is governed by two loci. Compatibility is

determined by allelic difference at the mating loci (heterogenic

compatibility). The mating system of most basidiomycete fungi

is multiallelic; many potential alleles exist for each mating

locus. In the tetrapolar fungus Schizophyllum commune the fine

structure of the mating loci has been determined. Each locus

consists of two closely linked genes and heterogeneity at each

locus is determined by difference at either or both of the two

genes.

In most basidiomycetes, anastomosis and plasmogamy of

compatible homokaryons occurs without formation of specialized



14

gametes or gametangia. Anastomosis of compatible homokaryons

results in the formation of a heterokaryon, or secondary

mycelium, containing the genetically distinct nuclei of the

parent mycelia. New heterokaryons may also be formed by the

interaction of a homokaryon with a heterokaryon, termed the

di-mon interaction, or Buller Phenomenon. In most

basidiomycetes, karyogamy is delayed and the heterokaryon is

maintained until shortly before basidiospore production.

Armillaria ostoyae is an exception, possessing a diploid

secondary mycelium. A special kind of heterokaryon, the

dikaryon, contains paired nuclei in very close association. The

nuclei undergo conjugate division throughout the vegetative

phase of the life cycle. Production of bridgelike structures,

called clamp connections across cell cross-walls helps maintain

the dikaryotic state. Many basidiomycetes, including Phellinus

weirii and all members of the Hymenochaetaceae, do not produce

clamp connections.

The basidiomycete life cycle continues with production of

the tertiary mycelium of the fruiting body. Basidia are formed

in hymenial layers within the fruiting body, and are the site of

karyogamy and meiosis. Migration of the resulting haploid

nuclei to the developing basidiospores completes the nuclear

cycle.

Genetics Of Sexuality And Population Genetics

As previously noted, relatively little research has been
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done regarding the genetic systems and population genetics of

Phellinus weirii. Most of the work completed to date is

concerned with vegetative incompatibility reactions of paired

heterokaryons. In 1963, Childs found that certain vegetative

isolates grow together imperceptibly upon pairing while others

formed a dark line on meeting. Composed of twisted, contorted,

darkly pigmented (melanized) hyphae, the lines were often

mounded on one or both sides of the aversion zone. Line

formation was considered an indication of genetic difference

between strains. Conversely, lack of line formation identified

isolates as identical "clones". Hansen (1979a) stressed that

caution must be taken in the interpretation of the clonal

reactions. He argued that while the formation of demarcation

lines between isolates is a sensitive indication that they

differ, lack of a line merely denotes identical alleles at the

loci coding for vegetative incompatibility. Other loci may

still differ. Although little is known about the physiological

basis of the clonal reactions, over the past ten years

vegetative incompatibility has become regarded as the standard

for delineating individuals in a fungal population (Todd and

Rayner 1980; Rayner et al 1984). Clonal analyses have revealed

much about the population structure and dynamics of a variety of

root disease pathogens, including Phaeolus schweinitzii (Barrett

and Uscuplic 1971), Heterobasidion annosum (Korhonen 1978b;

Stenlid 1985), and Armillaria sp. (Shaw and Roth 1976; Korhonen

1978a; Anderson et al 1979). In addition, definition of the

genetic systems governing vegetative incompatibility has been
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achieved in Ophiostoma ulmi (Braiser 1984), Cryphonectria

parasitica (Anagnostakis 1982, 1984) and Podospora anserina

(Esser 1971). However, little is known about the genetic

structure of vegetative incompatibility of Phellinus weirii.

Most work has focused on the distribution of clones in the

field. Childs (1963, 1970) found that most clones are fairly

large (up to 50 meters in diameter), confirming the importance

of vegetative spread of the disease. Dickman (1984) identified

small "single focus" disease centers, each containing a single

clone, raising the possibility of basidiospore infection. Tkacz

(1980) and Tkacz and Hansen (1982) used vegetative

incompatibility reactions to document the carryover of disease

from one stand generation to the next.

Although numerous attempts have been made through the years

to determine the genetic structure of sexual compatibility in

Phellinus weirii, most have been inconclusive. This is largely

due to the fact that P. weirii does not produce clamp

connections. Because of this, the traditional method of scoring

the sexual compatibility of paired homokaryons by looking for

clamp connections cannot be used. Attempts to determine a

single unambiguous criterion distinguishing homokaryons from

heterokaryons have likewise been unsuccessful. Although P.

weirii homokaryons are generally lighter in color, grow more

slowly in culture, have greater numbers of nuclei per cell

(Hansen 1979a), and decay wood more slowly than heterokaryons

(Chalermpongse 1976), the degree of variation in the above

characteristics makes it impossible to determine karyology of
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individual isolates solely on the basis of morphology. However,

Gillette (1975), paired single-spore isolates from a single

basidiocarp and concluded that P. weirii is heterothallic. The

conclusions were based on sporophore production with compatible

pairings and lack of production with self-paired isolates.

Also, since 17% of their pairings produced fruiting bodies, he

concluded that P. weirii has a tetrapolar system of mating

compatibility (Theoretical compatibility = 25%; 50% if

bipolar). The conclusions, however, must be viewed with doubt

since P. weirii fruits only sporadically in culture. In

addition, the compatibility results obtained failed to uniformly

fit a tetrapolar pattern of sexual compatibility. Kao (1978)

performed di-mon pairings of P. weirii homokaryons and

heterokaryons and observed 43% fruiting body production. He

thus concluded that P. weirii is tetrapolar (theoretical

compatibility = 50%; 100% if bipolar). However, the results

were based on a limited number of pairings (21) and judged on

the unreliable criterion of fruiting body production. In

1979(b), Hansen again looked at sexual compatibility in P.

weirii. Using a combination of morphological and nuclear

characteristics to determine compatibility, he confirmed that

the fungus is heterothallic. However, the compatibility

reactions fit neither a bipolar or tetrapolar pattern. Hansen

attributed this to "incorrect identification of compatibility

reactions or possibly the operation of a different compatibility

system." Pairings of single-spore isolates from different

basidiocarps, as judged by changed colony appearance and nuclear
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conditions were all compatible, indicating a multiallelic mating

system. A limited number of di-mon pairings were also

performed. Dark lines always formed when single-spore and

basidiocarp isolates met. In four cases, subcultures from

di-mon pairings "formed lines of demarcation against both the

heterokaryotic and the homokaryotic components", indicating that

nuclear exchange had taken place in the original di-mon

pairings.

Biological Species Concept

The biological species concept, as proposed by Mayr (1969)

states that "species are groups of actually or potentially

interbreeding natural populations which are reproductively

isolated from other such groups." Stressing reproductive

isolation as the sole criterion for species designation, Mayr's

concept represents a marked departure from earlier nominalist

and essentialist concepts which stress man-made and

morphological species constructs, respectively. Species are no

longer seen as artificially designated groupings based on

morphological similarities, but as biological units delimited by

common gene pools. As such they are the units of evolution.

While Mayr's concepts focused primarily on animal

populations, they are equally applicable to the fungi.

Individuals in a fungal population may be identified by

vegetative incompatibility and function much the same as

individuals in an animal population (Rayner et al 1984; Brasier
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1987). Sexual incompatibility, as determined by lack of

homokaryon anastomosis and plasmogamy, in turn defines species

groups. Speciation may occur by allopatric or sympatric means.

In allopatric speciation, geographic separation leads to the

eventual genetic isolation of previously interfertile

populations. Although distinct geographic morphotypes have been

identified in many species of fungi, this mechanism appears to

be relatively unimportant in the fungal kingdom (Burnett 1975;

Brasier 1987; Hansen 1987). However, Phellinus weirii may be a

prime candidate for allopatric speciation, owing to its lack of

long distance aerial spread by spores.

Sympatric speciation occurs by the genetic isolation of

populations within a given locality. Formation of a stable

polymorphism in response to gradual niche divergence is a

crucial step towards sympatric speciation (Maynard-Smith 1966).

Reproductive barriers establishing new species may result from

slowly accumulated morphological changes or may occur

instantaneously by either polyploid formation or by mutation or

recombination of intersterility genes. In the fungi, mutation

and recombination of intersterility genes appear to be important

mechanisms resulting in morphologically similar yet

reproductively isolated populations. In Heterobasidion annosum,

a heterogenic incompatibility system regulated by five such

intersterility genes has recently been identified (Chase and

Ullrich 1985; Chase 1986).

Sympatric speciation, though difficult to prove, appears to

be an important mode of speciation in the basidiomycete fungi
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(Burnett 1975, 1983). In plant pathogenic fungi, such

speciation may occur via the process of host specialization.

This mechanism has been indicated for a number of biological

species groups, including the Phellinus igniarius complex

(Verrall 1937; Hennon 1982; Hennon and Hansen 1987),

Heterobasidion annosum (Korhonen 1978b; Chase 1986), Auricularia

auricula (Duncan and MacDonald 1967), Paxillus involutus (Fries

1985) and Puccinia graminis (Burdon and Marshall 1981).

In the fungal lexicon, the term biological species has come

to denote any morphologically similar, yet genetically isolated

species groups, regardless of the mechanism of speciation that

produced it. Through the years, a variety of terms have been

used to describe these species, including "incompatibility

groups", "microspecies", "sibling species" and "anastomosis

groups". The term "forma specialis", in turn, has been used to

denote host-specific races of plant pathogens without

necessarily implying intersterility. Biological species groups

have been identified in a wide variety of fungi,including

Ophiostoma ulmi (Brasier 1977, 1984), Fomes pinicola (Mounce and

Macrae 1938), Neurospora sitophila (Perkins, Turner and Barry

1976), Rhizoctonia solani (Parmeter, Sherwood and Platt 1969),

Heterobasidion annosum (Korhonen 1978b, Laccaria laccata (Fries

and Mueller 1984), Armillaria sp. (Korhonen 1978a; Anderson and

Ullrich 1979) and Sistotrema brinkmanii (Ullrich 1973). In most

basidiomycetes, the biological species groups were identified by

examination for clamp connections following single-spore isolate

pairings. However, in the case of Armillaria, the species were
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identified by changes in colony morphology from the white,

fluffy mycelium of the homokaryon to the darkish, crustose form

of the diploid. Using these criteria, over 19 species of

Armillaria have been identified (Wargo and Shaw 1985). Due to

the lack of clamp connections, examination of biological species

relationships in the Hymenochaetaceae has been limited. In the

only attempt on record, Hennon (1982) confirmed the

intersterility of three species of the Phellinus igniarius

complex by determining the frequency of occurrence of different

expressions of antagonism. The expressions included homokaryon

avoidance, and line formation, and changes in colony growth

rate, pigmentation and morphology. This method, however, did

not directly address the genetic isolation of the three species.

Species Relationships In Phellinus weirii

Major differences in the morphology and behavior of

Phellinus weirii on western redcedar and other hosts have been

observed ever since Mounce, Bier and Nobles' first report of the

fungus on Douglas-fir (1940). Although the authors stressed the

similarities between the fungi on Douglas-fir and western

redcedar, they also noted the differences in basidiocarp

morphology, timing of sporulation, pathological behavior and

cultural morphology. Their conclusion that the fungus on both

hosts was "P. weirii, or a form of it " (emphasis added) raised

the first possibility of host specific varieties within the

species. Nobles' 1948 paper, "Identification of Cultures of
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Wood-Rotting Fungi" described ten isolates from Douglas-fir, two

from western redcedar and two from western hemlock. Although

the range of variation of cultural characteristics was noted, no

distinction was made as to the host source. In 1954, Buckland,

Molnar and Wallis performed an extensive comparison of P.weirii

sporophores and cultures from western redcedar and Douglas-fir,

reaffirming the differences first noted by Mounce, Bier and

Nobles (1940). Of the cultural differences between 75 isolates

from Douglas-fir and 35 from western redcedar they stated:

"Cultures from A (Douglas-fir) varied noticeably in
shades of brown, commonly with cream to cinnamon
tones, while cultures from B (western redcedar) were
uniformly brown, with yellow or tawny tones. The
margin of the advancing zone of cultures from A was
raised, and the mat felty with white aerial hyphae,
while the margin of the advancing zone of cultures
from B was appressed, and the mat cottony with yellow
to tan aerial hyphae."

In the same study, Buckland, Molnar and Wallis also paired

isolates from Douglas-fir and western redcedar in culture. When

isolates from different hosts met, an "antagonistic zone line"

formed. When grown separately, no lines appeared. However, no

mention was made of how many and which isolates were paired. In

an additional experiment, Douglas-fir and cedar wood blocks were

inoculated with isolates from Douglas-fir and cedar. The

Douglas-fir isolates overgrew the Douglas-fir blocks, but not

the cedar blocks. In contrast, the cedar isolates attacked both

types of blocks growing "rather more luxuriantly" on the

Douglas-fir. In contrast with the conclusions of Mounce, Bier

and Nobles, Buckland, Molnar and Wallis concluded that "the

fungus causing yellow laminated root rot of Douglas-fir is a
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variety of P. weirii or a species of Poria distinct from P.

weirii. They coined the terms "annual" and "perennial"

Phellinus weirii to refer to the varieties from Douglas-fir and

western redcedar, respectively. "Annual" P. weirii was

identified on Douglas-fir, grand fir, western hemlock, Pacific

silver fir, Sitka spruce, western larch, western white pine and

ponderosa pine. Attack of "annual" Phellinus weirii on western

redcedar was also reported. The authors also noted that

"annual" P. weirii was isolated beyond the natural range of

Douglas-fir. In contrast with the wide host range of "annual"

P. weirii, the "perennial" form was identified only on western

redcedar.

Clark (1958) studied "physiological strains" of Phellinus

weirli and found distinct differences between cedar and

non-cedar isolates. On the basis of morphological and

physiological attributes, including cultural morphology, growth

reactions on tannic and gallic acid media, temperature and pH

relations, reactions of isolates to the extractives of five host

woods, ability to decay blocks of three host woods, and survival

of isolates in sealed cultures, 131 isolates were designated as

belonging to either the "cedar-type" or "non-cedar-type"

physiological strain of Phellinus weirii. Overall, the results

mirrored those of Buckland, Molnar and Wallis (1954). With the

exception of three isolates on western hemlock, subalpine fir

and grand fir, the "cedar-type" was found exclusively on western

redcedar. Clark attributed the presence of cedar-type P. weirii

on the three non-cedar hosts to vegetative or spore spread from
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adjacent western redcedars. In contrast with the narrow host

range of the cedar-type strain of P. weirii, the non-cedar-type

strain was identified on a wide variety of hosts, including

Douglas-fir, western hemlock, western larch, Pacific silver fir,

grand fir, white fir, subalpine fir, lodgepole pine, western

white pine and Sitka spruce. Unlike Buckland, Molnar and

Wallis, Clark never found the non-cedar-type on western

redcedar.

Since the work of Clark, research comparing Douglas-fir and

cedar isolates of Phellinus weirii has continued only

sporadically. In 1969, Morrison looked at the growth of cedar

and non-cedar isolates in the presence of various wood

extractives. In a series of in vitro experiments, he found that

the growth of Douglas-fir isolates on western redcedar heartwood

sections and in the presence of hot water soluble cedar

heartwood extractives was limited. In addition, the isolates

failed to show increased tolerance even after three successive

growth generations in liquid medium containing Thuja

extractives. Morrison also excavated the root systems of four

infected Douglas-fir trees and adjacent western redcedars and

demonstrated the spread of the fungus to the cedars. The cedar

infections were, however, "somewhat localized". Isolates from

the above trees all had the limited tolerance to Thuja steam

extractives characteristic of Douglas-fir isolates. Although

changes in tolerance did not occur, Morrison concluded that

"with sufficient inoculum potential, non-Thuja isolates may

overcome the effects of inhibitory compounds in T. plicata
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heartwood".

Expanding on Morrison's work, Merler (1982) compared the

growth of Douglas-fir and western redcedar isolates on strips of

Douglas-fir and western redcedar heartwood and sapwood. Growth

rates were always greater on sapwood. Although both Douglas-fir

and cedar isolates grew fastest on Douglas-fir sapwood; the

Douglas-fir isolates grew faster on Douglas-fir than the western

redcedar isolates, and the western redcedar isolates grew faster

on cedar than the Douglas-fir isolates. However, growth of the

Douglas-fir isolates on cedar sapwood and by the western

redcedar isolates on Douglas-fir was also considerable. Limited

growth was only observed by Douglas-fir isolates on cedar

heartwood.

The most recent comparison of Douglas-fir and cedar strains

of Phellinus weirii was made by Larsen and Lombard in 1988.

Citing differences in size of setal hyphae, spore germination

characteristics, degree of host specificity, geographic

distribution, development of the pathogen in the host, and gross

characters in culture, the authors advocated the separation of

Phellinus weirii into two taxa.
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III. Genetics of Sexuality of Phellinus weirii

A. Materials and Methods

1. Sources and isolation of vegetative and single-spore
isolates

Isolates for the study of the genetics of sexuality and

population genetics of Phellinus weirii came from a variety of

sources. The isolates and the experiments in which they were

used are listed in Appendices A and B. Many of the vegetative

and single-spore isolates were personally field-collected and

others came from the collections of Dr. M.J. Larsen (Center for

Forest Mycology, USDA Forest Service, Forest Products

Laboratory, Madison, Wi.) and Dr. A.W. Dickman (Department of

Biology, University of Oregon). All isolates were stored on 3%

malt agar slants at 5 C. Transfers of the cultures to fresh

slants were made every six months. The isolates are stored

under nitrogen in a permanent collection at Oregon State

University. Field- collected heterokaryons were isolated from

the context of basidiocarps or from decaying roots. Single-

spore isolates were gathered as follows: empty plastic petri

plates were placed under actively sporulating basidiocarps in

the field for approximately 24 hours, then brought to the lab.

The deposited basidiospores were then lifted off the petri dish

using a few drops of sterile distilled water and a sterile

bacterial loop. The water containing the spores was then
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transferred to a sterile water blank containing a small amount

of water (approximately 1:10-1:50 dilution) and thoroughly mixed

with a vortex mixer (Dilution 1). Roughly 0.5 ml of the mixed

suspension was then transferred to another tube containing 10 ml

water (1:20 dilution) and again mixed with a vortex mixer

(Dilution 2). A loopful of each of the two dilutions was then

transferred to separate petri plates containing 3% malt agar

amended with 1.5 ppm each benomyl, prochloraz and thiabendazole,

250 ppm ampicillin and 10 ppm rifamycin. The spore-bearing

solutions were then spread over the surface of the agar with a

glass rod. After three days the germinated spores were just

visible with the naked eye. The petri plates were then stored

at 5 C to limit further growth until transfer of germlings to

individual plates. The germlings were screened under a

microscope; those chosen for transfer appeared to be derived

from single spores and were well separated from other

germlings. The germlings were transferred to petri plates

containing 3% malt agar, allowed to grow for five days, then

transferred to 3% malt agar slants for storage and later use.

2. Distinguishing homokaryons and heterokaryons

Four main approaches were taken in the search for

characteristics to distinguish homokaryons from heterokaryons.

Experiments were performed comparing 1) sporulation in culture,

2) colony morphology and growth rates, 3) nuclear condition as

determined by fluorescence microscopy, and 4) electrophoretic
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protein banding patterns. Sporulation in culture was determined

by growing 109 isolates of Phellinus weirii in glass petri

plates containing 3% malt agar. Thirty-two of the isolates were

derived from single-spores, seventy-eight were vegetative. The

isolates were treated according to the sporulation-inducing

procedures of Li (1979). The treatment consisted of an initial

incubation in the dark for five days, followed by five days

continuous exposure to near ultraviolet radiation. The cultures

were then placed near a window in the laboratory and checked

periodically for basidiocarp production over the following two

years.

Examination of growth rates and morphology was performed on

26 vegetative and 50 single-spore isolates. Four-millimeter

plugs of each isolate were taken from the edge of an actively

growing culture and transferred, mycelium side down, to the

center of petri plates containing 18 ml of 3% malt agar. Two

replicate plates were made for each isolate.. To maintain

unbiased measurements, all plates were coded with random

numbers. They were then placed in a 22 C incubator and allowed

to grow for six weeks. Regularity of the culture margins was

assessed after 7 days incubation; zonation and aerialness of

culture center and margins after 10 days. Colony color was

determined at 13 and 42 days by comparison with ISCC-NBS color

charts (Kelly and Judd, 1965, Figure 1). Growth rates were

assessed by comparing the extent of growth (2 radial

measurements, 90 degrees apart) at four and seven days.
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Orange Yellow
Yellowish Brown

Figure 1. ISCC-NBS method of determining pigmentation colors of

Phellinus weirii isolates (Kelly and Judd 1965).
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Quantitative evaluation of the nuclear condition of the

cells of twelve single-spore and twelve vegetative isolates of

Phellinus weirii (Table 4) was made using the fluorescent stains

DAPI (4',6-diamidinc-2-phenylindole, Sigma Chemical Co.) and

calcifluor (Fluorescent Brightener No. 28, Sigma Chemical Co.).

