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Armillaria (Fr. ex. Fr.) is a parasite whose pathogenicity

and role in forest ecosystems often depends upon the

physiological condition of the tree. Therefore, I tested the

frequency and severity of Armillaria ostoyae (Romagn.) Herink

infection among Abies 9randis (Dougl.) Lindl., Larix

occidentalis Nutt., Pinus contorta var. latifolia (Engelm.),

Pinus ponderosa (Dougl. ex. Laws.), and Pseudotsuqa menziesii

(Mirb.) Franco. seedlings experiencing balanced, light limited

and nitrogen limited conditions growing in a greenhouse.

Armillaria ostoyae infection rates were significantly higher

when seedlings were light or nitrogen limited than when light

and nitrogen conditions were balanced.

The ratio of energy required for phenol degradation to the

energy available from sugars (Ed:EAS) and the ratio of

energy required for lignin degradation to energy from available

sugars (Eld:Eas) in the root tissue of seedlings

experiencing greenhouse conditions correlated with infection



rates (r2=0.78) and (r2=0.68) respectively. Concentrations

of lignin, phenolic compounds and protein precipitable tannins

in secondary root tissue were lower in seedlings that

experienced light or nitrogen limitation than when light and

nitrogen conditions were balanced.

A field study was employed to determine the frequency of

A. ostoyae infection in P. menziesii growing in stands that

were thinned or thinned plus fertilized. Armillaria ostoyae

infection rates were significantly higher on P. menziesii that

received the thinning plus fertilization treatment than those

trees in stands that received the thinning treatment or the

untreated trees. The E :E and E :E in 0.5-3.0 cm
pd as ld as

diameter roots of P. menziesii also correlated with A. ostoyae

infection rates of (r2=O.72) and (r2=0.68) respectively.

Concentrations of lignin, phenolic compounds and protein

precipitable tannins were lower, while the concentrations of

sugar, starch and cellulose were higher in tissue taken from

0.5-3.0 cm diameter roots of trees in stands that received

thinning plus fertilization than trees in stands that were

thinned only or those that were left untreated.

Energy relationships were found to be an accurate

predictor of successful A. ostoyae attack on western coniferous

seedlings. Thermochemical calculations have seldom been

applied to host-pathogen relationships. Energy relationships

may be a new and useful concept to explain the mechanism of

pathogen invasion of host tissues in a wide variety of

envi ronmental conditions.
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THE EFFECT ON LIGHT AND NITROGEN LIMITATION ON

WESTERN CONIFERS: RESPONSE TO ARMILLARIA OSTOYAE INFECTION

INTRODUCT ION

Forests of the northwestern United States are some of the

most productive timber growing areas of the world; however

site-to-site fertility and light intensity vary considerably

(Lavender and Walker 1979). Trees experiencing low light or

nitrogen may be particularly prone to Armillaria (Fr. ex Fr.)

attack (Entry et al. 1986; Redfern 1978). Shields and Hobbs

(1979) reported consistently low soil N in Armillaria infected

Douglas-fir stands in northern Idaho. Nitrogen deficiency and

other stresses may have a cumulative effect on tree

physiological condition. Multiple stresses may ultimately

reduce defense mechanisms to the point where the tree can no

longer repel attack by Armillaria (Redfern 1978; Singh 1983;

Entry et al. 1986). Trees of all ages and sizes are attacked,

but because early mortality is scattered, the problem is not

often recognized.

Role of Liqht in Forest Ecosystems

Photosynthesis, a process by which carbon dioxide is

converted to carbohydrates, is carried out in the light by all

organisms which possess chlorophyll. Chlorophyll and other

pigments in chioroplasts, through the photochemical process,
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absorb the wavelengths of light that provide energy for the

processes that combine water and carbon dioxide into sugars

(Waring 1985). Synthesis of these sugars produces other

compounds that are utilized in the construction and maintenance

of plant structures. In respiration, sugars are degraded and

CO2 is released. Since respiration is active at all times,

the measurements of net carbon uptake represent the difference

between photosynthesis and respiration (Waring 1985).

Foliage exposed to high light contains more layers of

palisade mesophyll cells and has a higher concentration of

carboxylation enzyme than shaded needles (Berry and Downton

1982). Foliage exposed to light Is heavier per unit of leaf

area than shaded foliage and as a result of this anatomical

difference has a higher amount of storage reserves (Nygren and

Kellomakl 1983). At low light levels when respiration exceeds

photosynthesis, net carbon uptake will become negative (Waring,

1985). Coniferous trees that are subjected to very low light

intensities barely will be able to meet maintenance

requirements and may show an increased susceptiblity to

Armillaria attack (Entry et al. 1986; Redfern 1978).