The DAPI illuminated the nuclei while the calcifluor illuminated

the cell walls and cross-walls, making counting of nuclei per

cell easier. The nuclear condition of basidiospores from four

fruiting bodies was also determined. Preparation of the

vegetative and single-spore isolates followed the procedures of

Fischer (1987). Sterile microscope slides were overlaid with 3%

malt extract agar in a glass petri dish.. The agar was then cut

away from over the slides, leaving a residue of malt extract.

Four-millimeter diameter plugs taken from the margins of

actively growing cultures were then placed, mycelium side down,

on the microscope slides and allowed to grow for three days.

The plugs were then removed and the mycelium was fixed to the

slides by air-drying for 15 minutes. The slides were then

immersed in an 0.5 4a/ml_ aqueous solution of DAPI under dark

conditions for not less than two hours. Just prior to

examination, each slide was gently rinsed in distilled H20,

then counterstained for five seconds with an 0.25% aqueous

solution of calcifluor. The slide was again rinsed, then

mounted in the DAPI solution.

Basidiospore staining was done by simply fixing the spores

to the slides by air-drying, then mounting with DAPI.

Observations were made with a Zeiss microscope equipped with a
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50 watt mercury vapor lamp providing epiillumination and a Zeiss

46 63 01-9901 filter combination for fluorescent microscopy.

Electrophoretic analysis of total protein extracts from

single-spore and vegetative isolates provided the fourth means

of comparing isolates. Extraction and SDS-polyacrylimide gel

electrophoresis techniques followed procedures previously used

on various species of Phytophthora (Hamm and Hansen, 1983).

Inoculum plugs containing the P. weirii isolates were grown for

five days in a liquid glucose-yeast-peptone medium of the

following composition: D-glucose, 15g; L-asparagine, 2 g;

FeSO47H20, 1 mg; CaC12 -2H20, 10 mg; MgSO47H20, 0.1 g;

KH
2
PO

4,
0.47 g; K

2
HP0

4'
0.26 g; Difco Bacto yeast extract, 1 g;

Difco Bacto peptone, 7 g; thiamine hydrochloride, 1 mg; 1 ml

minor elements in solution to give, in the final solution, 1

mg/ml Zn (ZnSO4 -7H20) and 0.02 mg/ml of Cu (CuSO4-5H20), and Mo

(Na2Mo042H20), in 1 liter of demineralized water. After five

days, mycelial fragments of each isolate were transferred to

fresh medium and allowed to grow for ten days. The fungal

mycelium was next separated from the liquid medium with a

Buchner funnel and a #1 Whatman filter and rinsed four times

with distilled H
2
O. The mycelium was then ground with acid-

washed sand and approximately 1 ml phosphate buffer (0.1 M

K2HPO4; 0.1 M Na2HPO47H20, pH=7.0) using a grinding drill. The

resulting slurry was centrifuged at 13,000 G for 20 minutes. 0.5

ml of the clear supernatent was then added to 0.5 ml sample

buffer (0.1 M tris, pH 6.8; 2% SDS; 10% mercaptoethanol; 20%

glycerol; 0.04% bromophenol blue) in a vial, immersed in boiling
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water for one minute, then frozen. An additional 0.1 ml aliquot

of the supernatent was also taken for spectrophotometric protein

assay. Approximately 25A4g of protein from each sample was

loaded onto SDS polyacrylamide gels prepared according to Thomas

and Kornberg (1975). Replicates of selected samples were run to

establish the consistency of the resultant banding patterns.

The gels were run at 105V at room temperature until the tracking

dye had moved completely through the gels (approximately 4-5

hours). Staining and destaining was done by immersion in a 0.1%

solution of Coomassie brilliant blue R-250 in acetic acid,

methanol and water (1:5:5) followed by immersion in a solution

of ethanol, acetic acid and water (20:7:100). Constant

agitation and several changes of destaining solution were

necessary. Comparison of banding patterns was made both

qualitatively by visual inspection and quantitatively by laying

photographs of the various lanes side by side and counting the

numbers of bands in common. Similarity coefficients were

calculated by dividing the number of bands in common by the

number of bands in the lane with fewer bands and multiplying by

100 (= % similarity).

3. Pairing Studies

To study sexual incompatibility, 3 mm diameter inoculum

plugs were paired 1 cm apart in a petri plate containing 18 ml

of 3% malt extract agar, and the isolates were allowed to grow

together. Three major pairings were performed: 1)between
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single-spore isolates from a single basidiocarp (intra-

basidiocarp pairings); 2) between single-spore isolates from

different basidiocarps of the same host species (inter-

basidiocarp, intra-species pairings; and 3) between vegetative

and single-spore isolates (di-mon pairings). In the first two

pairings, from ten to twenty single-spore isolates from one

basidiocarp and from different basidiocarps were paired in all

combinations. All pairings were examined for pigment and line

formation three and eight weeks after inoculation. Interaction

lines were rated on a scale of 0-4 (Figure 2). A rating of 4

indicated the presence of a heavily pigmented line between the

interactants; 3 denoted a partially pigmented line; 2 indicated

a non-pigmented line or line-gap reaction (interactants

separated by a zone of sparse mycelium); 1 indicated that no

interaction line was present but the meeting zone of the two

isolates was readily discernable; and 0 denoted that the

reactants grew together smoothly without line formation. At

eight weeks, 3 mm mycelial plugs were taken from the zones

delineated by interaction lines and back-paired with a tester

homokaryon consisting of a single-spore isolate from a

basidiocarp not in the original pairing. Where zones were

small, one mm plugs were taken. In the intra-basidiocarp

pairings, all zones from all of the pairings were subjected to

back-pairing. In the inter-basidiocarp, intra-species pairings,

back-pairings were performed on a representative sample of

pairings. Three weeks after inoculation, the plates were

examined for line formation. In the third major type of
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Figure 2. Rating scheme to assess the strength of interaction
lines in pairings of Phellinus weirii isolates (4=
heavily pigmented interaction line, 3=partially
pigmented interaction line, 2=non-pigmented line or
line-gap reaction, 1=no interaction line, meeting
zone readily discernable, 0=no interaction line,
reactants grow together smoothly).
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pairing, the di-mon pairings, observations of line formation

were made only after three weeks incubation. Back-pairings were

not performed.

B. Results

1. Distinguishing Homokaryons and Heterokaryons

As stated previously, four main approaches were taken in

the search for characteristics to distinguish homokaryons from

heterokaryons. In the initial evaluations, single-spore and

vegetative isolates were assumed to be homokaryons and

heterokaryons, respectively. However, later pairing studies

revealed that some of the single-spore isolates were actually

heterokaryons, so the data were re-evaluated to reflect the new

status of the isolates. The latter evaluations are presented

here.

In the first set of experiments, 109 vegetative and

single-spore isolates were grown under sporulation-inducing

conditions. However, even after two years incubation, none of

the isolates fruited in culture.

In the second set of experiments, analysis of the

morphology (pigmentation, zonation, aerialness and regularity of

margin) and growth rate in culture of 76 vegetative and single-

spore isolates was undertaken. The results of the color

analysis of the twenty-nine heterokaryons and forty-seven

homokaryons of Phellinus weirii are shown in Figure 3. Much



80

7o

ro

6o

0 50

4o

30

20

10

PALE LIGHT MODERATE

= HOMOKARYON, 13 DAYS

= HETEROKARYON, 13 DAYS

= HOMOKARYON, 42 DAYS

= HETEROKARYON, 42 DAYS

COLOR SATURATION

STRONG
177i'

DEEP

Figure 3. Color analysis at 13 and 42 days of 47 homokaryotic and 29 heterokaryotic isolates of
Phellinus weirii grown on 3% malt agar at 22C (2 replicate plate'run per isolate; color
saturation determined by comparison with ISCC-NBS color charts (Kelly and Judd 1965)).
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variation in colony pigmentation, as determined by comparison

with the ISCC-NBS color charts was observed during the forty-

three days of the experiment. The colors observed were mostly

hues of Orange-Yellow, ranging in color saturation from pale to

deep. Differences between the center and margin of each culture

were minimal. Colonies tended at first to be pale to light, but

became darker (pale to deep) with age. Many of the

heterokaryotic isolates became heavily crustose with age,

whereas homokaryon crusting, when it occurred, was only light.

Heterokaryons tended to be darker than homokaryons, and this

difference became slightly more pronounced with age. However,

high variation in color made it difficult to identify individual

homokaryons and heterokaryons on the basis of this single

characteristic.

Results of the other morphological comparisons of Phellinus

weirii isolates are shown in Table 1. Although colony

morphology varied widely, homokaryons tended to have more

regular margins and produced more appressed colonies than

heterokaryons. Variation again was high, and homokaryotic and

heterokaryotic isolates could not be reliably distinguished

solely on the basis of colony morphology.

Results from the growth rate test are shown on Table 2.

Average radial growth of all homokaryons was 31.3 + 3.5 mm per

week; the heterokaryons grew 35.6 + 3.6 mm per week. By an

unpaired student t test, the two growth rates were significantly

different to the 99% level of confidence. The growth rates

obtained were further broken down by host and geographic



Table 1. Colony morphology of homokaryons and heterokaryons of Phellinus weirii grown on 3% malt agar at
22 C.

Number of
Isolates

a
% Zonate

b

(10 days)
% Irregular
Margin
(7 days)

% Cente
Aerial
(10 days)

% Margin
Aerial
(10 days)

Oregon Coast Range Douglas-fir
Heterokaryons 10 0 35 100 70
Homokaryons 30 0 8 87 83

Oregon Cascades Mountain Hemlock
Heterokaryons 18 0 61 92 75

Southeast Alaska Western Redcedar
Heterokaryons 1 0 0 100 100

Northern Idaho Homokaryons
Douglas-fir, Western Larch Hosts 7 0 36 79 64
Western Redcedar hosts 10 0 0 50 25

ALL HETEROKARYONS 29 0 50 95 74

ALL HOMOKARYONS 47 0 11 78 68

a
2 replicate plates run per isolate

b
% of cultures with non-uniform pigmentation; concentric rings of dark mycelium present

% of cultures with indented, scalloped margins

d
% of cultures with raised mycelium forming a mound at the center of the colony

coe
% of cultures with raised mycelium at the colony margins
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Table 2. Growth rates of homokaryons and heterokaryons of
Phellinus weirii grown on 3% malt agar at 22 C.

Number of
Isolates

a
Average radial
growth rate
(mm /week)

Oregon Coast Range Douglas-fir
Heterokaryons 10 36.5 + 4.2c
Homokaryons 30 31.4 + 3.4c

Oregon Cascade Range Mountain Hemlock
Heterokaryons 18 35.3 + 3.4

Southeast Alaska Western Redcedar 1 34.4

Northern Idaho Homokaryons 17 31.3 + 3.7
Douglas-fir and Western Larch Hosts 7 33.5 + 4.7d
Western Redcedar Hosts 10 29.7

T
1.8

d

ALL HETEROKARYONS 29 35.6 + 3.6
e

ALL HOMOKARYONS 47 31.3 + 3.5e

a
2 replicate plates run per isolate

b
growth rates determined by comparing the extent of growth at
4 and 7 days (2 radial measurements, 90° apart)

c
means different to 99% significance

d
means different to 95% significance

e
means different to 99% significance
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location. Douglas-fir heterokaryons (Oregon and Idaho) when

pooled together grew significantly faster than Douglas-fir

homokaryons (to 99% confidence). Oregon coast range Douglas-fir

heterokaryons likewise grew significantly faster than the

corresponding homokaryons (to 99% confidence).

Quantitative evaluation of the nuclear condition of twelve

single-spore (confirmed homokaryon) and twelve vegetative

(confirmed heterokaryon) isolates of Phellinus weirii was

performed using the fluorescence microscopy techniques

previously described. Nuclei were counted starting at the the

tip cell, working back until the nuclei were no longer visible

(usually 15-20 cells back). Pairing of nuclei (nuclei arranged

no more than one nuclear diameter apart) and branching of hyphae

were also noted. A total of 614 homokaryon cells and 829

heterokaryon cells were examined. Nuclei in 1567 DAPI-stained

basidiospores were also counted. Data from the tip cells,

non-tip cells and basidiospores were pooled separately. The

results are presented in Tables 3-8. The numbers of nuclei

observed in the non-tip cells of the heterokaryons ranged from

zero to five. Most of the cells (90%) were binucleate, and 77%

contained paired nuclei. The mean number of nuclei per cell was

2.0. The non-tip cells of the homokaryons were not as strongly

binucleate. Numbers of nuclei per cell ranged from 0 to 8, with

61% of the cells being binucleate and 19% trinucleate. Sixty

percent contained paired nuclei, and the mean number of nuclei

per cell was 2.3. Using an unpaired student t test, the two



41

Table 3. Nuclear condition of vegetative (non-tip) cells of
homokaryons and heterokaryons of Phellinus weirii treated
with the fluorescent stains DAPI (4', 6-diamidino-2-
phenylindole, Sigma Chemical Company) and calcifluor
(Fluorescent Brightener No. 28, Sigma Chemical Company).

Number of
Isolates

# Cells
Counted

Mean # % Cells With
Nuclei Paired Nuclei
Per Cell

Homokaryons
Oregon Douglas-fir 6 227 2.6 + 0.98 69
Idaho Cedar 6 167 2.1 + 0.56 43
Idaho Douglas-fir/ 1 40 2.5 + 0.78 67

Western Larch
Alaska W.R. Cedar 0 0

TOTAL 13 484 2.3 + 0.81
b

60

Heterokaryons
Oregon Douglas-fir 5 350 2.0 + 0.60 78
Idaho W.R. Cedar 5 228 2.0 + 0.22 78
Idaho Douglas-fir/ 0 0

Western Larch
Alaska W.R. Cedar 2 89 2.0 + 0.35 73

TOTAL 12 667 2.0 + 0.48
b

77

a
nuclei no more than one nuclear diameter apart

b
means different to 99% significance
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Table 4. Distribution of nuclei in vegetative (non-tip) cells
of homokaryons and heterokaryons of Phellinus weirii
treated with the fluorescent stains DAPI (4',
6-diamidino-2-phenylindole, Sigma Chemical Co.) and
calcifluor (Fluorescent Brightener No. 28, Sigma
Chemical Co.).

Number of Nuclei
Per Cell

Homokaryons Heterokaryons

# of Cells
Counted

% of Cells
Counted

# of Cells
Counted

% of Cells
Counted

0 8 2 16 2

1 42 9 16 2

2 293 61 603 90

3 91 19 20 3

4 33 7 11 2

5 11 2 1 0.1

6 5 1 0 0

7 0 0 0 0

8 1 0.2 0 0

TOTAL 484 667
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Table 5. Nuclear condition of tip cells of homokaryons and
heterokaryons of Phellinus weirii treated with the
fluorescent stains DAPI (4', 6-diamidino-2-phenylindole,
Sigma Chemical Company) and calcifluor (Fluorescent
Brightener No. 28, Sigma Chemical Company).

Number of
Isolates

# Cells
Counted

Mean # % Cells With
Nuclei Paired Nuclei
Per Cell

Homokaryons
Oregon Douglas-fir 6 53 2.7 + 1.62 42
Idaho Cedar 6 62 2.3 + 0.74 71
Idaho Douglas-fir/ 1 15 2.3 + 0.81 80

Western Larch
Alaska W.R. Cedar 0 0

TOTAL 13 130 2.5 + 1.19
b

60

Heterokaryons
Oregon Douglas-fir 5 83 2.1 + 0.60 77
Idaho W.R. Cedar 5 59 1.9 + 0.54 76
Idaho Douglas-fir/ 0 0

Western Larch
Alaska W.R. Cedar 2 20 1.9 + 0.55 60

TOTAL 12 162 2.0 + 0.58
b

75

a
nuclei no more than one nuclear diameter apart

b
means different to 99% significance
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Table 6. Distribution of nuclei in tip cells of homokaryons
and heterokaryons of Phellinus weirii treated with
the fluorescent stains DAPI (4', 6-diamidino-2-
phenylindole, Sigma Chemical Co.) and calcifluor
(Fluorescent Brightener No. 28, Sigma Chemical Co.).

Number of Nuclei
Per Cell

Homokaryons Heterokaryons

# of Cells
Counted

% of Cells
Counted

# of Cells
Counted

% of Cells
Counted

0 3 2 5 3

1 11 8 3 2

2 67 52 141 87

3 36 28 7 4

4 7 5 6 4

5 2 2 0 0

6 2 2 0 0

7 0 0 0 0

8 2 2 0 0

TOTAL 130 162



Table 7. Distribution of nuclei in tip cells of homokaryons and heterokaryons of Phellinus weirii
from various hosts as revealed by treatment with the fluorescent stains DAPI (4', 6-
diamidino-2-phenylindole, Sigma Chemical Co.) and calcifluor (Fluorescent Brightener No. 28,
Sigma Chemical Co). All values expressed as percents.

Homokaryonsa Heterokaryonsa

Number of
Nuclei per Cell

Oregon
D.-fir
(6,53)

Idaho
Cedar
(6,62)

Idaho Alaska
D.-fir/W. Lar.

b
Cedar

(1,15) (0,0)

Oregon
D.-fir
(5,83)

Idaho Idaho
Cedar D.-fir/W. Lar.

b

(5,59) (0,0)

Alaska
Cedar
(2,20)

0 6 0 0 1 5 5
1 8 6 20 2 0 5
2 42 66 27 84 92 85
3 32 18 53 7 2 5
4 2 10 0 6 2 --- 0
5 4 0 0 0 0 0
6 4 0 0 0 0 - 0
7 0 0 0 0 0 0
8 4 0 0 0 0 0

a
numbers in parentheses indicate number of isolates tested and number of cells counted for each host
type

b
Idaho Douglas-fir and western larch host types both considered Idaho Douglas-fir-type isolates



46

Table 8. Numbers of nuclei in DAPI (4', 6 diamidino-2-
phenylindole, Sigma Chemical Co.)-stained basidiospores
from basidiocarps on western redcedar collected at
Solo Creek and

Basidiocarp Number
And Location

Priest Lake, Idaho.

Uninucleate Spores Binucleate Spores
# Counted (%) # Counted (%)

P5 (Priest Lake) 63 (100) 0 (0)

P6 (Priest Lake) 499 (99) 5 (1)

S8 (Solo Creek) 500 (100) 0 (0)

S9 (Solo Creek) 498 (99.6) 2 (0.2)

TOTAL 1560 (99.6) 7 (0.2)
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sample means for number of nuclei per cell were different to 99%

confidence.

Analysis of the tip cells yielded similar results.

Diversity in the numbers and arrangement of nuclei in tip cells

was greater in the homokaryons, with nuclear counts ranging from

0 to 8 nuclei per cell. In comparison, heterokaryon tip cells

contained 0 to 4 nuclei per cell. The heterokaryon isolates

showed a greater tendency to be binucleate and contained a

greater percent of paired nuclei. Eighty-seven percent of the

heterokaryon cells were binucleate, 4% trinucleate and 75%

contained paired nuclei. In contrast, only 52% of the

homokaryon tip cells were binucleate, 28% were trinucleate and

57% contained paired nuclei. As with the non-tip cells, the

homokaryotic tip cells contained more nuclei than their

heterokaryotic counterparts (2.45 + 1.19 nuclei per cell vs. 2.0

+ 0.5 nuclei per cell). The means differed to 99% confidence.

On the basis of the tip cell results, a blind test was

constructed in order to determine whether counting nuclei could

be used as a procedure to reliably distinguish individual

homokaryons from heterokaryons. Fourteen single-spore and 14

vegetative isolates (confirmed homokaryons and heterokaryons,

respectively) were grown on microscope slides according to the

procedures outlined previously. All isolates were coded with

random numbers. After staining with DAPI and Calcifluor, ten

randomly chosen tip cells from each isolate were examined and

the number of nuclei was recorded. Nuclear condition of each

isolate was then determined by two criteria. By the first



48

criterion, isolates were identified as heterokaryons if 8 or

more of the tip cells were binucleate. If 6 or fewer cells were

binucleate, the isolate was a homokaryon and if 7 cells were

binucleate, the karyology was scored as unknown. By the second

criterion, 7 or more binucleate cells identified a heterokaryon,

5 or fewer identified a homokaryon and 6 binucleate cells

indicated unknown karyology. The results are shown in Table 9.

Although statistical differences in nucleation of tip cells of

single-spore and vegetative isolates of P. weirii were readily

shown, identification of individuals remained difficult. In

general, the heterokaryons were more easily identified than the

homokaryons, but at best only 57% of the unknowns were correctly

identified.

Electrophoretic analysis of single-spore and vegetative

isolates (confirmed homokaryons and heterokaryons) was

undertaken in a series of four gels (Figures 4-7). The isolates

tested included single-spore isolates from the Oregon Coast

Range (Douglas-fir) and northern Idaho (Douglas-fir, western

larch and western redcedar) and vegetative isolates from the

Oregon Coast Range (Douglas-fir), Oregon Cascades (mountain

hemlock) and southeast Alaska (western redcedar). Between 35

and 45 distinct bands were usually present, the exact number

depending on the isolate. Although many of the bands were light

and somewhat blurred, qualitative assessments of isolates were

easily made. Quantitative assessments by comparison of

photographs were more difficult and best done within single

gels, providing exact matching of the more distinct bands.
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Table 9. Identification of the karyology of 28 Phellinus weirii
isolates (14 homokaryons, 14 heterokaryons) by
counting nuclei in 10 tip cells treated with DAPI (4',
6-diamidino-2-phenylindole, Sigma Chemical Co.) and
calcifluor (Fluorescent Brightener No. 28, Sigma
Chemical Co.).

Criterion #1

8+ Binucleate Cells - Isolate identified as a heterokakyon

6- Binucleate Cells - Isolate identified as a homokaryon

7 Binucleate Cells - Unknown karyology

Homokaryons Heterokaryons Total

% Correctly Identified 50 64 57

% Incorrectly Identified 43 29 36

% Unknown Karyology 7 7 7

Criterion #2

7+ Binucleate Cells - Isolate identified as a heterokaryon

5- Binucleate Cells Isolate identified as a homokaryon

6 Binucleate Cells - Unknown karyology

Homokaryons Heterokaryons Total

% Correctly Identified 36 71 54

% Incorrectly Identified 50 21 36

% Unknown Karyology 14 7 11
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Figure 4. Electrophoresis Gel #1 - Electrophoretic banding
patterns of total protein extracts of single-spore
and vegetative isolates of Phellinus weirii
(Het=Heterokaryon, Ho=Homokaryon).

Lane/Isolate Identifications (see Appendix A for isolate
descriptions)

Lane 1. C74d (Het)
2. C74q (Het)
3. F73 (Het)
4. C-12-2 (Het)
5. C-12-1 (Het)
6. D-12-1 (Het)
7. Ak. Thuja (Het)
8. Old PW (Het)
9. Old PW (Het)

10. MP2-BRE-LVI (Het)
11. MP1-WC5 End (Het)
12. C74a (Het)
13. MP1-WC5 Bole (Het)
14. C74o (Het)
15. F73b (Het)
16. MP2-2 (Ho)
17. MP2-1 (Ho)
18. MP2-1 (Ho)
19. MP1-2 (Ho)
20. MP2-Het Tr. Bole (Het)
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Figure 5. Electrophoresis Gel #2 Electrophoretic banding
patterns of total protein extracts of single-spore
and vegetative isolates of Phellinus weirii
(Het=Heterokaryon, Ho=Homokaryon).

Lane/Isolate Identifications (see Appendix A for isolate
descriptions)

Lane 1. MP2-3 (Ho)
2. MP1-Left Veg (Het)
3. C74f (Het)
4. D-12-3 (Het)
5. C-12-3 (Het)
6. F74 (Het)
7. F73c (Het)
8. F75 (Het)
9. F75 (Het)

10. MP1-3 (Ho)
11. MP1-Center Veg (Het)
12. MP1-1(Ho)
13. C74d (Het)
14. C74q (Het)
15. F73a (Het)
16. MP2-Het Tr Bole (Het)
17. MP1-2 (Ho)
18. MP2-2 (Ho)
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Figure 6. Electrophoresis Gel #3 Electrophoretic banding
patterns of total protein extracts of single-spore
and vegetative isolates of Phellinus weirii
(Het = Heterokaryon, Ho= Homokaryon).

Lane/Isolate Identifications (see Appendix A for isolate
descriptions)

Lanes 1, 2 MP1-Center Veg (Het)
3, 4 MP2-Het Tr Bole (Het)
5, 6 MP1-1 (Ho)
7, 8 MP2-2 (Ho)
9,10 C74f (Het)

11,12 F78 (Het)
13,14 134696-28 (Ho)
15,16 134848-23 (Ho)
17,18 Ak Thuja (Het)
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Figure 7. Electrophoresis Gel #4 - Electrophoretic banding
patterns of total protein extracts of single-spore
and vegetative isolates of Phellinus weirii
(Het=Heterokaryon, Ho=Homokaryon).

Lane/Isolate Identifications (see Appendix A for isolate
descriptions)

Lane 1. MP1-Center (Het)
2. MP1-Left Veg (Het)
3. MP2-Het Tr Bole (Het)
4. MP2-BRE-LVI (Het)
5. MP1-1 (Ho)
6. MP1-2 (Ho)
7. MP2-2 (Ho)
8. MP2-3 (Ho)
9. C74f (Het)

10. F78 (Het)
11. F64 (Het)
12. C-12-1 (Het)
13. 134842-14 (Ho)
14. 134848-23 (Ho)
15. 134696-28 (Ho)
16. Ak Thuja (Ho)
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However, comparisons between gels that were run concurrently

were also made. Various internal.checks included in the gels

established the degree of variability arising from the protein

extraction procedures, running of the gels and the assessment of

the banding patterns. In the first check, fungal mycelium from

each of two isolates (one Oregon Coast Range and one Oregon

Cascade Range vegetative isolate) was divided in half and

protein extraction was performed separately on each half. The

extracts from each of the two isolates were then run on the same

gels and yielded similarity coefficients of 92 and 82%. In the

second check, six of the protein extracts were run

simultaneously on two gels. In this way, inter-gel variation

was checked. Visual inspection of the lanes revealed near

complete homology. However, when photographs of the banding

patterns were quantitatively compared in blind tests with the

rest of the isolates in the two gels, the pooled similarity

coefficient of the identical isolates was 84 + 9.0%.

The results of the similarity analyses are presented in

Table 10. Within-group variability was fairly high, with

similarity values ranging from 63 to 86%. Overall, the

electrophoretic analyses failed to distinguish the homokaryons

and heterokaryons. No unique single bands or banding patterns

were clearly associated with either vegetative or single-spore

isolates. In Gels 1 and 2 (combined), comparison of the Oregon

Coast Range vegetative and single-spore isolates yielded a

similarity value of 77 + 8.0%, approximately the same as the

within-group values for the single-spore and vegetative isolates
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Table 10. Similarity of protein banding patterns of total
protein extracts of Phellinus weirii homokaryons and
heterokaryons as revealed by SDS-polyacrylimide gela
electrophoresis (values indicate percent similarity
+ standard deviation; values in parentheses indicate_
number of isolates tested).

A. Gel 1. Or.Coast Range Or. Cascade Range Southeast Ak.

Oregon Coast Range

Douglas-fir Mtn. Hemlock W.R. Cedar
Het.(5) Ho.(3)

71+7.3 73+5.8
76+6.6

Het.(8)

68+10.4
68+10.9

70+12.4

Het.(1)

53+5.9
62+8.1

53+7.9

Douglas-fir
Heterokaryons (5)

Homokaryons (3)

Oregon Cascade Range
Mountain Hemlock
Heterokaryons (8)

Southeast Alaska
Western Redcedar

Heterokaryons (1)

B. Gel 2. Or.Coast Range
Douglas-fir

Or. Cascade Range
Mtn. Hemlock

Oregon Coast Range
Het.(3)

78+13.6

Ho.(5)

80+8.7
79+8.9

Het.(9)

73+11.8
72+12.1

74+11.8

Douglas-fir
Heterokaryons (3)

Homokaryons (5)

Oregon Cascade Range
Mountain Hemlock
Heterokaryons (9)
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Table 10. (cont.)

C. Gels 1 and 2 Or.Coast Range Or. Cascade Range Southeast Ak.
(combined) Douglas-fir Mtn. Hemlock W.R. Cedar

Oregon Coast Range
Het.(5) Ho.(3)

73+9.3 77+8.0
79+8.3

Het.(8)

73+11.5
71+10.9_

74+11.4_

Het.(1)

57+6.8
66+8.1

63+12.2

Douglas-fir
Heterokaryons (5)

Homokaryons (3)

Oregon Cascade Range
Mountain Hemlock
Heterokaryons (8)

Southeast Alaska
Western Redcedar

Heterokaryons (1)



Table 10. (cont.)

D. Gel 3

Oregon Coast Range
Douglas -fir

Or.Coast Range Or. Cascade Range Northern Idaho Southeast Ak.
Douglas-fir Mtn. Hemlock D.-fir/W. Lar W.R. Cedar W.R. Cedar

Het.(2) Ho.(2) Het.(2) Ho.(1) Ho.(1) Het.(1)

Heterokaryons (2)
Homokaryons (2)

Oregon Cascade Range

80 85+10.7
86

81+5.8
82+11.3

82

87+9.9
67+17.7

71+3.5

70+14.8
56+9.9

59+14.8

59+22.6
60+7.8

71+9.9
Mountain Hemlock
Heterokaryons (2)

Northern Idaho
Douglas-fir/W. Larch
Homokaryons (1) 68 68

Western Redcedar
Homokaryons (1) 100

Southeast Alaska
Western Redcedar
Homokaryons (1)



Table 10. (cont.)

E. Gel 4 Or.Coast Range Or. Cascade Range Northern Idaho Southeast Ak.

Oregon Coast Range

Douglas-fir Mtn. Hemlock D.-fir/W. Lar W.R. Cedar W.R. Cedar
Het.(4) Ho.(4)

75+8.9 79+8.4
85+9.5

Het.(4)

73+12.5
70+10.3

73+15.4

Ho.(2) Ho.(1)

76+18.4 47+9.8
78+12.4 55+10.3

75+14.3 54+10.0

63 41+2.1

Het.(1)

53+5.6
58+9.1

58+4.1

58+8.5

100

Douglas-fir
Heterokaryons (4)

Homokaryons (2)

Oregon Cascade Range
Mountain Hemlock
Heterokaryons (2)

Northern Idaho
Douglas-fir/W. Larch
Homokaryons (1)
WP,.tern Redcedar
P ,mokaryons (1)

Southeast Alaska
Western Redcedar
Homokaryons (1)

a
similarity coefficients (%) defined as: (# bands in common)

X 100
(# bands in lane with fewer bands)



59

alone. Gels 3 and 4 had similar results, with similarity

coefficient values for comparisons between Oregon Coast Range

single-spore and vegetative isolates of 85 + 10.7 and 79 +

8.4%. In addition, 100% homology was repeatedly seen in

comparison between the Idaho western redcedar single-spore

isolates and the only vegetative western redcedar isolate in the

study, the Alaska western redcedar isolate. Similar comparisons

between the Idaho Douglas-fir/western larch (pooled) single-

spore isolates and the Oregon Coast and Cascade Range vegetative

isolates ranged from 67 + 17.7% to 82 + 11.3%.

2. Pairing Studies

Three major sets of pairings were performed: 1) between

single-spore isolates from a single basidiocarp (intra-

basidiocarp pairings); 2) between single-spore isolates from

different basidiocarps of the same host species (inter-

basidiocarp, intra-species pairings); and 3) between vegetative

and single-spore isolates (di-mon pairings). The single-spore

and vegetative isolate pairing combinations are listed in Table

11. In addition, back-pairings were performed on all intra-

basidiocarp pairings and on selected inter-basidiocarp, intra-

species pairings.

a. Intra-basidiocarp pairings

The intra-basidiocarp pairings were initiated in order
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Table 11. Single-spore and di-mon pairing combinations performed to
determine the genetics of sexuality of Phellinus weirii.

A. Intra-Basidiocarp Pairings: 9-20 single-spore isolates from each
basidiocarp paired in all combinations; backpairings performed
on all pairings

Western Redcedar - Basidiocarp
Basidiocarp
Basidiocarp

Douglas-fir - Basidiocarp
Basidiocarp

S8, Idaho 20 homokaryons
P6, Idaho - 10 homokaryons

134696, Idaho - 10 homokaryons

MP2, Oregon - 20 homokaryons
134842, Idaho 9 homokaryons

B. Inter-Basidiocarp, Intra-Species Pairings: 8-15 single-spore
isolates from different basidiocarps of the same host species
paired in all combinations; basidiocarps were located at various
distances from each other; backpairings performed on selected
pairings.

Idaho Cedar x Idaho Cedar

Basidiocarp S8 x 134696 (15x15 homokaryons- 19 km apart)
Basidiocarp P5 x P6 (15x 8 homokaryons- 2.5 km apart)
Basidiocarp S8 x S9 (15x14 homokaryons- 50 m apart)
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Table 11. (cont)

C. Di-Mon Pairings: Each vegetative isolate paired with 8-18
single-spore isolates from basidiocarps of the same host
species located at various distances from each other;
backpairings performed on all pairings

Western Redcedar Isolates, Idaho

Basidiocarp Source And Distance To Single-Spore
Vegetative Isolate Isolates Paired With Vegetative Isolates

Om 50m 2.4km 13.7km 15.6km 18km 19km

S8 S8 S9 P6 134696
S9 S9 S8 P6 134696
P2 P2 P6 134696 S8
P6 P6 P2 134696 S8

Douglas-fir Isolates, Oregon

Basidiocarp Source And Distance To Single-Spore
Vegetative Isolate Isolates Paired With Vegetative Isolates

Om 0.8km

MP1 MP1 MP2
MP2 MP2 MP1
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to study the number of gene loci governing sexual compatibility

in Phellinus weirii. Single-spore isolates from single

basidiocarps were paired in all combinations. Five sets of

pairings were performed; three from western redcedar

basidiocarps and two from Douglas-fir basidiocarps (Table 11a).

All pairings were examined for pigmentation and line formation

three and eight weeks after inoculation, using the scoring

system described previously. The resulting line reactions are

presented in Table 12.

Fruiting bodies were produced in none of the pairings. As

expected, self-pairings inevitably lacked line formation or

color change. A wide variety of interactions was observed in

the other pairings (Figure 8). In many, colony morphology

changed dramatically, from fluffy, off-white mycelium to a

mottled, crustose, heavily pigmented dark-brown appearance. In

others, the mycelium from the two interactants mixed together

smoothly without noticeable change in color. Line reactions

showed similar diversity, from heavy, darkly pigmented lines to

no visible lines. Line reactions and changes in colony

morphology and pigmentation, were not always associated with

each other. In some pairings, line formation and color change

occurred simultaneously, and in others color change took place

without line formation. Similarly, lack of change in morphology

and color occurred both with and without formation of

interaction lines. Some isolates (S8-5, S8-14, S8-16, S8-17,

P6-8 and MP2-19), however, formed strong number 3 or 4 lines

with every single-spore isolate with which they were paired.
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Table 12. Pairing reactions at 8 weeks of intra-basidiocarp
pairings of single-spore isolates of Phellinus weirii
(4=heavily pigmented interaction line; 3=partially
pigmented line; 2=non-pigmented line or line-gap
reaction; 1=no interaction line, meeting zone readily
discernable; 0=no interaction line, reactants grow
together smoothly. Shaded areas indicate heterokaryon-
homokaryon pairings).

A. Basidiocarp S8 (Western redcedar, Solo Creek, Idaho)

S8 Single-Spore Isolates

S8-1 2 3 6 7 8 9 10 11 12 13 14,

S8-1 0 1 3 4 0 0 0 4 1 4 3

2 0 1 4 1 3 2 4 1 3 0 0

3 0 0 4- 4 0 1 4 3 0 4 3

4 4 3 4 0 3 0 0 4

5 4 4 4. 4 4 -4

6 0 0 1 4 1 4 4 4

7 0 3 4 1 1 0 1

8 0 3 0 2 0 1 4

9 0 0 4 0 4 4'
10 o 1 4 4 4

11 0 4 .0 4.

12 0 4

13 0 4.

14 0'

15

16
17

18

19

20

15

0

3

1

4

4

0

1

2

4

3

o

0

1

18

1

4

19

4

4

20

1

2

4 4 4 2

4 4 3 4 3

4

0 0 0

4 3 4 4

2 4 2

4 4 1 1

1 4 1

.45*4 4 4 4

4 1 1
4 4 1 0 1

4 4:

4,04 3 4 2

4 4 4

0 ..'.-4-7,-!4-04

0 1 2

0 4

0



Table 12. (cont.)
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B. Basidiocarp MP2 (Douglas-fir, Mary's Peak, Oregon)

MP2-1

MP2-1 0

2

3

6

7

8

9

10

11

12

13

15

16

17

18
19

20

21

22

23

MP2 Single-Spore Isolates

3::' 6 7 8 9 10 11 12 13 15 16 17 18 1k 20 21 22 23

1 2 2 2 2 0 1 1 2 1 0 2 4 0 3 1 1

3 4 1 2 1 4 4 1 1 4 4 4 4 3 1 3 3

3 1 4 4 L 4 4 1 4 1 3 4 4 3 4

1 3 1 3 4 3 4 1 4 4 4 1 4 4

3 4 3 1 0 2 3 0 1 0 3 1 1 1 0

0 4 4 0 1 1 4 2 1 1 4 0 4 3 1

0 4 1 0 1 4 1 0 0 1 4 0 0

0 1 1 3 2 1 0 4 1 3 1 1

0 4 0 0 4 1 4 3 2 1 3 3

0 1 0 2 4 3 4 3 1 3 2

0 2 2 1 4 .3, 1 3 1 0

0 4 0 1 3 0 3 1 1

0 4 4 4 3 0 3 2

0 4 `,4 3 0 3 3

1 0 4 4

.. 4

0 1

0 1 1

0 1

1
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Table 12. (cont)

C. Basidiocarp 134696 (Western redcedar, Priest River Experimental
Forest, Idaho)

134696 Single-Spore Isolates

96-2
16

17

21
28

32
43

48
52

54

96-2

0

16

0

0

17

0

0

0

21

0

4

4

0

28

4

4

4

4

0

32

4

0

0

4

4

0

43

4

0

0

0

0

4

0

48

4

4

4

1

1

0

1

0

52

4

0

0

0

1

4

1

1

0

54

4

0

0

0

4

1

4

4

4

0

D. Basidiocarp P6 (Western redcedar, Priest Lake, Idaho)

P6 Single-Spore Isolates

P6-1 2 3 4 5 6 7 9 10

P6-1 0 0 3 0 4 4 1 4 0

2 0 0 4 4 0 4 4 4

3 0 1 4 1 4 4 4

cr.
4

5
Cl)

m 6

0 0

0

0

0

0

4

1

0

4

1

4

4

0

0

4) 7 0 2 1

8 2 4

9 0 3

10 0
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Table 12. (cont)

E. Basidiocarp 134842 (Douglas-fir, Coeur d 'Alene Nat. For. Idaho)

134842 Single-Spore Isolates

42-12 22 24 63 65 74 80 83 88

42-12 0 3 2 4 3 1 3 4 2

22 0 1 4 3 0 1 4 2

24 0 2 3 1 1 4 0

63 0 4 3 4 4 2

65 0 1 2 3 1

74 0 1 1 1

80 0 3 1

83 0 3

88 0



00.0Os..Os..
Figure 8. Variety of line and pigmentation reactions observed

in single-spore isolate pairings of Phellinus weirii.
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Colony appearance alone could not be used to identify compatible

sexual interactions. Attempts to fit the results in a bipolar

or tetrapolar table failed (Table 12).

b. Inter-basidiocarp, intra-species pairings

The inter-basidiocarp, intra-species pairings were

performed in order to determine if the mating system of P.

weirii is multiallelic. Three sets of challenges were made

pairing Idaho western redcedar single-spore isolates from

different basidiocarps in all combinations (Table 11b). Eight

to fifteen single-spore isolates from each basidiocarp were

paired. In each set the two fruiting bodies were located

further apart, from 50m to 19km. The morphological changes

associated with inter-basidiocarp, intra-species pairings were

much more uniform than those observed in the intra-basidiocarp

pairings (Table 13). The majority of the pairings grew together

with very little or no line formation. At week 3, very few

pigmentation changes were noted, but by week eight most of the

interactants had changed to a darker color. Although the

majority of single-spore isolates prOduced no interaction lines

when paired against other single-spore isolates, isolates S8-5,

S8-17, P6-8, P6-14 and S9-1 formed strong number four lines

against every homokaryon with which they were paired.

Additional lighter secondary lines (ratings of 2-4) were also

formed within many of the homokaryons with which the above

isolates had been paired. This suggested that these isolates
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Table 13. Pairing reactions at 8 weeks of inter-basidiocarp,
intra-species (cedar x cedar) pairings of single-spore
isolates of Phellinus weirii (4=heavily pigmented
interaction line; 3=partially pigmented line; 2=non-
pigmented line or line-gap reaction; 1=no interaction
line, meeting zone readily discernable; 0=no interaction
line, reactants grow together smoothly. Shaded areas
indicate heterokaryon-homokaryon pairings).

A. Basidiocarp S8 x Basidiocarp 134696 (Western redcedar; 19 km
apart)

S8 Single-Spore Isolates

S8-1 2 3 4 6 7 8 9 10 11 12 13 15

96-2 0 0 1 0 0 0 0 0 0 0 0 0 0
L17; 6 0 0 0 0 4 0 0 0 0 0 0 0 0 0
-P-
cr.

11 0 0 0 0 4 0 0 0 0 0 0 0 0 0
,c)
cr.