Role of Nitroqen in Forest Ecosystems

Nitrogen is an essential macronutrient for higher plants,

functioning as a principal component of structural proteins,

enzymes, and nucleic acids. In addition, nitrogen limitations

will lead to growth reduction (Van den Driessche 1985). Even
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when tissue is not growing, the enzymatic machinery and

membrane transport systems must be maintained (Penning deVries

1975).

Predisposition to Attack by Armillaria

Armillaria is a parasite whose pathogenity and role in the

forest ecosystem often depends on the condition of the tree.

Most of the time Armillaria lives in the stumps or roots of

dead forest trees as a nonpathogenic decomposer fungus.

However, some species of the genus such as Armillaria ostovae

(Romagn.) Herink (Morrison 1985) and Armillaria mellea Vahi. ex

Fr. (Quel) (Redfern 1978) are known to preferentially damage

trees experiencing stress due to environmental conditions

(Rlshbeth 1982. 1986). Tree roots experiencing stress are more

susceptible and have an increased rate of Armillaria infection

(Wargo 1972, 1977; Redfern 1978; Singh 1983; Entry et al. 1986).

Research Ob.iectives

Armillaria research in the last decade has focused on

elucidation of the various biological species in the genus.

Recent discoveries in this area have provided us with a better

concept of Armillaria behavior and its role as a pathogen in

the ecosystem. However, there has been a lack of research

effort to explain the mechanisms involved in the host-pathogen

relationship. The overwhelming majority of evidence suggests

that under endemic conditions the role of Armillaria in the

ecosystem often depends upon the physiological condition of the
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host. The low incidence of virulent infection of Armillaria on

healthy trees and high pathogenicity on stressed trees seem to

be linked with the physiological requirements of the fungus and

its metabolic capabilities (Wargo 1984a). Stress may induce

chemical changes in roots that enhance fungal growth, such as

increases in some forms of sugars, alcohols, and nitrogen.

These compounds are associated with vigorous growth of

Armillarla and may enable the fungus to grow in the presence of

some phenolics (Wargo 1984b).

Phenol oxidation may be an important mechanism for the

successful colonization of root tissues by Armillaria. In

vigorous trees, Armillaria infection is confined to necrotic

tissues by the formation of barrier zones composed of

polyphenols (Tippett and Shigo 1981). In response to fungal

attack, root parenchyma cells accumulate polyphenols and the

decay is localized. Advance of the fungus into healthy tissues

may be prevented because these tissues are in a highly

reductive state that prevents degradation of phenols by fungal

enzymes (Wargo & Shaw 1985). When trees are under stress,

phenolic compounds which are physiologically expensive for the

plants to manufacture (Goodwin and Mercer 1985) may not be

produced in sufficient quantities to prevent Armillaria

infection.

The objectives of this dissertation were to 1) assess the

impact of stress induced by light and nitrogen limitations on

the physiology of western coniferous seedlings and the

subsequent relationship to the frequency of Armillaria ostovae
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infection, 2) to assess the efficacy of nitrogen fertilization

on growth and physiological response of Pseudotsuqa menziesii

and its subsequent response to Armillaria ostoyae infection,

and 3) to determine if changes that occur in chemistry of root

tissue of trees subjected to light or nitrogen limitation

stimulate Armillaria ostovae growth.
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LITERATURE REVIEW

Armillaria root rot is a serious problem in large forested

areas of the United States and Canada. Many former pine stands

have gradually changed to more disease-susceptible, shade

tolerant species as the result of an 85-year-old fire

suppression policy and past cutting practices (Filip and Goheen

1984; Arno 1980). In the Northern Rocky Mountains,

approximately 1% of the total commercial forest land in the

forests is occupied by large active Armillaria centers, and 13%

of these forests contain scattered root disease mortality

(James et al. 1984). The overwhelming majority of the root

pathogens in the northern Rocky Mountains and Canada have been

Identif led as Armillarla (Williams and Leaphart 1978). Recent

surveys indicate that Armillarla infection may be concentrated

on mesic habitat types in the Pacific Northwest (McDonald et

al. 1988a, James et al. 1984).