16 0 0 0 0 4: 0 1 0 0 0 0 0 1 0
17 0 0 0 0 4 0 1 0 0 0 0 1 1 0
21 0 0 0 0 0 0 1 0 0 0 1 0 0
25 0 1 0 0 1 0 0 1 0 0 1 1 0

o 28 0 0 1 0 0 0 0 0 0 0 0 0 0
cin 32 0 0 0 0 4 0 0 0 0 0 0 0 0 0
o 43 0 1 0 0 0 0 0 0 0 0 0 0 0
o 48 0 0 0 0 4, 0 1 0 0 0 0 0 0 0
H 52 0 1 0 0 0 0 0 0 0 0 0 0 0
o 53 0 0 0 0 0 0 0 0 0 0 0 0 0
o 54 0 0 1 0 0 0 0 0 0 0 0 0 0
o 55 0 1 0 0 0 0 0 0 0 0 0 0 0 4



Table 13. (Cont.)
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B. Basidiocarp P5 x Basidiocarp P6 (Western redcedar; 2.4 km
apart)

P6 Single-Spore Isolates

S8-1 2 3 4 5 6 7 10 11 12 13 14 15

P5-1 1 0 1 0 0 0 0 0 0 0 0 0 0

2 0 0 0 0 0 0 0 4 0 0 0 1 0 0

3 0 0 0 0 0 0 0 4 0 0 0 0 0 '4 0

4 0 0 1 0 1 0 0 4 0 0 0 0 0 0

5 0 0 1 0 0 0 0 4 0 0 0 0 0 0

6 0 0 0 0 0 0 0 4 0 0 0 0 0 0

7 0 0 0 0 1 0 0 4 0 0 0 0 0 0

8 0 0 0 0 0 0 1 .4 0 0 0 0 0

C. Basidiocarp S8 x Basidiocarp S9 (Western redcedar; 50 m apart)

S9 Single-Spore Isolates

S9-1 3 4 6 7 8 9 10 11 12 13 14 15

S8-1 0 1 0 0 0 0 0 1 0 0 0 0 0

2 0 1 0 0 0 1 0 0 1 0 0 0 0

3 0 0 1 1 0 1 0 1 0 0 0 0 0
4 0 0 0 0 1 1 0 0 1 0 0 0 0

4 4 -4 '4 4 4 4, 4 "4,.;-. 4 4 4 4
6 0 0 0 0 0 0 1 0 0 0 0 1

7 0 0 0 0 0 0 0 0 0 0 0 0 0

8 0 0 0 0 0 0 0 1 0 1 0 0 0

9 0 1 0 0 0 0 0 0 0 0 1 1 0

10 0 0 0 0 0 0 0 0 0 0 1 0 0

11 0 0 0 0 0 0 0 0 0 0 0 0 1

12 0 0 0 1 0 0 0 0 0 0 0 0 0

13 1 0 1 0 0 0 1 0 0 0 0 0 1

15 0 0 0 1 0 0 0 0 1 0 0 0 1

17 , 4 4 4 4 4' 4 ,4 4 4 4 4 :4
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were in fact heterokaryons and that heterokaryons could be

identified by line formation in di-mon pairings.

c. Di-mon pairings

To test the hypothesis that heterokaryotic and homokaryotic

isolates could be distinguished by line formation in di-mon

pairings, a series of di-mon pairings was performed, challenging

vegetative isolates with their progeny single-spore isolates and

single-spore isolates from other basidiocarps. The experiment

was set up to determine whether interaction lines would be

produced in all pairings between known vegetative and known

single-spore isolates. Six vegetative isolates (four from Idaho

western redcedar, two from Oregon Douglas-fir) were paired with

thirty-two single-spore isolates from basidiocarps originating

zero (parental heterokaryons x progeny homokaryons) to nineteen

km apart (Table 11c). Two to six single-spore isolates from

each basidiocarp were paired against each vegetative isolate.

After three weeks incubation, the pairings were scored for lines

(Table 14). In all western redcedar di-mon pairings, strong #4

lines formed between the interactants (Figure 9). In 90% of the

non-parental pairings, lighter secondary lines appeared in the

single-spore isolate portion of the plate. The lines were

similar to those observed in the inter-basidiocarp, intra-

species pairings with isolates S8-5, S8-17, P6-8, P6-14 and

S9-1. Secondary lines were never observed in pairings between

parental heterokaryons and progeny homokaryons or in the portion
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Table 14. Pairing reactions between single-spore and vegetative
isolates of Phellinus weirii from basidiocarps located at
various distances from each other (4=heavily pigmented
interaction line; 3=partially pigmented line; 2=non-
pigmented line or line-gap reaction; 1=no interaction
line, meeting zone readily discernable; 0=no interaction
line, reactants grow together smoothly). All values
expressed as averages. Asterisks indicate secondary line
formation.

A. Western Redcedar Isolates, Northern Idaho

Distance From Basidiocarp To
Vegetative Isolate Single-Spore Isolates

S8
S9

P2
P6

Om 50m 2.4km 13.7km 15.6km 18km 19km

4

4

4

4

*
4*
4

*
4*
4

-

*
4*
4

-

*
4

*
4 *

3.5

*
4

*
4*
4

B. Douglas-fir Isolates, Oregon Coast Range

Distance From Basidiocarp To
Vegetative Isolate Single-Spore Isolates

MP1
MP2

Om 0.8km

2.25
3.25

4*
4
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Figure 9. Interaction lines obtained in di-mon (homokaryon-
heterokaryon) pairings of Phellinus weirii. Petri
plate on the left contains a self-paired
heterokaryon; petri plate on the right contains a
self-paired homokaryon. Center petrie plate contains
a heterokaryon (left) x homokaryon (right) pairing.
Note secondary lines in the sector occupied by the
homokaryon.
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of the plate occupied by the vegetative isolate. The

Douglas-fir di-mon pairings produced similar results. However,

the initial interaction lines between single-spore isolates and

parental vegetative isolates were.somewhat lighter (average line

strength = 2.75) and secondary lines appeared in only one plate

(MP2 Veg x MP1-4 SSI). The positive correlation between di-mon

pairings and strong line formation was thus confirmed. This

relationship was next used to determine the mating compatibility

of the intra-basidiocarp and inter-basidiocarp, intra-species

pairings.

d. Back-pairings

In order to identify heterokaryon formation in the

single-spore isolate pairings previously performed, a series of

back-pairings was performed. The single-spore isolates chosen

to test the initial intra-basidiocarp pairings were all from

basidiocarps not involved in the original pairings. For

example, the tester for the S8 x S8 (Idaho western redcedar)

intra-basidiocarp pairings was the single-spore isolate

134696-SS28 (an Idaho western redcedar isolate). Similarly, the

single-spore isolate S8-1 was the tester in the 134696 x 134696

(Idaho western redcedar) pairings and MP1-1 (single- spore

isolate) was used to test the MP2 x MP2 (Oregon Douglas-fir)

challenges. The use of unrelated single-spore isolates as

testers was done so that back-pairings performed with mycelial

plugs from compatible single-spore pairings would be di-mon
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pairings between unrelated homokaryons and heterokaryons,

resulting in strong line formation. In contrast, back-pairings

performed with plugs from incompatible single-spore isolate

pairings would be between unrelated homokaryons, resulting in

little or no line formation. Back-pairing testers for the

inter-basidiocarp, intra-species challenges similarly consisted

of single-spore isolates unrelated to either of the isolates

used in the initial pairing. For example, in the S8 X 134696

challenge, back- pairings were performed with the single-spore

isolate P6-1.

The results of the back-pairings performed on the three

sets of intra-basidiocarp pairings are shown in Table 15. Lines

on the back-pairing plates, when formed, were intermediate to

strong in intensity (line ratings of 2-4). Many of the lines

were strong #4 lines at the initial point of meeting but became

lighter #2 lines further away. Secondary lines often formed in

the zone occupied by the tester single-spore isolate. Back-

pairings of the various sectors from a given pairing had very

uniform results, with line formation occurring in either all or

none of the sectors. Of the 475 intra-basidiocarp pairings,

only 15 (3%) had mixed positive/negative readings.

It was noted that most of the reactions of individual

single-spore isolates formed lines in back-pairing with roughly

50% of the other single-spore isolates. However, isolates S8-5,

S8-14, S8-16, S8-17, MP2-3 and MP2-19 formed back-pairing lines

with all single-spore isolates. With the exception of MP2-3,

these isolates had also formed strong lines in all of the
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Table 15. Mating reactions of intra-basidiocarp pairings of
single-spore isolates of Phellinus weirii as indicated
by back-pairing. (+compatible sexual interaction-
heterokaryon formation indicated by line formation in
back-pairing; - =incompatible sexual interaction-lack of
heterokaryon formation indicated by lack of line in
back-pairing. Results arranged by mating type. Shaded
areas indicate heterokaryon-homokaryon pairings).

A. Basidiocarp S8 (Western redcedar, Solo Creek, Idaho)

S8-1
3

6

10

12
13

2

4

7

8

9

11

15

18

19

20
5

14

16

17

S8 Single-Spore Isolates

S8-1 3 6 10 12 13 2 4 7 8 9 11 15 18 19 20 5 14 16 17

+ + + + + + + + +
+ + + + + + + + +

+ + + + + + + + + +
+ * + + + + + +
+ + + + + + + + + +
+ + + + + + + + + +

+ + + +
+ + +

+ +



Table 15. (cont.)

B. Basidiocarp MP2 (Douglas-fir, Mary's Peak, Oregon)

MP2-1
7

8

9

10

13

15

21

2

6

11

12
16

17
18

20
22

23

3

19

MP2 Single-Spore Isolates

MP2-1 7 8 9 10 13 15 21 2 6 11 12 16 17 18 20 22 23

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+ + + + + + +. + + +
+ + + + + + + + + +
+ + + + + + + + + +
+ + + + + + + + + +
+ + + + + + + + + +
+ + + + + + + + + +

77

-3 19

+

+
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Table 15. (cont)

C. Basidiocarp 134696 (Western redcedar, Priest River Experimental
Forest, Idaho)

96-2
32

43
52

54

16

17

21

28

48

134696 Single-Spore Isolates

96-2 32 43 52 54 16

+
+

+
+

+

17

+
+
+
+
+

21

+
+
+
+
+

28

+
+
+
+
+

48

+
+
+
+
+

+
+
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initial pairings (both intra-basidiocarp and inter-basidiocarp,

intra-species). After excluding these isolates, it was found

that the results of the back-pairings nearly perfectly fit the

bipolar pattern of mating compatibility. Of the 362 remaining

pairings, only 5 produced results inconsistent with bipolarity.

The results of the selected back-pairings performed on the

intra-basidiocarp, inter-species pairings are shown on Table

16. While no strong reaction lines were formed in the initial

pairings, lines with ratings of 3-4 were produced in all back-

pairings. As with the intra-basidiocarp back-pairings, many of

the plates had strong #4 line reactions near the reaction plugs

that tailed off to #2 lines further away. Secondary lines were

also observed in many of the plates.

Because of the unusual line formation in all of the initial

pairings with the isolates S8-5, S8-17, P6-8, P6-14, and S9-1,

the S8 x 134696 (cedar x cedar) array (Table 13a) was chosen for

additional study. In this array, little or no line formation

occurred in the initial pairings of single-spore isolates,

except in pairings against single-spore isolates S8-5 and

S8-17. Back-pairings were performed on all S8-5 and S8-17

pairings, as well as on 31 other pairings (for comparison).

Instead of using an unrelated single-spore isolate as a tester,

the single-spore isolates from the original pairings were used.

Each zone delineated by primary and secondary lines was thus

tested against the nearest "parental" isolate. Intermediate

zones running between the inoculum plugs down the middle of the

plate were tested with both "parental" isolates. In the 31
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Table 16. Mating reactions of selected inter-basidiocarp, intra-
species (cedar x cedar) single-spore isolate pairings
of Phellinus weirii as indicated by back-pairing.
(+=compatible sexual interaction-heterokaryon formation
indicated by line formation in back-pairing;
=incompatible sexual interaction-lack of heterokaryon
formation indicated by lack of line in back-pairing.
Pairings performed with the heterokaryotic isolates
S8-5, S8-17, S9-1, P6-8 and P6-14 were not subjected to
back-pairing).

A. Basidiocarp S8 x Basidiocarp 134696 (Western redcedar; 19 km
apart)

"

'1)

S8 Single-Spore Isolates

S8-1 2 3 4 5 6 7 8 9 10 11

96-2 +/+
6 +/+

11 +1+
16 +/+
17 + / +
21 +/+.
25 +/+
28 +/+
32 +1+
43 +/+
48

52

53

54 +/+
55 +/+

12 13 15 17

+/+
+/+

+/+



Table 16. (Cont.)

B. Basidiocarp P5 x Basidiocarp P6 (Western redcedar; 2.4 km
apart)

P6 Single-Spore Isolates

S8-1 2 3 4 5 6 7 8 9 10 11 12

P5-1 +/+ +/+

2 +1+ +/+
iv 3 +/+ +/+

4 +1+ +/+
c/a 5 +/+H
0 6 +/+

7 +/+

8 +/+

81

13 14 15

+1+
+ / +

C. Basidiocarp S8 x Basidiocarp S9 (Western redcedar; 50 m apart)

S9 Single-Spore Isolates

S9-1 .2 3 4 6 7 8 9 10 11

S8-1 +/+
2 +/+
3 +/+
4 +/+
5

6 +/+
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comparison plates with at most light interaction lines, mycelial

plugs taken from each side of the plate were tested with the

nearest "parental" isolate. After three weeks, the majority of

interaction lines formed were fairly light, yet definite #2

lines. Strong #4 lines were only formed between the testers

S8-5 or S8-17 and mycelium from the intermediate zones.

Secondary lines did not appear in any of the plates. The

results of the back-pairings are shown in Figure 10. Mycelial

plugs from the S8 side of pairings with the S8-5 and S8-17

isolates never formed lines against the S8-5 or S8-17 testers.

However, lines formed in most back-pairings on the 134696 side.

In contrast, lines formed in all back-pairings with the 31

comparison plates that had failed to produce lines in the

original pairings.

C. Discussion

In 1975, Gillette concluded that Phellinus weirii was

heterothallic. He based his conclusion on the lack of fruiting

body production in single-spore isolates and production of

fertile fruiting bodies in certain single-spore isolate

pairings. Hansen (1979b) reached a similar conclusion on the

basis of fruiting body production and changes in colony

appearance and cytology. Although the current studies comparing

single-spore and vegetative isolates were by no means

exhaustive, the lack of fruiting body production in the single-

spore isolates and the general differences in colony morphology



13496-2

r

(/)

mH.

cin

6

11

16

17

21

25

28

32

43

48

52

53

54

55

83

S8 Single-Spore Isolates
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0
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00
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Figure 10 Heterokaryon formation in selected S8 x 134696
(cedar x cedar) pairings of Phellinus weirii as
revealed by back-pairing with the same homokaryons
used in the initial pairings (Shaded areas indicate
di-mon pairings; solid lines indicate #4 reaction
lines in the original pairings; dashed lines
indicate #1-3 lines (lines in all non-di-mon
pairings were #1 lines); yellow and purple indicate
the original S8 and 134696 homokaryons, respectively;
orange indicates new heterokaryons).
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and growth rates indicate the likely heterothallism of P.

weirii. The later pairing studies confirmed this.

The fluorescent microscopy investigations with

basidiospores, homokaryotic and heterokaryotic cells revealed

several significant aspects of the nuclear cycle of Phellinus

weirii. Many have been previously reported by Hansen (1979a) on

the basis of observations of vegetative cells stained with

giemsa. Here they are confirmed with the cells of a rapidly

expanding mycelium that were stained with the vital stains, DAPI

and Calcifluor. The salient features of the nuclear cycle

demonstrated here are the predominantly uninucleate basidiospore

stage, the multinucleate haplophase and the imperfectly paired

heterokaryophase. Although the homokaryons in the present study

revealed greater numbers of paired nuclei and binucleate cells

than observed by Hansen, these types of cells were clearly more

common in the heterokaryons. The exact mechanism resulting in

the observed nucleation of vegetative and tip cells remains

difficult to identify. One possible explanation for the

presence of uninucleate and multinucleate cells may be that cell

cross wall formation is asynchronous with nuclear division. The

greater tendency for heterokaryotic nuclei to be tightly paired

would thus result in the greater number of uniformly binucleate

cells. Another possibility may be that nuclei migrate more

freely through the septa of homokaryons than heterokaryons.

Similar associations between nuclear migration, karyology and

septal morphology have been previously proposed by Giesy and Day

(1965) and Raper and Flexner (1971), but to date remain
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unproven. A detailed analysis of the septation of homokaryons

and heterokaryons of P. weirii could shed light on the problem.

However, the dolipore apparatus, if present in P. weirii, is too

small to be seen under the light microscope, even with

enhancement with Calcifluor.

Nuclei were never directly observed passing from one cell

to the next through the septum. In one case, however, a nucleus

was observed passing through a cytoplasmic "bridge" connecting

adjacent cells (Figure 11). Although direct nuclear migration

through a septum was never seen, thirteen examples of three

nuclei in one cell and one in the next were observed. Of these,

eleven were in homokaryons.

Nuclei in the vegetative cells of P. weirii appeared to

continue division even after cell wall formation. Such

continued division was indicated by the fairly common occurrence

of multinucleate cells (up to 8 per cell) in the fungal

mycelium. Again, this unrestricted division appeared more

prevalent in the homokaryon than in the heterokaryon (29% vs 5%

cells with three or more nuclei per cell, respectively).

The type of nuclear cycle giving rise to the distribution

of nuclei observed in Phellinus weirii is relatively common

among members of the genus Phellinus (Boidin 1971; Faisson and

Niemela 1984). Fischer (1987) recently investigated the mating

systems and ploidy levels of nuclei in the mycelium and spores

of 23 species of Phellinus and Inonotus. He found that they

fell into three major categories: 1) those that were

heterothallic and bipolar and had a haplophase as their basic
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Figure 11. Drawing of DAPI-stained nucleus of Phellinus weirii
homokaryon MP2-2 passing through a cytoplasmic
bridge between adjacent cells (observed on 4/27/87).
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stage, 2) those that were homothallic and haploid and 3) those

that were homothallic and diploid. P. weirii clearly falls into

the first category. The bipolarity of the mating system coupled

with the degree of nuclear pairing in the heterokaryon implies

that the somatic nuclei are predominantly haploid.

Microspectrophotometric analysis would likely confirm this.

Diploidy and tetraploidy have been observed in Phellinus noxious

(Bolland et al 1983) and many other species of Phellinus and

Inonotus (Fischer 1987), but do not appear to be a feature of

the nuclear cycle of Phellinus weirii.

Definition of the genetic system governing sexual

compatibility of Phellinus weirii was by no means an easy task.

Success depended on finding an unambiguous way to differentiate

homokaryons from heterokaryons and on the ability to use the

differences to determine heterokaryotization in single-spore

isolate pairings. Since Phellinus weirii, like all members of

the Hymenochaetaceae, lacks clamp connections, the traditional

methods for determining compatibility could not be used.

Further complicating matters was the wide array of the line

reactions and morphological changes associated with the

intra-basidiocarp pairings. Analysis of compatibility by

morphological changes alone, as has been done with Armillaria

EE. would be at best, difficult. Gillette (1975) used

basidiocarp production and Hansen (1979b) used combinations of

morphological and cytological markers to determine

compatibility. Neither approach produced completely unambiguous

results. More recently, Fischer (1987) defined compatibility in
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a number of species of the genus Phellinus by the formation of

"crossing mycelium" in the contact zone of experimental

pairings. The results again, were somewhat questionable.

Similar formation of "crossing mycelium" was not observed in

pairings with P. weirii.

A series of experiments was thus initiated to find a more

definitive method of screening homokaryons and heterokaryons.

Single-spore and vegetative isolates were first compared using

as many criteria as possible. Most of the traditional methods,

such as assessment of colony color, morphology and growth rates

were again tried, as well as some new ones, such as

electrophoretic protein analysis and nuclear analysis by

fluorescent microscopy. Distinct, measurable differences were

found in colony color, texture, and growth rate, of petri plate

cultures of P. weirii. However, in all cases within-group

variation was so high that differences could only be expressed

on a statistical basis. Attempts to reliably identify the

karyology of individual isolates on the basis of any single

morphological criterion failed. High within-group variation was

also observed in the nucleation of single-spore and vegetative

isolates of P. weirii. In the electrophoretic analyses,

differences in banding patterns were observed between

Douglas-fir and cedar isolates, but not between single-spore and

vegetative isolates of the same host type. Total protein

electrophoresis and fluorescent nuclear staining thus could also

not be used to reliably distinguish homokaryons and

heterokaryons.
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The lack of a discrete marker distinguishing homokaryons

from heterokaryons made it necessary to take a new approach to

the problem of determining the genetic system of mating

compatibility in Phellinus weirii. A series of single-spore

isolate and di-mon pairings were performed to study the mating

reactions of P. weirii in culture. The intra-basidiocarp

pairings determined the number of alleles governing sexual

compatibility while the inter-basidiocarp, intra-species

pairings investigated multialielism. The di-mon pairings

further investigated the alternative mechanism of heterokaryon

formation in P. weirii and provided additional insight to help

interpret the reactions seen in the previous pairings. As was

seen by Gillette (1975) and Hansen (1979b), the mating reactions

in pairings between single-spore isolates from the same

basidiocarp (intra-basidiocarp pal=ings) were diverse. The

broad range of line and pigmentation reactions made it

impossible to determine bipolarity and tetrapolarity. In

contrast, the reactions in pairings between single-spore

isolates from different basidiocarps from the same host species

(inter-basidiocarp, infra- species pairings) were quite uniform.

In the majority of pairings, no lines, or at most, very light

number 1 lines were produced. Subsequent changes in

pigmentation from light to darker shades of orange-brown

suggested that all pairings were compatible. Certain isolates

(P6-8, P6-14, S8-5, S8-17 and S9-1), however, formed strong

number 4 lines against every single-spore isolate with which

they were paired. The same isolates also formed strong lines in
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intra-basidiocarp pairings. Additional lighter secondary lines

(rating of 2-4) also formed within many of the single-spore

isolates with which the above isolates were paired. Similar

formation of primary and secondary lines in this manner has been

previously reported in di-mon pairings of Coriolus versicolor

(Todd and Rayner 1978) and Stereum hirsutum (Coates, Rayner and

Todd 1981). They termed the formation of secondary lines "track

formation." By back-pairing with Coriolus versicolor

heterokaryons of known nuclear composition, it was established

that the sectors delineated by the tracks represented the

various combinations of the three nuclei involved in the

original pairing. The formation of lines and secondary lines in

Phellinus weirii thus led to the hypothesis that the above

listed single-spore isolates were actually heterokaryons and

that the phenomenon observed was the di-mon interaction (the

Buller Phenomenon). Comparison of the above anomalous

inter-basidiocarp, intra-species pairings with known di-mon

pairings between single-spore and vegetative isolates of P.

weirii confirmed this hypothesis. In both sets of pairings,

strong reaction lines were often followed by lighter secondary

lines. Lack of secondary lines in di-mon pairings between

single-spore isolates and their "parental" vegetative isolates

was expected since the di-mon interaction reestablished the

original heterokaryon.

The back-pairings performed on the S8 x 134696 inter-

basidiocarp, intra-species pairings (Figure 10) further

confirmed the hypothesis that certain single-spore isolates were
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heterokaryons. In the 31 plates that lacked strong line

formation in the original pairing, strong back-pairing lines

formed in all cases. The lines conclusively demonstrated that a

change in nuclear composition had occurred in the initial

pairings; a new heterokaryon was present on both sides of the

original 31 plates. In contrast, the pattern of

heterokaryotization in the pairings with the single-spore

isolates S8-5 and S8-17 was quite different. While interaction

lines formed in back-pairings with plugs taken from the 134696

side of pairings with the isolates S8-5 and S8-17, similar lines

did not form in back-pairings with plugs taken from the S8 side.

The S8 sides of the S8 x 134696 pairings thus still contained

the original S8-5 and S8-17 isolates. The only likely

explanation for the above results is that the isolates S8-5 and

S8-17 are in fact heterokaryons, and that the original pairings

were di-mon. Thus, the heterokaryons remained unchanged while

the homokaryons became heterokaryotized.

The high variability in the patterns of secondary line

formation observed in P. weirii provides evidence against

internuclear selection in the di-mon pairings; both nuclei of

the heterokaryon pass over the interaction line with equal

facility. Todd and Rayner (1978) observed in Coriolus

versicolor that in some cases the secondary lines originated

from the initial point of contact, and in others they were far

away from the region. They concluded that the nuclei may

"migrate significant distances before true dikaryon formation

and subsequent antagonism occurs." Similar patterns of
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secondary line formation in Phellinus weirii suggest similar

mechanisms of nuclear migration.

The back-pairings of selected S8 x 134696 inter-

basidiocarp, intra-species pairings showed that pairings with

isolates S8-5 and S8-17 were di-mon and that the two isolates

are therefore heterokaryons. The other isolates that

consistently produced strong di-mon interaction lines against

all other single-spore isolates (P6-8, P6-14 and S9-1) are thus

also heterokaryons. There are several possible explanations why

the above "single- spore" isolates were heterokaryons. One may

be that the isolate germlings arose from two spores that were

either stuck or close together on the petri dish smear from

which they were first taken. Another possibility is that the

spores may have been secondarily homothallic; they may have

already contained two compatible nuclei. The observations of

DAPI-stained basidiospores of P. weirii showed that production

of spores with two nuclei does occur, albeit infrequently.

The pairings between known single-spore and vegetative

isolates demonstrate that "di-mon" interaction lines appear in

all homokaryon-heterokaryon pairings of Phellinus weirii. The

apparent heterokaryotization of all homokaryons paired with a

heterokaryon gave the first indication that P. weirii has a

bipolar system of mating compatibility. If the system were

tetrapolar, only 50% heterokaryotization would occur. In

addition, the ability of nuclei to migrate through strong

interaction lines was significant. Similar migration across

interaction lines in compatible single-spore isolate pairings
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could explain some of the inconsistencies encountered in the

intra-basidiocarp pairings.

The predictable production of an interaction line in all

di-mon pairings, combined with the absence of a line in pairings

between homokaryons from different basidiocarps provided a

method to test for compatibility in single-spore isolate

pairings. By back-pairing samples of paired mycelium with an

unrelated homokaryon (i.e., from a different basidiocarp), one

may easily determine whether the original pairing established a

new heterokaryon. If the original pairing established a

heterokaryon (compatible sexual interaction), the resulting

back-pairing will be di-mon and a strong interaction line will

appear. If the pairing failed to establish a heterokaryon

(incompatible sexual interaction), then the resulting back-

pairing is between completely compatible homokaryons and at most

a faint line will appear. By determining compatibility in this

way many of the incorrect assessments encountered by judging on

the basis of morphological and cytological characteristics are

avoided. This method was thus applied to the intra-basidiocarp

and inter-basidiocarp, intra-species pairings.

The back-pairings performed on the three sets of intra-

basidiocarp pairings conclusively demonstrated that Phellinus

weirii has a bipolar system of mating compatibility; that

compatibility is controlled by a single gene. Individual

single-spore isolates were easily identified as belonging to one

of two possible mating types and all three sets of pairings

(from both Douglas-fir and western redcedar hosts) nearly
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perfectly fit the bipolar pattern. The results confirm the

conclusions intuitively reached by Hansen (1979b), but contrast

with those of Gillette (1975), who concluded that P. weirii is

tetrapolar. Gillette's conclusions were based on the production

of fruiting bodies and failed to consistently fit the tetrapolar

pattern of mating compatibility. The present studies and those

of Hansen show that fruiting body production in culture is not a

reliable indicator of heterokaryon formation. It is thus likely

that many of the pairings that failed to produce fruiting bodies

in Gillette's studies were actually compatible.

Several significant aspects of the mating behavior of

Phellinus weirii are revealed by a close examination of the

intra-basidiocarp pairings. In 95% of the compatible intra-

basidiocarp pairings, both of the component single-spore

isolates became heterokaryons. Nuclear exchange in homokaryon

pairings of P. weirii is thus bi-directional; both isolates

accept nuclei from the other. Unilateral nuclear migration,

though uncommon, has been observed in certain pairings of the

bipolar pathogen Heterobasidion annosum (Korhonen 1978b).

Comparison of initial line formation with sexual compatibility

revealed a general association between strong lines and

incompatibility and lack of lines and compatibility (Table 17).

This relationship, however, was far from universal. Of the 158

pairings with line ratings of one or zero, 16 (10%) were later

judged incompatible. Conversely, 16% of the pairings with line

ratings of three or four (22/136) were compatible. This

imperfect association between incompatibility and line formation
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Table 17. Comparison of line reactions of intra-basidiocarp
pairings of single-spore isolates of Phellinus weirii
with mating compatibility as determined by back-pairing.
(4heavily pigmented interaction line; 3partially
pigmented line; 2=non-pigmented line or line-gap
reaction; 1no interaction line, meeting zone readily
discernable; 0=no interaction line, reactants grow
together smoothly. Values indicate numbers of pairings).

Rating of Initial
Pairing Line

Back-Pairing Results
Compatible Incompatible

0 71 1

1 71 15

2 6 18

3 3 38

4 19 76
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in culture contrasts with the perfect relationship for many

species of Phellinus and Inontus proposed by Fischer (1987).

However, the behavior observed in the current study is similar

to that of another bipolar fungus, Fomes cajanderi (Neuhauser

and Gilbertson 1971).

The inter-basidiocarp, intra-species pairings revealed

several additional aspects of the genetics of sexuality of

Phellinus weirii. All pairings in which back-pairings were

performed were completely compatible, even when the basidiocarps

from which the tester homokaryons were taken were located

relatively close together. Thus, in addition to being bipolar,

P. weirii is also multiallelic, and the number of different

alleles for sexual compatibility in Phellinus weirii is likely

to be large. Existence of large numbers of mating-type alleles

for a given compatiblity locus is not rare. For example, the

number of incompatibility alleles in fungal populations of Fomes

cajanderi has been estimated at 30 (Neuhauser and Gilbertson

1971) and 90 have been estimated for Poria carnegia (Lindsey and

Gilbertson 1977). Similar estimates may be obtained for

Phellinus weirii by determining the relative frequency of

allelic repeats in the field (Dobzhansky and Wright 1941).

The mutiallelic bipolar condition is thought to be an

evolutionarily advanced state in the homobasidiomycetes, with

the bipolar form derived from the tetrapolar form (Raper and

Flexner 1971; Boidin 1971; Ullrich and Raper 1977). If this

hypothesis is true, then Phellinus weirii is an evolutionarily

advanced member of the fungal kingdom. Arguments for the
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advanced status of multiallelism include the selective advantage

afforded by the resultant increase in outbreeding efficiency

(close to 100%). Derivation of bipolar mating from tetrapolar

is supported by examination of the distribution of mating

systems among the species and subspecies of the basidiomycetes

(Raper and Flexner 1971; Ullrich and Raper 1977).

The di-mon pairings conclusively demonstrated that nuclear

exchange in Phellinus weirii does not solely occur by

homokaryon-homokaryon interactions. The demonstrated ability of

heterokaryons to donate nuclei to homokaryons via the Buller

phenomenon may play a significant role in the establishment of

new clonal populations in the field. Interactions between a

newly established homokaryon and a resident vegetative infection

have, in theory, the potential to establish a heterokaryon of

unique genetic composition; i.e., a new clone. The probability

of such an occurrence, though low, seems more likely than the

meeting and subsequent anastomosis of two independently

established homokaryons. Such interactions in the field could be

indicated by the presence of common mating type alleles in

adjacent clones.

The development of a definitive test to detect heterokaryon

formation in experimental pairings and the subsequent definition

of the genetic system governing mating compatibility now makes

it possible to further explore the hypothesis of biological

species in Phellinus weirii. While researchers such as Clark

(1958) and Larsen and Lombard (1988) have presented indirect

evidence indicating the existence of two species groups of
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Phellinus weirii (Douglas-fir and cedar groups), we now have

the tools to directly test the genetic isolation of the two

groups. Electrophoretic protein analysis likewise shows promise

as a powerful method to distinguish the hypothetical species

groups. The investigations presented in the next section address

these areas.



IV. Biological Species Concept

A. Materials and Methods

1. Homokaryon-homokaryon pairings
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To test the mating compatibility of the two major host

(Douglas-fir and western redcedar) and geographic location

(Oregon and Idaho) groups of Phellinus weirii, a series of

single-spore isolate pairings and back-pairings were performed

according to the methods previously described. Three major

groups of P. weirii single-spore isolates were paired: Oregon

Douglas-fir, Idaho cedar and Idaho Douglas-fir. Lack of a

collection of Oregon western redcedar homokaryons made it

necessary to omit pairings with the fourth major host/geographic

combination. Pairings and back-pairings were performed both

among and between single-spore isolate sets representing each of

the three remaining major groups (Figure 12). Single-spore

isolates, confirmed as homokaryons, with known mating-types

(defined in the previous pairings) were used whenever possible.

As before, pairings were examined for pigmentation and line

formation three and eight weeks after inoculation. Back-

pairings challenged mycelium taken from the interaction zones of

the original pairings with unrelated homokaryons of the same

host/geographic type. For example, in pairings between Idaho

cedar and Oregon Douglas-fir homokaryons, mycelium from the
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Figure 12. Homokaryon-homokaryon pairing combinations performed
among and between host/geographic groups of
Phellinus weirii.
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Idaho cedar side of the pairings was back-paired with an

unrelated Idaho cedar homokaryon and mycelium from the Oregon

Douglas-fir side was back-paired with an unrelated Oregon

Douglas-fir homokaryon. As before, compatible matings were

identified by formation of a di-mon reaction line three weeks

after back-pairing.

2. Homokaryon-heterokaryon pairings

A series of homokaryon-heterokaryon (di-mon) pairings and

back-pairings further tested the biological species hypothesis

in Phellinus weirii. Di-mon pairings were performed between

each of four Douglas-fir and cedar tester homokaryons (one of

each host/mating type combination) and fifty vegetative isolates

of P. weirii from various hosts and regions of North America and

Japan. Among the isolates was one from a western redcedar stump

in a mixed Douglas-fir-cedar stand near Alsea, Or. (A3), and

isolates of the same clone (A3-10 and A3-20) from Douglas-fir

hosts three and six meters from the cedar. Two other isolates,

designated "BC3" and "BC4", were different clones of P. weirii

collected from western redcedar and Douglas-fir hosts, located

approximately three meters apart in a mixed composition stand

near Vernon, B.C. Another isolate, "BC2" was collected from

western redcedar approximately 800 meters from the other two.

Additional isolates included one each of Inonotus tomentosus and

Phaeolus schweinitzii. After four weeks incubation,

back-pairings were performed as before. The portions of plates
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occupied by the two Douglas-fir tester homokaryons were tested

with an unrelated Douglas-fir homokaryon; those with the cedar

testers were back- paired against an unrelated cedar

homokaryon. The portions of the plates occupied by the

vegetative isolates were self-paired with the original

vegetative isolates.

3. Electrophoresis

Electrophoretic analysis of total protein extracts from

forty-four of the vegetative isolates of Phellinus weirii used

in the di-mon studies was performed. The Inonotus tomentosus

and Phaeolus schweinitzii isolates were again included, as well

as an isolate of Phytophthora sp. Extraction and

SDS-polyacrylamide gel electrophoresis followed the procedures

described previously except that a different buffer was used in

the extraction procedure (Table 18) and grinding was performed

using glass grinders immersed in ice. The changes were made to

further retard protein degradation, improving the resolution of

the gels. Four gels were run, each containing thirteen isolates

(one isolate per lane). As before, consistency between gels was

checked by running certain isolates on more than one gel.

Similarity coefficients were again determined; each gel was

analyzed separately and the results were then pooled.
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Table 18. Grinding buffer used in extraction of proteins from
Phellinus weirii in biological species tests.

10 mM. Tris HC1, pH=7.5

0.1 mM. EGTA

0.5% Triton X-100 (v/v)

1%p-mercaptoethanol

0.5% PVPP (acid-washed Polyclar AT)

1 mM. PMSF
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4. Cultural morphology and growth rates

After completion of the pairing and electrophoresis

experiments, comparison of growth rates and cultural morphology

of Douglas-fir and cedar-type isolates of Phellinus weirii was

performed. Forty-three isolates from a variety of hosts and

geographic locations were chosen for comparison, including 26

Douglas-fir-type isolates, 13 cedar-type isolates, 3 Japanese

isolates and one of Phaeolus schweinitzii. Morphology and

growth rate analyses were performed as before.

B. Results

1. Homokaryon-homokaryon pairings

The single-spore isolate pairing and back-pairing

combinations used in the homokaryon-homokaryon tests are listed

in Table 19. As was shown in the previous mating test, pairings

between Idaho cedar homokaryons from different basidiocarps are

completely compatible. At most, light #1 lines formed between

the interactants (Tables 13, 16). Additional pairings were thus

not performed. Pairings between Idaho cedar and Idaho

Douglas-fir homokaryons consisted of challenges between 15

single-spore isolates from each of two Idaho western redcedar

basidiocarps (S8 and 134696) and 9 single-spore isolates from an

Idaho Douglas-fir basidiocarp (134842). Because of the lack of

an additional single-spore isolate set from Idaho Douglas-fir,
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Table 19. Homokaryons used in pairings and back-pairings among
and between host and geographic groups of Phellinus
weirii.

Pairing Back-Pairing
Homokaryon Sets Homokaryon Tester
(Basidiocarp ID) Isolates

Oregon Douglas-fir
x

Oregon Douglas-fir

MP1 x MP2 Same homokaryons
used in initial
pairings

Oregon Douglas-fir MP1 x 134842 MP2-1/134848-21a
x MP1 x 134848 MP2-1/134842-88a

Idaho Douglas-fir MP2 x 134842 MP1-1/134848-21a
MP2 x 134848 MP1-1/134842-88a

Oregon Douglas -fir. MP1 x S8 MP2- 1/134696 -28

x MP1 x 134696 MP2-1/S8-1
Idaho W.R. Cedar MP2 x S8 MP1-1/134696-28

MP2 x 134696 MP1-1/S8-1

Idaho W.R. Cedar S8 x S9 134696-28
P5 x P6 S8-1

Idaho W.R. Cedar S8 S8 x 134696 P6-1

Idaho W.R.Cedar S8 x 134842
x P6 x 134842

Idaho Douglas-fir

134696-28/134848-21
S8-1/134848-21

Idaho Douglas-fir
x

Idaho Douglas-fir

134842 x 134848 Same homokaryons
used in initial
pairings

a
back-pairings repeated using same homokaryons in initial
pairings as testers

b
pairings and back-pairings done in previous studies
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back-pairings of mycelium from the Douglas-fir side of the

pairings were performed with an Idaho single-spore isolate from

western larch. The isolate, number 134848-21 was previously

defined by Dr. M. J. Larsen on the basis of morphological

criteria as a "Douglas-fir-form" isolate of Phellinus weirii.

In contrast with the Idaho cedar x Idaho cedar pairings

described above, heavy interaction lines formed in all of the

initial challenges between Idaho cedar and Idaho Douglas-fir

isolates. All of the homokaryons became separated by a strong

line (rating of 3-4) by week three (Table 20). Lighter

secondary lines dividing the plates into additional sectors did

not develop. Although pigmentation of many of the interactants

was observed, most remained lightly colored and fluffy in

appearance even after eight weeks. As expected, none of the

inoculum plugs taken from the cedar side of the pairings formed

interaction lines in back-pairings (Table 21). The results thus

indicated incompatibility between the Douglas-fir and cedar

isolates. However, fourteen of the twenty-six homokaryons on

the Douglas-fir side of the plates showed positive line

reactions when paired against the tester homokaryon. Eight of

the fourteen pairing lines were light #1 or #2 lines, and six

were heavier #3-4 lines. The back-pairings on the Douglas-fir

side were thus repeated using parental homokaryons as testers.

Again, thirteen of the twenty-six homokaryons had positive line

reactions, ranging in strength from 1-3.

In the remaining homokaryon-homokaryon host/geography

pairing combinations, from two to six single-spore isolates were
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Table 20. Pairing reactions at 3 weeks between Idaho Douglas-fir
and Idaho western redcedar single-spore isolates of
Phell.inus weirii (4=heavily pigmented interaction line;
3=partially pi,inerted line; 2-non-pigmented line or
line-gap reaction; 1=no interaction. line, meeting zone
readily discernable; 0=no interaction line, reactants
grow together smoothly. Shaded areas indicate
heterokaryon-homokaryon pairings).

A. Basidiocarp S8 (Idaho Western redcedar) x Basidiocarp 134842
(Western redcedar)

S8 Single-Spore Isolatas

S8-1 2 3 6 7 8 9 10 11 12 13 15

42-12 4 4 4 4 '4 4 4 4 4 4 4 4 4 4
22 4 4 4 4 3 3 4 4 3 4 4 4 4 4
?.4 4 4 4 4 4: 4 4 4 3 4 4 4 3 4

'Ca 4 4 4 ,4"., 4.' 4 4 4 4
P's
F.) 65 4 4 4 4 :4 4 4 4 4 4 4 4 4-7
rn 74 4 4 4 4 4 4 4 4 4 4 4 4 4 4
H 80 3 3 4 4 .3 4 4 4 3 4 4 4 4 4

83 4 4 4 4 4 4 4 4 4 4 4 4 4 4:
88 3 4 4 4 4 4 4 4 3 3 4 4

B. Basidiocarp P6 (Idaho Western redcedar) x Basidiocarp 134842
(Western redcedar)

P6 Single-Spore Isolates

P6-1 2 3 4 5 6 7

42-12 4 4 4 4 4 4 3

22 4 2 4 3 3 4 3

24 4 4 4 4 4 4 4
63 4. :4. 4 t 3. A 4.'

65 4 3 4 4 3

74 4 4 4 4 4 4 4

80 3 2 3 4 4 4 1

83 4 3 4 4 2 4 3

88 3 3 4 4 4 4 3

4

4

4,

9 10 11 12 13

3 3 4

3 3 3

4 3 4

4 3 3

3 3 3

4 4 4

4 3 4

3 3

3 3

4 4

4 4

4 3

4

4 4 !!!

4 4 '4-,Y 4

3 3

4 4 4

3 3 3
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Table 21. Mating reactions of selected Idaho Douglas-fir x Idaho
western redcedar single-spore isolate pairings of
Phellinus weirii as indicated by back-pairing. (First
set of values indicates initial back-pairings against an
unrelated tester homokaryon; the second set indicates
repeat of back-pairings using the homokaryons from the
original pairings. (+=compatible sexual interaction-
heterokaryon formation indicated by line formation in
back-pairing; -=incompatible sexual interaction-lack of
heterokaryon formation indicated by lack of line in
back-pairing. Values indicate results of back-pairings
performed on the cedar/Douglas-fir sides of the original
pairing plates. Pairings performed with the
heterokaryotic isolates S8-5, S8-17, S9-1, P6-8 and
P6-14 were not subjected to back-pairing).

A. Basidiocarp S8 (Idaho western redcedar) x Basidiocarp 134842
(Idaho Douglas-fir)

42-12

22

c° 24

rn 63

CD"
65

0

0
0
" 83
rt

" 88

74

80

S8 Single-Spore Isolates

S8-1 2 3 4 5 6 7 8 9 10 11 12 13 15 17

G->G
0->0

01-c)
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Table 21. (Cont).

B. Basidiocarp P6 (Idaho western redcedar) x Basidiocarp 134842
(Idaho Douglas-fir)

42-12

22

24

ti

63

65

74

80

83

88

P6 Single-Spore Isolates

P6-1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

e-bieOHO

10-0
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chosen to represent the progeny from a given basidiocarp. When

mating types were known, a single homokaryon of each mating type

was chosen. When mating type was not yet determined, six

single-spore isolates were used. Single-spore isolates from one

to two basidiocarps represented each host/geographic type. As

before, back-pairings utilized unrelated homokaryons of the same

host/geographic combination. The results of the remaining

pairings reflect those described above. Pairings with the

Oregon Douglas-fir and Idaho cedar isolates gave unambiguous

results while challenges with the Idaho Douglas-fir isolates

produced a number of anomalous reactions. As expected, complete

incompatibility was found in pairings between Oregon Douglas-fir

and Idaho cedar testers (Tables 22, 23). Strong number four

lines appeared in all pairings while back-pairing lines were

absent.

Many anomalies were observed in pairings between the Idaho

Douglas-fir and Oregon Douglas-fir testers (Tables 24, 25).

However, the overall results suggest compatibility between the

two groups. Although strong number 3 and 4 reaction lines were

produced in most pairings with isolates 134848-14, 134848-17 and

134848-19, few lines with a rating greater than one were

produced in the other pairings. The back-pairings showed

near-complete heterokaryotization of the Oregon Douglas-fir

testers (line formation in 92 of 96 plates). Back-pairings

likewise show overall heterokaryotization of the Idaho

Douglas-fir testers, but the anomalies are many. Twenty-six of

the back-pairings (27%) failed to produce lines as expected.
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Table 22. Pairing reactions at 3 weeks between selected Oregon
Douglas-fir and Idaho western redcedar single-spore
isolates of Phellinus weirii (4=heavily pigmented
interaction line; 3=partially pigmented line; 2=non-
pigmented line or line-gap reaction; 1=no interaction
line, meeting zone readily discernable; 0=no
interaction line, reactants grow together smoothly).

Oregon Douglas-fir Single-Spore Isolates

cn
cn

H
a)

a'
o

S8-1
2

96-28
43

MP1-1

4

4

4

4

2

4

4

4

4

3

4

4

4

4

5

4

4

4

4

6

4

4

4

4

7

4

4

4

4

MP2-1

4

4

4

4

2

4

4

4
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Table 23 Mating reactions of selected Oregon Douglas-fir x Idaho
western redcedar single-spore isolate pairings of
Phellinus weirii as indicated by back-pairing (+=
compatible sexual interaction-heterokaryon formation
indicated by line formation in back-pairing; -=
incompatible sexual interaction-lack of heterokaryon
formation indicated by lack of line in back-pairing.
Values indicate results of back-pairings performed on
the Oregon Douglas-fir/Idaho western redcedar sides of
the original pairing plates).

En
VI
H0

S8-1

R 96-28

43

Oregon Douglas-fir Single-Spore Isolates

MP1-1 2 3 5 6 7 MP2-1 2

-/- -/- -/- -/- -/- -/- -/- -/-

-/- -/- -/- -/- -/- -/- -/- -/-

-/- -/- -/- -/- -/- -/- -/-
-/- -/- -/- -/- -/- -/- -/- -/-
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Table 24. Pairing reactions at 3 weeks between selected Oregon
Douglas-fir and Idaho Douglas-fir/western larch single-
spore isolates of Phellinus weirii (Idaho D.-fir and
w. larch host types both considered Idaho Douglas-fir-
type; 4=heavily pigmented interaction line; 3=partially
pigmented line; 2non-pigmented line or line-gap
reaction; 1=no interaction line, meeting zone readily
discernable; 0=no interaction line, reactants grow
together smoothly).

Idaho Douglas-fir/Western Larch Single-Spore Isolates

42-12 22 24 65 80 88 48-10 14 16 17 19 21

MP1-1 2 1 0 1 0 1 1 4 3 4 4 0

ti
2 2 0 0 0 1 0 1 3 3 3 1 0

m 3 3 0 0 4 1 2 1 3 1 4 2 0
m o 5 1 0 0 1 1 0 1 2 3 4 3 0

o e 6 2 0 0 3 1 1 0 3 1 4 4 0

7 1 1 0 0 1 0 0 3 1 4 0 0
1-ti

1,..

" MP2-1 0 0 0 0 1 0 0 3 0 2 3 0

2 3 0 0 0 1 3 4 3 4 4 3 0
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Table 25 Mating reactions of selected Oregon Douglas-fir x Idaho
Douglas-fir/western larch single-spore isolate pairings
of Phellinus weirii as indicated by back-pairing (Idaho
D.-fir and w. larch host types both considered Idaho
Douglas-fir-type; +=compatible sexual interaction-
heterokaryon formation indicated by line formation in
back-pairing; -=incompatible sexual interaction-lack of
heterokaryon formation indicated by lack of line in
back-pairing. Values indicate results of back-pairings
performed on the Oregon Douglas-fir/Idaho Douglas-fir
sides of the original pairing plates).

CD

VI

Idaho Douglas-fir/Western Larch Single-Spore Isolates

42-12 22 24 65 80 88 48-10 14 16 17 19 21

MP1-1 +/+ +/+ +/- +/+ +/- +/- +/- +/+ +/+ +/+ +/+ +/+

0
ti

2 +/+ +/+ +/+ +/+ +/- +/+ +/- +/+ +/+ +/- +/+ +/+
CD

0 3 +/+ +/+ -/+ +/+ +/- +/- +/- +/+ +/+ +/+ +/- +/+

0 5 +/+ +/+ -/+ +/- +/- +/- +/+ +/- +/+ +1+ +/+ +/+

6 +/+ +1+ +/+ +/+ +/- +/- +/+ +/+ +/+ +/+ +/+ +/+

1-k
7 +/+ +/+ -/+ +/+ +/- +/- +/+ +/+ +/+ +/+ +/- +/+

MP2-1 +/+ +/+ +/+ +/- +/- +/+ +/+ +/+ +/- +/+ +/+ +/+

2 +/+ +/+ +/+ +/+ -/+ +/- +/+ +/- +/- +/+ +/+ +/+
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Repetition of the back-pairings using the single-spore isolates

involved in the original pairings failed to resolve the

anomalies (Table 26). However, lack of interaction lines in

back-pairings against the Idaho isolates 134848-17 and 134848-19

suggest they may be heterokaryons.

In the pairings among the Oregon Douglas-fir homokaryons

(basidiocarps MP1 x MP2), complete compatibility (no lines in

pairing, lines in back-pairing) was found in all challenges with

the tester MP2-1 (Tables 27, 28). However, with the tester

MP2-2, four of the six pairings were incompatible (number three

lines in pairing, no lines in back-pairing). Contrary to

expectations, the two sets of Idaho "Douglas-fir-form"

single-spore isolates were completely incompatible (Tables 29,

30). A variety of line reactions occurred in the initial

pairings, but no lines appeared in the back-pairings.

2. Homokaryon-heterokaryon pairings

Results of the di-mon pairings to test the biological

species hypothesis were more consistent than the homokaryon-

homokaryon pairings. As expected, initial di-mon pairings

between the vegetative isolates of P. weirii and the Douglas-fir

and cedar tester homokaryons 2A-1, 2A-2, S8-1, and S8-2 produced

interaction lines in all cases (Table 31). The majority of the

lines had strong #3 or #4 ratings. Although lighter secondary

lines also appeared in many Douglas-fir or cedar tester

homokaryons, they never appeared in both. As expected,
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Table 26. Mating reactions of selected Oregon Douglas-fir x Idaho
Douglas-fir/western larch single-spore isolate pairings
of Phellinus weirii using the same homokaryons used in
the initial pairings as back-pairing testers (Idaho
D.-fir and w. larch host types both considered Idaho
Douglas-fir-type; +=compatible sexual interaction-
heterokaryon formation indicated by line formation in
back-pairing; --incompatible sexual interaction-lack of
heterokaryon formation indicated by lack of line in
back-pairing. Values indicate results of back-pairings
performed on the Oregon Douglas-fir/Idaho Douglas-fir
sides of the original pairing plates).

CIO
1-1

0 0

Idaho Douglas-fir/Western Larch Single-Spore Isolates

42-12 22 24 65 80 88 48-1C 14 16 17 19 21

MP1-1 +/+ +/+ +/- +/+ +/+ +/+ +/- +/+ +/ +/- +/- /+

2 +/+ +/+ +/- +/- +/+ +/- +/- +/+ +/+ +/- +/- +/+

3 +/+ +/+ +1+ +/+ +/+ +/+ +/- +1+ +/- +/ +/- +1+

5 +/- +/+ +/+ +/- +/+ +/- +/- +/+ +1+ +/- +/- +/+

6 +/+ +/+ +/- +/+ +/+ +/+ +/- +/+ +/- +/- +/ +1+

7 +/- +/+ +/- +/- +/+ +1+ +/- +/- +/- +/- +/- +1+

MP2-1 +/- +/+ +1+ +/- +1+ +1+ +/- +1+ +/- +/- +/- +1+

2 +/- +/- +/+ +1+ +/+ +/- +/- +1+ +/- +/- +/- +1+
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Table 27. Pairing reactions at 3 weeks between selected Oregon
Douglas-fir single-spore isolates of Phellinus weirii
from 2 basidiocarps located approximately 400 m apart
(4=heavily pigmented interaction line; 3=partially
pigmented line; 2=non-pigmented line or line-gap
reaction; 1=no interaction line, meeting zone readily
discernable; 0=no interaction line, reactants grow
together smoothly).

MP2 -1
X
ro

2

Basidiocarp MP1 Single-Spore Isolates

MP1-1 2 3 5 6 7

0 0 0 0 0 0

0 3 0 3 3 3
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Table 28. Mating reactions of selected Oregon Douglas-fir x
Oregon Douglas-fir single-spore isolate pairings of
Phellinus weirii as indicated by back-pairing (+=
compatible sexual interaction-heterokaryon formation
indicated by line formation in back-pairing; --
incompatible sexual interaction-lack of heterokaryon
formation indicated by lack of line in back-pairing.
Values indicate results of back-pairings performed on
the MP1/MP2 sides of the original pairing plates).

Basidiocarp MP1 Single-Spore Isolates

M21-1 2 . 3 5 6 7

MP2-1 +/+ +/+ +/+ +/+ +/+ +/+

I--1

2 +1+ -/- 4-14. -/- -/- -/-
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Table 29. Pairing reactions at 3 weeks between selected Idaho
Douglas-fir and Idaho western larch single-spore
isolates of Phellinus weirii (Both host types
considered Idaho Douglas-fir-type isolates; 4=heavily
pigmented interaction line; 3=partially pigmented
line; 2=non-pigmented line or line-gap reaction; 1=no
interaction line, meeting zone readily discernable;
0=no interaction line, reactants grow together
smoothly).

=
0
rt

Basidiocarp 134848 Single-Spore Isolates
(Western Larch Host)

48-10 14 16 17 19 21

42-12 2 2 3 3 2 0
22 2 4 1 4 4 0
24 4 3 1 1 3 1
65 2 4 3 4 4 0

80 1 1 1 1. 1. 2

88 1 1 1 4 1 0
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Table 30. Hating reactions of selected. Idaho Douglas-fir x Idaho
western larch single-spore isolate pairings of
Phellinus weirii (both host types considered Idaho
Douglas-fir-type isolates) as indicated by back-pairing
(+=compatible sexual interaction-heterokaryon formation
indicated by line formation in back-pairing; -=
incompatible sexual interaction-lack of heterokaryon
formation indicated by lack of line in back-pairing.
Values indicate results of back-pairings performed on
the 134842/134848 sides of the original pairing
plates).

0
a

1-4

tfi

x
0

ti

CD

o

asidiocarn 134846 LiiRlf!-Spore Isolates

0
0

0.
1-4
o
0

ti

(.4

CO
-O-
NO

42-12

22

24

65

80

88

48-10

-/-

-/-

-/-

+/-

-/-

-/-

(Western. Larch Host)

19

-/-

-/-

-/-

-/-

-/-

21

-/-

-/-

-/-

-//

-/-

-/-

14

-/-

-/-

-/-

-/-

-/-

-/-

16

-/-

-/-

-/-

-/-

-/-

-/-

17

-/-

-/7

-/-

-/-

-/-

-/-



Table 31. Pairing and back-pairing reactions between vegetative isolates of Phellinus weirii and
Douglas-fir and western redcedar tester homokaryons (Pairing reactions: 4=heavily pigmented
line, 3=partially pigmented line, 2=non-pigmented line or line-gap reaction, 1=no interaction
line, meeting zone readily discernable, 0=no interaction line, reactants grow together
smoothly; *secondary lines produced in initial pairing; Back-pairing reactions: +compatible
sexual interaction-heterokaryon formation in original pairing indicated by line formation in
backpairing; -=incompatible sexual interaction-lack of heterokaryon formation in original
pairing indicated by lack of line in back-pairing. +/- value pairs indicate results of
back-pairings performed on the vegetative isolate/tester homokaryon sides of the original
pairing plates. Areas in red indicate Douglas-fir-type or cedar-type biological species).

Testers #13
DF

#36

DF
#104 #121
DF LPP

Vegetative Isolates

#159 #169
D W Hem

#170 #175 #195 #206
GF WRC WWP GF

MP2-1 4 1 3* 2 3 4 4 4 4
-/+ -1+ -/+ -/+ -1+ -1- -/+ -/- -1+ -/-

MP2-2 4 3* 4* 1 4 4 4 4 4 4
-1+ -/+ -/+ -1+ -/+ -/- -1+ 1._..-E -/-

S8-1 4 4 4 4 4 4* 4 4* 4 vM
LI -/- -/- -/- -/- -1+ -/- -/+ -1+

S8-2 4 4 4 4 4 4* 4 4* 4 4*
-/- -/- -/- -/- -/- -/+ -/- -1+ 1+



Table 31. (cont)

CD

Ca.

Testers #210 #225 #228
WRC WRC W Lar

Vegetative Isolates

#232 FP105-771R G-7312 JH-50-WR-df Ak Pw-Bax Ak Thuja'
WRC GF DF DF WRC WRC

MP2-1
4

-1+

2

-1+ -1+

4 4

-/- -/-
MP2-2 4

-1+
3

-1+
4

- -

4

-1+
3

-/+

1

-1+

4 4

-/- -/-

S8-1 4 4* 4 4* 4 4 3 4* 4*
../.. -/+ -/- -1+ -/- -/- -/- -1+ -7+

S8-2 4 4* 4 4 4 4 4 4* 4*
-/- -1+ -/- -/- -/- -/- _-/,_+ -It

Vegetative Isolates

Testers AkPW-1 AkPW-2 D-12-3 F74e KF S8 P6 134842-63 134848-10 134696-2x16
WRC WRC . Mt Hem Mt Hem WRC WRC WRC DF W Lar WRC

MP2-1 4 4 4 2 3* 4 4 2 2 4

-/- -/- -1+ -1+ -1+ -/- -/- -1+ -/+ -/-
MP2-2 4 4 4* 4 3 4 4 4 3 4

-/- -/- -1+ -/+ -1+ -/- -/- -/+ -/+ -/-

S8-1

a
m S8-2

4* 4* 4 4 4 4* 4* 4 4 4*
-1+ -/+ -/- -/- -/- -/+ -7+ -/- -/- -1+
4* 4* 4 4 4 4* 4* 4 4 4*
-1+ -/+ -/- -/- -/- -1+ -Pt. -/- -/-



Table 31. (cont)

Vegetative Isolates

Testers MP1-WC5 New MP2-Het Tr E6 E8 A3
WRC WRCDF DF DF

A3-10 A3-20 PW-B4 Sp PW-Lens Cr HM
DF DF DF DF WRC

MP2-1 4

-1+

4

-1+

4

-1+

2

-1+

4

-1+

3

-1+

4

-/+

4

-1+

4

-1+

4

-/-
MP2-2 4 4 4 4 4 3 4 4* 4 4

-1+ -/+ -1+ .. -1+ . -1+ , -1+ -/t - -a--- =i-f..--. -/-

S8-1
CD

S8 -2

ty

1-h

1-t

ci
CD

a.

4

4 4 4

4

4 4
/- -I- -/-,

4 4 4 4 4

Vegetative Isolates

Testers Pa22d Pa22m Pa22n I.tom. P.scw. BC1
DFJav Jay Ja

BC2
WRC

BC3

WRC

4

/
4

BC4
DF

BC5
WRC

4

BC6 V2
WRC DF

MP2-1 2 4 4 1 1 4 4 47 4 4 ---7.
-/- -1+? -/- -/- -/- -/+ -/- -/- -/+ -I- -/- -/+

MP2-2 4 4 4 1 1 4* 4 4 4 4 4 4
- +? -/+ - -

S8-1 4

-/-

4

-/-

4

-/-

1

-/-

3

-/-

4

-/-

4*

-1+

4*

-1+

4

-/-

4*

-1+

4

-.1+

4

-/-
S8-2 4

_j_
4

-/..

4

-1-

1
.../-

3

.../..

4
_./._

4
-/.1.

4*
_/4.-

4
.../...

4*
...1+

4*
.../i.

4
_/..
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back-pairings between the original North American vegetative

isolates and mycelial plugs taken from the heterokaryon side of

the initial pairing plates failed to produce interaction lines.

However in similar back-pairings between the tester homokaryons

and plugs taken form the homokaryon side, interaction lines

formed with either the Douglas-fir or cedar testers, but never

with both and never with neither. The A3 isolates (A3, A3-10,

A3-20) from the western redcedar stump and surrounding

Douglas-fir trees near Alsea, Or. all formed back-pairing

interaction lines against the Douglas-fir testers, but not

against the cedar testers. This contrasted with the isolates

from adjacent Douglas-fir and western redcedar near Vernon, B.C.

(BC2, BC3, BC4), where line formation occurred with each

isolate's respective host type.

The interactions of the P. weirii tester homokaryons with

the isolates of Phaeolus schweinitzii and Inonotus tomentosus

contrasted with those discussed above. As before, interaction

lines formed at the initial point of meeting, but one isolate

subsequently grew over the other. In challenges with Phaeolus

schweinitzii, Phaeolus overgrew the P. weirii tester

homokaryons. Conversely, P. weirii overgrew Inonotus

tomentosus. As expected, back-pairings showed that the tester

homokaryons remained unchanged (no line formation against either

Douglas-fir or cedar testers). The interactions of the tester

homokaryons against the Japanese isolates of P. weirii were

similar to those observed with P. schweinitzii and I.

tomentosus. As before, interaction lines formed at the initial
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point of meeting, but line formation was stronger against the

cedar testers than against the Douglas-fir testers. In

addition, overgrowth of the Japanese vegetative isolate over the

tester homokaryon was observed only against the Douglas-fir

testers. Back-pairing revealed no heterokaryon formation in the

cedar testers, but lines were formed with the Douglas-fir

testers that had been paired with Japanese isolate Pa22m.

Whether this formation represents true heterokaryon formation or

is a result of the overgrowth of the Japanese isolate remains

uncertain. Observations of overgrowth in the pairing plates

makes the latter explanation most likely.

3. Electrophoresis

In the electrophoretic analyses described in Section III,

separation of Phellinus weirii isolates into Douglas-fir and

western redcedar groups provided initial evidence for the

existence of biological species groups. The electrophoretic

banding patterns of the forty-four vegetative isolates used in

the di-mon test (and one isolate of Phytophthora) provided

additional evidence (Figures 13-16). Visual inspection of the

banding patterns clearly divided the North American isolates

into two major groups, which corresponded exactly to the

Douglas-fir and cedar -type designations established in the

di-mon pairings. Though similar, the trio groups differed in

major bands at one location near the top of the gels. In this

area cedar-type isolates produced a strong double band while
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AIM= mom, IMO
.4ipb. sus

Figure 13. Electrophoresis Gel #5 - Electrophoretic banding
patterns of total protein extracts of Douglas-fir
and cedar-type vegetative isolates of Phellinus
weirii (Biological species determined by comparison
of banding patterns; DF=Douglas-fir-type isolate,
C=cedar-type isolate).

Lane/Isolate Identifications (see Appendix A for isolate
descriptions)

Lane 1. #121 (DF)
2. #159 (DF)

3. #169 (C)

4. #170 (DF)

5. #175 (C)

6. #195 (DF)

7. #206 (C)

8. #210 (DF)

9. #225 (C)

10. #228 (DF)

11. #232 (C)

12. FP105-771-R (DF)
13. G7312 (DF)
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Figure 14. Electrophoresis Gel #6 - Electrophoretic banding
patterns of total protein extracts of Douglas-fir,
cedar and Japanese-type vegetative isolates of
Phellinus weirii (Biolcgical species determined by
comparison of banding patterns; DF=Douglas-fir-type
isolate, C=cedar-type isolate, J=Japanese-type
isolate, N=neither Douglas-fir, cedar or Japanese-
type isolate).

Lane/Isolate Identifications (see Appendix,A for isolate
descriptions)

Lane 1. JH50-WR-df (DF)
2. Ak-PW-Bax (C)
3. Ak Thuja (C)
4. Ak PW-1 (C)
5. AK PW-2 (C)
6. #13 (DF)
7. #36 (C)
8. #104 (DF)
9. Pa22d (J)

10. #159 (DF)
11. Pa22m (J)
12. Pa22n (J)
13. Inonotus tomentosus (N)
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Figure 15. Electrophoresis Gel #7 Electrophoretic banding
patterns of total protein extracts of Douglas-fir,
cedar, and Japanese-type vegetative isolates of
Phellinus weirii (Biological species determined by
comparison of banding patterns; DF=Douglas-fir-type
isolate, C=cedar-type isolate, J=Japanese-type
isolate, N=neither Douglas-fir, cedar or Japanese-
type isolate).

Lane/Isolate Identifications (see Appendix A for isolate
de, riptions)

Lane 1. D-12-3 (DF)
2. F74e (DF)
3. KF (DF)
4. S8 (C)
5. P6 (C)
6. 134848-10 (DF)
7. 134842-63 (DF)
8. 134696-2x16 (C)
9. #159 (DF)

10. PW-B4 Spur (DF)
11. PW-Lens Cr (DF)
12. Pa22m (J)
13. Inonotus tomentosus (N)
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Figure 16. Electrophoresis Gel #8 Electrophoretic banding
patterns of total protein extracts of Douglas-fir,
cedar and Japanese-type vegetative isolates of
Phellinus weirii (Biological species determined by
comparison of banding patterns; DF=Douglas-fir-type
isolate, C=cedar-type isolate, J=Japanese-type
isolate, N=neither Douglas-fir, cedar or Japanese-
type isolate).

Lane/Isolate Identifications (see Appendix A for isolate
descriptions)

Lane 1. HM (C)
2. MP1-WC5 New (DF)
3. MP2-Het Tr Bole (DF)
4. #159 (DF)
5. E6 (DF)
6. E8 (DF)
7. S8 (C)
8. A3 (DF)
9. A3-10 (DF)

10. A3-20 (DF)
11. Inonotus tomentosus (N)
12. Phaeolus schweinitzii (N)
13, Phytophthora cactorum (N)
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Douglas-fir isolates had a single band. The patterns of

Phaeolus schweinitzii, Inonotus tomentosus and Phytophthora were

clearly different from those of the North American P. weirii

isolates. In contrast, the Japanese isolates were quite similar

to the two groups of North American isolates, though not as

similar as the two groups were to each other.

The quantitative analysis of the banding patterns confirmed

the visual assessments (Table 32). Within-group similarity was

quite high (average 96%) and the distinction between the

Douglas-fir and cedar-type isolates was reflected by the

somewhat lower similarity coefficients (average 84%). Again,

banding patterns of the Japanese isolates were similar to the

other P. weirii isolates (78%), but those of I. tomentosus, P.

schweinitzii and Phytophthora were clearly different (55, 53 and

59%, respectively).

4. Cultural Morphology and Growth Rates

The results of the morphology and growth rate studies are

shown in Figures 17 and 18, and Table 33. Variation in all

attributes was extensive,, but the overall results mirror those

seen in previous studies. In the early stages of growth (13

days) the cedar-type Phellinus weirii isolates were generally

lighter shades of orange-yellow than the Douglas-fir-type

counterparts. However, as the cultures aged, the cedar-type

isolates became darker than the Douglas-fir-type isolates.

Overall variability in pigmentation was greater in the



Table 32. Similarity of protein banding patterns of total protein extracts of vegetative isolates of
Phellinus weirii (Douglas-fir-type, cedar-type and Japanese-type isolates), Inonotus
tomentosus, Phaelous schweinitzii, and Phytophthora cactorum as revealed by SDS-
polyacrylimide gel electrophoresis (results of gels 5-9 are combined,values indicate percent
similarity + standard deviation; values in parentheses indicate number of isolates
tested).

Douglas-fir- Cedar- Japanese- I. tom. P. schwein. P. cact.
type (26) type (13) type (3) (1) (1) (1)

Douglas-fir-type (26) 96 + 5.9 84 + 7.5 78 + 13.1 53 + 7.5 53 + 14.2 62 + 8.0_

Cedar-type (13) 98 + 2.7 77 + 6.6 60 + 7.3 54 + 3.5 47 + 13.4_ _

Japanese-type (3) 90 + 12.3 50 + 4.2

Inonotus tomentosus (1) - 47 38

Phaeolus schweinitzii (1) 38

Phytophthora cactorum (1)

a
similarity coefficients (%) defined as: (# of bands in common)

X 100(# bands in lane with fewer bands)



80-

70-

60-

50-

20-

10-

PALE

,

LIGHT

= DOUGLAS-FIR-TYPE ISOLATES

[72 = CEDAR-TYPE ISOLATES

NIMMIMI

= JAPANESE TYPE ISOLATES

MODERATE

COLOR SATURATION

STRONG DEEP

Figure 17. Color analysis at 13 days of 26 Douglas-fir, 13 cedar, and 3 Japanese-type isolates of
Phellinus weirii grown on 3% malt agar at 22C (2 replicate plates run per isolate; color
saturation determined by comparison with ISCC-NBS color charts (Kelly and Judd 1965)).
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Table 33. Colony morphology and growth rates of vegetative isolates of Phellinus weirii (Douglas-fir-type,
cedar-type and Japanese-type isolates a) and Phaeolus schweinitzii grown on 3% malt agar at 22 C.

Number o
Isolates

% Zonate
c

(10 days)
% Irreglar
Margin
(7 days)

% Center
Aerial

e

(10 days)

% Margip
Aerial
(10 days)

Average Radial
Growth Rateg
(mm /week)

Douglas-fir-type 26 0 4 100 98 37.5 + 5.0
h

Cedar-type 13 0 0 31 19 34.1 + 2.3
h

Japanese-type 3 0 0 100 100 34.8 + 6.9

Phaeolus schweinitzii 1 0 0 0 0 38.8 + 2.1

a
biological species determined by di-mon pairings and SDS-polyacrylimide gel electrophoresis

b
2 replicate plates run per isolate

% of cultures with non-uniform pigmentation; concentric rings of dark mycelium present

d
% of cultures with indented, scalloped margins

e
% of cultures with raised mycelium forming a mound at the center of the colony

% of cultures with raised mycelium at the colony margins

ggrowth rates determined by comparing the extent of growth at 4 and 7 days (2 radial measurements, 90° apart

h
means different to 99% significance
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Douglas-fir-type isolates, with color saturation ranging from

pale to deep. In contrast, the three Japanese isolates of P.

weirii remained light, even after 42 days incubation. Colony

morphology of the three groups was similar. Zonation was never

observed, and irregular margins were observed only rarely.

However, in the early stages (first 10 days), differences in

growth habit were noted. The cedar-type isolates tended to grow

appressed to the medium, becoming dense and thick only after

many weeks incubation. In contrast, the Douglas-fir-type and

Japanese isolates continually grew in a dense, thick mat.

The average radial growth rate of the Douglas-fir-type

isolates was greater than both the cedar-type and Japanese

isolates (37.5 vs 34.1 and 34.8 mm/wk, respectively). The

difference in growth between the Douglas-fir and cedar-type

isolates was significant to 99% confidence.

C. Discussion

To date, the two biological species groups of Phellinus

weirii (Douglas-fir and cedar groups) have been defined entirely

on the basis of morphological and physiological attributes.

However, in order to confirm the existence of biological species

groups, it is necessary to demonstrate reproductive isolation.

Lack of a consistent method to identify heterokaryon formation

in test pairings has prevented such a demonstration of

isolation. The back-pairing method developed and described in

the previous section provided a method to identify
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heterokaryons, and thus also provided the means to confirm or

refute the biological species hypothesis. To this end, the

back- pairing method was used to identify heterokaryon formation

in homokaryon-homokaryon and homokaryon-heterokaryon (di-mon)

pairings. Electrophoretic and morphological analyses further

investigated the possible phenotypic variation between

biological species groups.

The homokaryon-homokaryon pairings provided the first

concrete evidence supporting the biological species concept in

Phellinus weirii. Overall, the pairings showed incompatibility

on the basis of host rather than geographic location (Figure

19). Douglas-fir isolates from Oregon formed stable

heterokaryons with Idaho Douglas-fir isolates, but not with

Idaho cedar isolates. Douglas-fir and cedar isolates from Idaho

were likewise incompatible. Idaho cedar homokaryons from

different basidiocarps were completely compatible, but in

pairings between homokaryons from the two Oregon Douglas-fir

basidiocarps (MP1 and MP2) four of six pairings with one of the

two MP2 testers (roughly half) were incompatible. These results

indicate the presence of a common mating-type allele in the

tester and the four MP1 homokaryons. Presence of a common

mating type allele, however was not unexpected since the two

basidiocarps were located approximately 400m apart.

While the homokaryon challenges indicated sexual

incompatibility between Douglas-fir and cedar isolates of

Phellinus weirii, a number of anomalous reactions were

observed. Most of these occurred in pairings with the Idaho
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Figure 19 Results of homokaryon-homokaryon pairings among and
between host/geographic groups of Phellinus weirii
(= denotes compatible groups; # denotes incompatible
groups).
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Douglas-fir single-spore isolates. Supplied by Dr. M. J.

Larsen, the homokaryons consisted of single-spore isolates from

Douglas-fir (series 134842) and western larch (series 134848)

that were defined as "Douglas-fir-form" isolates of Phellinus

weirii. These distinctions relied heavily on criteria such as

size of basidiospores and setal hyphae, spore germination

characteristics and gross morphology in culture. Although the

homokaryon-homokaryon pairings were inconclusive, subsequent

di-mon and electrophoretic analyses confirmed that the isolates

belong to the Douglas-fir-type biological species of Phellinus

weirii. However, pairings between the two series of isolates

resulted in a variety of line reactions and readings of near-

complete incompatibility (Tables 29,30). The two isolates

chosen as back-pairing testers for Idaho Douglas-fir challenges

(134842-88 and 134842-21) showed minimal line formation in the

above pairings. They must, however, be considered somewhat

unreliable as testers. For this reason, back-pairings using the

testers were subsequently repeated using "parental" homokaryons

as testers. This repetition, however, failed to resolve the

anomalies. For example, in the Idaho Douglas-fir x Idaho cedar

pairings, 13 of 26 Douglas-fir homokaryons gave positive line

reactions where negative reactions were expected. These

reactions may be due to overgrowth of cedar homokaryons on the

original pairing plate into the zone occupied by the Douglas-fir

isolate. Such overgrowth, however, was not immediately evident

on visual inspection of the plates under a dissection

microscope.
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Although the back-pairing reactions on the Idaho

Douglas-fir side of pairings with Idaho cedar and Oregon

Douglas-fir homokaryons produced many anomalous results,

simultaneous back-pairings on the opposite (Idaho cedar or

Oregon Douglas-fir) side behaved as predicted. Oregon

Douglas-fir homokaryons were heterokaryotized as a result of

their exposure to the Idaho Douglas-fir isolates while the Idaho

cedar isolates were not. Thus, the genetic isolation of the

Douglas-fir and cedar isolates is still indicated.

The di-mon pairings gave a clearer confirmation of the

genetic isolation of the two biological species groups of

Phellinus weirii. In every case, heterokaryotization occurred

with either Douglas-fir or cedar testers, but never with both.

The di-mon and homokaryon-homokaryon pairings clearly show that

the hypothesis of biological species in Phellinus weirii is

correct; that there are at least two distinct genetically

isolated populations of Phellinus weirii. The two biological

(sibling) species will be referred to as the Douglas-fir (D.F.)

and cedar (C)-type groups of Phellinus weirii. An additional

intersterility group is indicated by the failure of two of the

Japanese isolates to interact with either Douglas-fir or cedar

testers. The Japanese isolates thus comprise a separate

"J-type" group.

The electrophoretic tests gave further evidence of the

biological species groups in P. weirii. The Douglas-fir and

cedar groups were readily identified, differing only in a few

major bands. The Japanese isolates likewise had extensive band



140

homology with the North American isolates, but less than the

North American isolates had with each other. If protein

similarity is a reliable index of relatedness (Hansen et al

1986), then it is readily seen that the Douglas-fir and

cedar-type isolates are more closely related to each other than

to the Japanese isolates. Evolutionary divergence of the

Japanese-type of Phellinus weirii thus likely preceded that of

the Douglas-fir and cedar-types.

In addition to confirming the existence of biological

species groups in Phellinus weirii, the di-mon and

electrophoretic tests provided the means to definitively

identify the biological species of any North American isolate of

the fungus. Conversely, the tests may also be used to determine

the host distribution and geographic ranges of the biological

species groups. Table 34 shows the host distribution of the

isolates tested. While the cedar-type isolates were mostly

confined to western redcedar, the Douglas-fir-type isolates were

found on a wide range of hosts, including Douglas-fir, western

redcedar, and six other species. Except for the identification

of Douglas-fir-type isolates on western redcedar, the results

mirror those found by Clark (1958). In one location in the

Oregon Coast Range, a single clone of a Douglas-fir-type

isolate (A3, A3-10, A3-20) was found in a western redcedar stump

and two adjacent Douglas-firs. However, at another location

near Vernon, B. C., Douglas-fir-type (BC4) and cedar-type (BC2,

BC3) isolates were identified in Douglas-fir and cedar hosts

located approximately five meters apart.
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Table 34. Host distribution of Douglas-fir and cedar-type
vegetative isolates of Phellinus weirii.

Host

Biological Speciesa

Douglas-fir-type Cedar-type

Douglas-fir 17 0

Western Redcedar 4 15

Lodgepole Pine 1 0

Western Hemlock 0 1

Grand Fir 2 1

Western White Pine 1 0

Western Larch 2 0

Mountain Hemlock 2 0

a
as determined by di-mon pairings and SDS-polyacrylimide
gel electrophoresis
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The geographic distribution of the biological species

groups is shown on Figure 20. Douglas-fir-type isolates were

found throughout Oregon, Washington, northern Idaho and southern

British Columbia. Cedar-type isolates were identified from

northern Idaho to southeast Alaska, and one was identified on

western redcedar in the southern Cascades of Washington.

Considerable overlap was thus seen in the ranges of the two

biological species, particularly in northern Idaho and

south-central British Columbia. This overlap of the two species

of Phellinus weirii in much of the Douglas-fir region suggests

that the emerging biological species groups are the result of

host specialization (sympatric speciation) rather than

geographic separation (allopatric speciation). The close

association of Douglas-fir and cedar-type Phellinus weirii near

Vernon, B.C. further supports the hypothesis of sympatric

speciation. Similar sympatric speciation in response to host

specialization has been proposed for a variety of fungi,

including Erisyphe graminis (Johnson 1949; Hiura 1962, 1978),

Heterobasidion annosum (Korhonen 1978b), Phellinus igniarius

sensu lato (Verrall 1937) and Phytophthora megasperma (Hansen et

al 1986). In all cases, the establishment of a stable

polymorphism in a heterogenous environment is crucial for

sympatric speciation to occur (Maynard-Smith 1966). The broad

host range and presence of Douglas-fir-type isolates on western

redcedar demonstrates the ability of Phellinus weirii to

establish such a polymorphism and indicates that the

Douglas-fir-type is likely the more ancestral form. The next
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Figure 20. Geographic distribution of Douglas-fir and cedar-
type vegetative isolates of Phellinus weirii.
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step toward biological species is the imposition of reproductive

barriers between the two groups (Maynard-Smith 1966). Mutation

or recombination of an intersterility gene locus of a

heterogenic incompatibility system restricting plasmogamy

between biological species is one method whereby reproductive

isolation between the Douglas-fir and cedar-types may have been

imposed. Such an incompatibility system has been demonstrated

in Heterobasidion annosum (Chase 1986). However, presence of

such a system in Phellinus weirii is speculative.

Morphological differentiation of biological species groups

may occur prior to or following reproductive isolation. Such

differentiation may indicate the relative degree of divergence

between biological species groups. As Grant stated in 1957,

... the distinction between sibling species and normal species

is relative. Most sibling species when studied long enough and

hard enough are separable morphologically." Numerous

observations have been made regarding the morphological and

behavioral similarities and differences between Douglas-fir and

cedar isolates of P. weirii (Mounce et al 1940, Buckland et al

1954, Clark 1958, Merler 1982, Larsen and Lombard 1988). As the

species relationships between groups of fungi become better

known, the often confusing array of morphological differences

become easier to interpret. For example, uniform morphological

distinctions between biological species of Armillaria are

becoming increasingly evident as the species groups become

better defined (Rishbeth 1982, Morrison 1985, 1988, Guillaumin

et al 1988, Berube and Dessureault 1988, Mallett 1988). A final
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morphological comparison was thus run using a sample of newly

defined isolates of P. weirii from the pairing and

electrophoretic studies. Overall, the Douglas-fir-type isolates

were lighter and more fluffy in culture than the cedar-type

isolates (after 42 days) and had a faster growth rate. In other

respects (zonation and regularity of margin) the two groups were

quite similar. The above observations are similar to those of

Clark (1958) and Larsen and Lombard (1988). Though separable

morphologically, the two groups of P. weirii are very similar,

as would be expected of such closely allied biological species.

The small sample of Japanese isolates (3) showed characteristics

of both the Douglas-fir and cedar groups. Overall cultural

morphology was similar to the Douglas-fir-type isolates, but the

slower growth rate was like the cedar-type isolates. This high

degree of similarity of the Japanese isolates to the Douglas-fir

and cedar-type isolates was somewhat surprising. It was

expected that the greater difference in protein composition (as

revealed by total protein electrophoresis) and the likely more

distant evolutionary relationship between the Japanese and the

Douglas-fir and cedar-type isolates would also be expressed

morphologically. However, the morphological similarities

between the Japanese and the Douglas-fir isolates add additional

weight to the hypothesis that the Douglas-fir-type preceded the

cedar-type. If the Douglas-fir-type was the ancestral form, one

would expect greater morphological similarity with the

Douglas-fir-type isolates than with the cedar-type. A proposed

phylogenetic scheme for the evolution of the biological species
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of Phellinus weirii is thus presented in Figure 21. We propose

that the divergence of the Japanese species of P. weirii

occurred prior to that of the cedar-type from the

Douglas-fir-type. Further clarification of the biological

species relationships of the Asian strains of Phellinus weirii

awaits future study. Such clarification could easily be done

using the techniques developed here.
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V. Summary and Conclusions

While Phellinus weirii (Murr.) Gilbertson is an

economically important pathogen affecting timber production in

the Pacific Northwest, relatively little is known about the

basic biology and population structure of the fungus.

Differences in morphological, physiological and epidemiological

traits between isolates from western redcedar in northern Idaho

and Douglas-fir in the coastal Pacific Northwest have led many

researchers to hypothesize that the fungus now known as

Phellinus weirii is actually composed of two similar, yet

genetically isolated biological species groups. Unfortunately,

since the genetics of sexuality of Phellinus weirii is only

poorly understood, we lack the tools to determine

intersterility. Lack of clamp connections, a feature shared

with other members of the Hymenochaetaceae impeded all such

studies. Investigations were thus initiated to determine the

genetics of sexuality of Phellinus weirii and to use the

techniques developed to examine the genetic isolation, host and

geographic ranges of potential biological species groups.

Initial studies attempted to develop morphological and

physiological criteria to distinguish compatible and

incompatible sexual interactions. This was accomplished by

comparing vegetative and single-spore isolates of the fungus.

Although neither kind of isolate fruited in culture, vegetative

isolates grew faster, and produced darker, fluffier colonies
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than single-spore isolates. Cells of vegetative isolates on

average contained fewer nuclei than those of single-spore

isolates. In addition, the nuclei of vegetative cells had a

greater tendency to be found in pairs. Electrophoretic banding

patterns of total protein extracts of the two types of isolates

did not significantly differ. Although single-spore and

vegetative isolates differed in many respects, the high degree

of with-in group variation made it difficult to accurately

determine the ploidy of individual isolates.

The second phase of experiments investigated the sexual

compatibility reactions of Phellinus weirii. Three sets of

pairings were performed: 1) between single-spore isolates from

single basidiocarps (intra-basidiocarp pairings); 2) between

single-spore isolates from different basidiocarps of the same

host species (inter-basidiocarp, intra-species pairings), and 3)

between single-spore and vegetative isolates from the same host

species (di-mon pairings). A wide variety of mating reactions

was observed in the intra-basidiocarp pairings. Line reactions

ranged from heavy to none. In many, colony morphology changed

dramatically, from fluffy, off-white mycelium to mottled,

heavily pigmented dark-brown appearance. This change never

occurred with self-paired single-spore isolates. Line reactions

and changes in colony morphology failed to fit mating patterns

associated with bipolar or tetrapolar incompatibility. In the

inter-basidiocarp, intra-species pairings, most interactants

grew together with little or no line formation. However,

certain isolates formed dark lines against every isolate with
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which they were paired. Additional lighter secondary lines also

appeared in many of the pairings. This same pattern of dark

primary and sporadic lighter secondary line formation was also

observed in all the di-mon pairings. Secondary lines, when

produced, were always in the portion of the plate occupied by

the single-spore isolates. It was thus hypothesized that the

secondary lines represented vegetative incompatibility reactions

between newly-formed (Buller phenomenon) heterokaryons

containing various combinations of the three parent nuclei.

Subsequent back-pairings against the original homokaryons and

heterokaryons confirmed this hypothesis. Similar back-pairings

on the line-producing inter-basidiocarp, intra-species pairings

demonstrated that they too were di-mon pairings and that the

original line-forming "single-spore" isolates were actually

heterokaryons.

The consistent line formation of the di-mon interaction

combined with the lack of lines in pairings between non-related

single-spore isolates made it possible to determine the

compatibility of any single-spore isolate pairing. Back-pairing

with an unrelated homokaryon proved the key to the problem.

When the original pairing was incompatible, the back-pairing was

between two completely compatible homokaryons which would grow

together without line formation. In contrast, when the original

pairing was compatible, the resulting di-mon back-pairing

inevitably produced a strong interaction line.

Back-pairings performed on the intra-basidiocarp and

inter-basidiocarp, intra-species pairings conclusively
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demonstrated that the genetic system of sexual compatibility in

Phellinus weirii is bipolar and multiallelic. Of 475

intra-basidiocarp pairings, only 5 produced results inconsistent

with the bipolar pattern. The complete compatibility of

homokaryons from basidiocarps located as close as 40 meters

apart indicates that the number of mating-type alleles present

in the field is likely to be large.

Although some questions were raised by the anomalous

behavior of some of the Idaho Douglas-fir single-spore isolates,

the remaining homokaryon pairings indicated complete genetic

isolation of the Douglas-fir and cedar isolates. Overgrowth of

the Idaho Douglas-fir isolates may account for some of the

anomalies. The isolation between the two groups was further

confirmed by the di-mon species tests in which

heterokaryotization occurred with either Douglas-fir or cedar

testers, but never with both. The hypothesis of biological

species in Phellinus weirii, that there are at least two

distinct genetically isolated populations, is correct. The

presence of an additional Asian biological species group is

indicated by the failure of two of the Japanese isolates to

interact with either Douglas-fir or cedar testers. The

biological (sibling) species groups are henceforth referred to

as the Douglas-fir-type, cedar-type and Japanese-type groups.

The electrophoretic tests gave further evidence of

biological species groups in P. weirii. Protein banding

patterns of the Douglas-fir and cedar-type isolates formed two

distinct, yet closely related groups. The Japanese isolates
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were likewise related, though somewhat more distantly.

The di-mon and electrophoretic tests provided the means to

identify the biological species of almost any North American

isolate of Phellinus weirii. Douglas-fir-type isolates were

found on a wide range of hosts, including Douglas-fir, western

redcedar and six other species. The cedar-type isolates were

mostly confined to western redcedar, but were also identified on

western hemlock and grand fir. In one location in the Oregon

Coast Range, identical clones of the Douglas-fir-type were found

on a western redcedar stump and two adjacent Douglas-firs. In

another location near Vernon, B.C., Douglas-fir and cedar-type

isolates were identified on adjacent Douglas-fir and western

redcedar hosts. Considerable overlap was seen in the ranges of

the two biological species, particularly in northern Idaho and

south-central British Columbia. The Douglas-fir-type was found

throughout Oregon, Washington, northern Idaho and southern

British Columbia. The cedar-type was identified from northern

Idaho to southeast Alaska, and one isolate was identified on

western redcedar in the southern Cascades of Washington. The

overlap of the two species of Phellinus weirii in much of the

Douglas-fir region suggests that the emerging biological species

groups are likely the result of host specialization (sympatric

speciation) rather than geographic separation (allopatric

speciation). The wider host range of the Douglas-fir-type

indicates it is likely the more ancestral form.

The research presented in this dissertation represents the

first instance in which the sexuality and biological species
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relationships of a member of the Hymenochaetaceae have been

established by direct genetic analysis. The back-pairing

technique developed here may likely be used to investigate other

members of the Hymenochaetaceae, such as Phellinus igniarius or

Phellinus pini. Such investigations may also be possible with

other basidiomycete fungi as well. The research also opens up

many new avenues in the study of the biology of Phellinus

weirii. Through controlled pairings of homokaryons of known

origin, full-sib, half-sib and non-related heterokaryons may be

produced, making it possible to begin to probe the genetic

structure of vegetative incompatibility. Additional surveys to

further pinpoint the host and geographic ranges of the

biological species groups would likely yield information

regarding the evolutionary dynamics of the fungus. Such studies

could eventually provide us with an understanding of the genetic

structure of intersterility in Phellinus weirii, as was

accomplished with Heterobasidion annosum.

Recognition of the biological species groups of Phellinus

weirii will likely impact our management of stands affected by

laminated root rot. By viewing Phellinus weirii as a dynamic,

interacting population, we gain a greater understanding of the

reasons behind observed variations and changes in the pathogenic

ability of the fungus. The ability to determine the biological

species of field isolates makes it possible to more accurately

identify the most aggressive fungal strains, so that forest

managers are better able to identify stands where disease

management efforts should be concentrated. In addition, greater
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understanding of the genetic systems of Phellinus weirii opens

up new possibilities for disease control by manipulation of the

pathogen population as an alternative to breeding for host

resistance.
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Appendix A

Identification name, host species, source location, name of
collector and date collected of the Phellinus weirii isolates
assembled as stock cultures.

KEY TO APPENDIX

1. Hosts
DF = Douglas-fir (Pseudotsuga menziesii)
WRC = Western redcedar (Thuja plicate)
MH = Mountain hemlock (Tsuga mertensiana)
WH = Western hemlock (Tsuga heterophylla)
WL = Western larch (Larix occidentalis)
LPP = Lodgepole pine (Pinus contorta)
GF = Grand fir (Abies grandis)
WWP = Western white pine (Pinus monticola)
? = Host either Japanese hemlock (Tsuga diversifolia,

Maries fir (Abies mariesii), or
Yeddo spruce (Picea jezoensis)

2. Collectors
P.A. Angwin, Dept. of Botany and Plant Pathology, Oregon

State University, Corvallis, Or.
K. Aoshima, Forestry and Forest Products Res. Inst.,

Ibaraki, Japan.
D.V. Baxter, University of Michigan
J.W. Clark, Dept. of Forestry, Yale University, New Haven,

Ct.

R.W. Davidson, College of Forestry, Colorado State
University, Fort Collins, Co.

A.W. Dickman, Dept. of Biology, University of Oregon
Eugene, Or.

K. Forrey, Forest Pest Management, USDA Forest Service,
Portland, Or.

W.D. Gillette, College of Forestry, University of Washington,
Seattle, Wa.

P.B. Hamm, Dept. of Botany and Plant Pathology, Oregon State
University, Corvallis, Or.

E.M. Hansen, Dept. of Botany and Plant Pathology, Oregon
State University, Corvallis, Or.

P.E. Hennon, Forest Pest Management, USDA Forest Service,
Juneau, Ak.

J. Hunt, Pacific Northwest Forest and Range Experiment
Station, Portland, Or.

M.J. Larsen, Center for Mycology Research, USDA Forest
Service, Madison, Wi.

. H. Merler, British Columbia Ministry of Forests, Kamloops,
B C

D.J. Morrison, Pacific Forest Research Centre, Canadian
Forestry Service, Victoria, B.C.
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2. Collectors Cont.)

C.G. Shaw III, Rocky Mountain Forest Experiment Station, USDA
Forest Service,

Identification Host

Fort Collins, Co.

Source
Location Collector

Date
Collected

MP1-Left Veg DF Mary's Peak, Or. Angwin 11/84
MP1-Center Veg DF
MP1-WC5 End DF 6/85
MP1-WC5 Bole DF //

MP1-WC5 New DF 6/87
MP1-1 to
MP1-8 SSI DF 10/84

MP2-BRE-LVI DF 11/84
MP2-Het. Tr. Bole DF
MP2-1 to
MP2-23 SSI DF 10/84

MP2B-1 to
MP2B-6 DF

Old PW DF Hansen 9/80
E6 DF 9/87
18 WRC u

A3 WRC nr. Alsea, Or. Angwin 10/87
A3-10 DF H

A3-20 DF
B62 MH Waldo Lake, Or. Dickman 1984
B63 MH ,, ,,

B72 MH
B8-11 MH
B8-12 MH
B81 MH u

B83 MH U

B84 MH
B85 MH H

B86 MH
B87 MH
B89 MH ii H

C-12-1 MH
C-12-2 MH u

C-12-3 MH
C62 MH u

C65 MH u

C71 MH fl

C74a MH ii

C74b MH
C7.4d MH u u

C74f MH H

C74h MH fl

C74i MH ,,
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Source Date
Identification Host. Location Collector Collected

C74j MH
C74k MH
C74o MH
C74g MH
C74s MH
D-11-1 MH
D-12-1 MH
D-12-3 MH
D51 MH
D52 WH
D61 WH
D62 WH
D64 WH
D65 WH
D67 WH
D71 WH
D73 WH
E63 WH
E64 WH
E65 WH
E66 WH
E72 WH
E73 WH
E74 WH
E75 WH
F61 WH
F62 WH
F64 WH
F66 WH
F67 WH
F68 WH
F-7-11 WH
F-7-12 WH
F-7-13 WH
F72 WH
F73a WH
F73b WH
F73c WH
F74 WH
F74e WH
F75 WH
F76 WH
F77 WH
F78 WH
F79 WH
P2 Veg WRC
P2-1 to
P2-2 SSI WRC

P5 Veg WRC

Waldo Lake, Or. Dickman 1984
U U U

U U U

U U U

U ,, U

II U H

U U U

U U 0

U U U

U U U

U U U

U U U

U U U

Vt U U

Vt U U

Vt U

U U U

U II U

U U U

U U ft

U U U

Vt U U

U U U

U U U

U U U

Vt U U

U U Vt

U U U

U U U

U U U

U U H

II U U

U U U

U It U

U U U

U U U

It U U

U U U

U U U

ft U U

U U U

U U H

Vt Vt Vt

Vt H

Priest Lake, Id. Angwin 6/87

IV
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Identification Host
Source
Location Collector

Date
Collected

P5-1 to
P5-8 SSI WRC Priest Lake, Id. Angwin 6/87

P6 Veg WRC it

P6 Bcarp WRC
P6-1 to
P6-29 SSI WRC

S8 Veg WRC 11 11

S8 Bcarp WRC 11 11

S8-1 to
S8-20 SSI WRC 11

S9-MSI WRC 11 It 11

S9-1 to
S9-15 SSI WRC 11 11

134696-2 to
134696-55 WRC Priest River Larsen 6/82

Exp. For., Id.
134696-2x16 WRC It

134842-12 to
134842-88 SSI DF Coeur d'Alene 7/82

N. F., Id.
134848-10 to

134848-23 SSI WL 11

Ak Thuja WRC SE Alaska Shaw 1984
Ak PW-1 WRC Etolin Is., Ak. Hennon 4/87
Ak PW-2 WRC Prince of Wales 6/87

Is., Ak.
PW-Lens Cr. DF Vancouver Is.,

B.C.

Angwin 8/87

PW-B4 Spur DF /I 11

V2 DF it 11

BC1 DF nr. Vernon, B.C. 8/88
BC2 WRC
BC3 WRC 11 1/

BC4 DF
BC5 WRC
BC6 WRC
HM WRC nr. Sicamous,

B.C.
Merler 9/87

KF WRC nr. Rhododendron,
Or.

Forrey 11/87

#13 DF 11 Clarks 1959
#36 DF nr. Orting, Wa. 11

#104 DF nr. Coeur d'Alene,
Id.

"

#121 LPP nr. Carson, Wa. 1/

#159 DF nr. Roseberry, 11 It

B.C.

#169 WH Vancouver Is.,
B.C.

#170 GF 11



Identification Host

#175 WRC

#195 WWP
#206 GF

#210 WRC

#225 WH
#228 WL
#232 WRC SE Alaska
FP105-771-R GF nr. Hayden Lake,

Id.

G-7312 DF C. L. Pack Exp.
For., Wa.

JH50-WR-df DF Wind River Exp.
For., Wa.

AkPW-Bax WRC SE Alaska
Pa22d Japan
Pa22m 7 Japan
Pa22n Japan
I. tom. British Columbia
P. schw. DF H. J. Andrews

Exp. For., Or.

Source
Location

nr. Clearwater,
B.C.

nr. Nakusp, B.C.
Coeur d'Alene
N. F., Id.

nr. Sullivan
Lake, Wa.

nr. Trout Lake, Wa. "
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Date
Collector Collected

Clark

P. cactorum

1959

Baxter
a

1935
Davidson 1962

Gillette
a

1975

Hunt

a

1950

Baxter 1935
Aoshima

a
1950

Morrison
Hansen 9/87

Hamm

a
Isolate from the collection of Dr. M.J. Larsen.
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Appendix B

List of isolates used in experiments to examine the genetics of
sexuality and population genetics of Phellinus weirii (karyology
of each isolate and isolates placed under liquid nitrogen are
also listed; T denotes tester homokaryons).

KEY TO APPENDIX

1. Special Storage Conditions
A = Isolates placed under liquid nitrogen

2. Karyology of Isolates
B = Heterokaryon
C = Homokaryon

3. Experiments
D = Distinguishing homokaryons - sporulation in culture
E = - cultural morphology

and growth rates
F = nuclear condition: DAPI/

calcifluor
G = - nuclear condition: DAPI/

calcifluor blind test
H = - protein composition:

Electrophoresis Gels 1-4
I = Mating tests - intra-basidiocarp pairings
J = - intra-basidiocarp, intra-species

pairings
K = 11 - di-mon pairings
L = Species tests - homokaryon-homokaryon pairings
M = 11 - homokaryon-heterokaryon pairings
N = - protien composition: Electrophoresis

Gels 5-8
0 = If - cultural morphology and growth rates
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Identification ABCDEFGHIJKLMNO
MP1-Left Veg X X X X X
MP1-Center Veg X X X X
MP1-WC5 End X X X X X
MP1-WC5 Bole X X X X
MP1-WC5 New X X X XXXXX
MP1-1 X XXXX X T X T T

1-2 X X X X X X X
1-3 XXXX X X X
1-4 X X X X
1-5 X X X X
1-6 X X X X
1-7 X X X X X
1-8 XXXX

MP2-BRE-LVI X X X X X X
MP2-Het. Tr. Bole X X X X X X XXXX
MP2-1 X X X X X X X X T T

2 X X X X X X X T
3 X X X X
5 X X X X
6 X X X X
7 X X X X
8 X X X X
9 X X X X X X X

10 X X X X X
11 XXXX
12 XXXX
13 XXXX
14 X X X
15 XXXX X X
16 X X X X
17 X X X X
18 X X X X
19 X X X X
20 X X X X
21 XXXX X X
22 XXXX
23 XXXX

MP2B-1 X X X
3 X X X
4 X X X
5 X X
6 X X X

Old PW X X X X X
E6 X X X X
E8 X X X X X
A3 X X X X X
A3-10 X X X X X
A3,-20 X X X X X
B62 X X
B63 X X
B72 X X
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Identification ABCDEFGHIJKLMNO
B8-11 X X X
B8-12 X X
B81 X X X
B83 X X
B84 X X
B85 X X
B86 X X
B87 X X
B89 X X
C-12-1 X X X X
C-12-2 X X X X
C-12-3 X X X
C62 X X
C65 X X X X
C71 X X
C74a X X X X
C74b X X
C74d X X X X
C74f X X X X
C74h X X
C74i X X
C74j X X X
C74k X X
C74o X X X X
C74q X X
C74s X X
D-11-1 X X
D-12-1 X X X X
D-12-3 X X X X X
D51 X X
D52 X X
D61 X X
D62 X X
D64 X X
D65 X X
D67 X X
D71 X X X
D73 X X
E63 X X
E64 X X
E65 X X
E66 X X
E72 X X X
E73 X X X
E74 X X
E75 X X
F61 X X
F6,2 X X
F64 X X X X
F66 X X
F67 X X

X X X
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Identification ABCDEFGHIJKLMNO
F68 X X
F-7-11 X X
F-7-12 X X
F-7-13 X X
F72 X X
F73a X X X
F73b X X X
F73c X X X
F74 X X X
F74e X X X X X
F75 X X
F76 X X
F77 X X X
F78 X X X X
F79 X X
P2 Veg X X X
P2-1 X X

2 X X
P5 Veg X X
P5-1 X X

2 X X X
3 X X
4 X X X
5 X X X
6 X X
7 X X X
8 X X

P6 Veg X X X XXXXX
P6 Bcarp X X X X
P6-1 X X X T T

2 X X X X
3

4
X
X

X
x

X
x

X X
X

5 X X X X
6 X X X X
7 X X X X X
8 X X X X
9 X X X X X X

10 X X X X
11 X X X
12 X X X
13 X X X
14 X X X
15 X X X
28 X X
29 X X

S8 Veg X X X X X X X X
S8, Bcarp X X X
S8-1 X X X X T T X T T

2 X X X X X X T

3 X X X X X
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Identification ABCDEFGHIJKLMNO
S8-4 X X X X

5 X X X X X
6 X X X X X X
7 X X X X
8 X X X X
9 X X X X

10 X X X X X
11 X X X X
12 X X X X X
13 X X X X
14 X X
15 X X X X
16 X X X
17 X X X X X
18 X X
19 X X
20 X X

S9-MSI X X X X
S9-1 X X X

2 X X
3 X X
4 X X X
6 X X X
7 X X
8 X X
9 X X

10 X X X X
11 X X
12 X X X
13 X X
14 X X
15 X X X

134696-2 X X X X X
6 X X X

11 X X X
16 X X X X
17 X X X X
21 X X X X X
25 X X
28 X X X X T T X T T
32 X X X X
43 X X X X
48 X X X X X X X
52 X X X
53 X X
54 X X X X
55 X X X

134696-2x16 X X X X X
134842-12 X X X X X

14 X X
22 X X X X



Identification ABCDEFGHIJKLMNO
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134842-24 X X X X
63 X X X X X X
65 X X X
74 X X X X
80 X X X
83 X X X
88 X X X X T

134848-10 X X X X X
14 X X X
16 X X X
17 X X X
19 X X
21 X X T
23 X X X

Ak Thuja X X X X X X X X
Ak PW-1 X X X X X X
Ak PW-2 X X X X X X X
PW-Lens Cr. X X X X X
PW-B4 Spur X X X X X
V2 X X
BC1 X X
BC2 X X X
BC3 X X X
BC4 X X X
BC5 X X
BC6 X X
HM X X X X
KF X X X X X
#13 X X X X
#36 X X X X
#104 X X X X
#121 X X X X
#159 X X X X
#169 X X X X
#170 X X X X
#175 X X X X
#195 X X X X
#206 X X X X
#210 X X X X
#225 X X X X
#228 X X X X
#232 X X X X
FP105-771-R X X X X
G-7312 X X X X
JH50-WR-df X X X X
AkPW-Bax X X X X
Pa22d X X X X X
Pa22m X X X X X
Pa22n X X X X X
I. tom. X X X
P. schw. X X X X
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Identification ABCDEFGHIJKLMNO
P. cactorum X