Taxonomy of the Funqus

A species of the genus Armillaria was first described by

Ray (1704). The fungus was classified as Aqaricus melleus by

Vahi (1790). However, the name first appears in a paper by

Fries (1819) entitled "Specimen systematis mycologici" (Watling

et al. 1982). Armillaria was initially described by Fries

(1821) and named as a tribe in the Aqaricus genus, along with

other related fungi which are now classified in the genera

Tricholoma, Calocybe, Leucocortinarius, and Polvmvces. Staude

(1857) and later Quelet (1872) raised the tribe to generic rank.



The inability of taxonomists to agree on the type species

in the genus has produced confusion (Watling et al. 1982).

Confusion has arisen from the assumption that Armillaria mellea

is one polymorphic species with a worldwide distribution and an

extremely wide host range. Recently Korhonen (1978) in Europe

and Anderson and Ulrich (1979) in North America discovered

Armillaria mellea to be a complex of several morphologically

and physiologically closely related, but distinct species.

Marked differences in host preference and pathogenicity occur

among the various species of Arinillaria throughout the world

(Wargo and Shaw 1985).

Korhonen (1978) and Anderson and Ulrich (1979) devised a

simple culture challenge to determine the various species of

the Armillarla complex. Colonies from dikaryotic or diploid

isolates yield a crustose appearance in culture while

monokaryotic colonies derived from single spores have a fluffy

white and aerial appearance. A single spore haploid isolate of

an unknown Armillarla species is grown in culture with a

haploid isolate of a known biological tester species of

Armillaria. When compatible monosporous isolates, each with

the white fluffy aspect, are paired in culture, the fluffy

mycelium is transformed into a crustose colony (Anderson et al.

1979). Incompatible isolates remain fluffy and form a line of

demarcation between them. A species in the genus Armillaria is

defined as a fungus that will produce a mating reaction in a

haploid tester culture challenge.
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There are two major drawbacks to this method. First, it

is usually difficult to produce an Armillaria fruiting body in

culture so single spore isolates may not be available. Second,

the mating reaction of the fungal isolates is not always clear

due to a range of mating reactions. The occurrence of

reproductively Isolated. populations has been demonstrated in

Europe (RollHansen 1987), in the United States (Anderson and

Ulrich 1982), in Australia (Kile and Watling 1983), and in

British Columbia (Morrison et a1. 1985). In North America,

there are nine distinct biological species of Armillaria

(Anderson & Ulrlch 1982).

The number of recognized biological species should be

viewed as a lower limit since additional species may exist in

nature. In the western United States four pathogenic species

of Armillarla have been described. Armillaria ostovae, North

American Biological Species I (NABS I) has been found in

Western Montana, Northern Idaho, Washington and Oregon; NABS I

and VIX have been found in Northern Idaho (Anderson and Ulrich

1979, McDonald 1988b). An additional Armillaria species NABS

XI has been found in British Columbia, Canada. Nonpathogenic

Armillaria species have recently been classified in the genera

Tricholoma (Fr.) Krunm,er, or Clitocybe, (Fr.) (Watling et al.

1982). Armillaria species NABS I, II, III, IV, V, VI, and VII

have been isolated from hardwoods in forested areas of New

York, Vermont, Michigan, Massachusetts, Connecticut and

Pennsylvania (Anderson and Ulrich 1979).



Rhizomorphs: Morphology and physiology

Armillaria rhizomorphs are present on the root systems of

most trees in forests of the Northern Rocky Mountains and many

roots have localized lesions (McDonald et al., 1988a).

However, tree mortality usually is limited to severely stressed

trees (Morrison 1981). This condition may be changed

drastically by timber harvesting which provides fresh food

bases for Armillaria colonization (Redfern 1968). Soil

disturbance caused by timber extraction and ploughing is an

added stimulus to fresh rhizomorph development and young trees

will be at maximum risk (Redfern 1973).

Rhlzomorphs of Armillaria are highly differentiated

structures that outwardly resemble the roots of higher plants.

Rhizomorphs grow apically from an inoculum source through soil

and are the principal mechanism of spread of the fungus

(Redfern 1978). The morphology of the Armillaria rhizomorph is

highly developed with zonation based on differences in

arrangement, size and structure of hyphae (Townsend 1954).

Rhlzomorphs consist of four distinct zones (Stanosz et al.

1987). The center (zone 4 - figures 1 and 2) is a distinct

central core that is darker than the encompassing fiber

hyphae. This center zone consists of interdispersed fiber

hyphae and broader tube-like hyphae and is surrounded by a

region with only smaller fiber-like hyphae. Surrounding the

central core is a zone consisting of scattered fiber hyphae

(zone 3), figures 1, 2.
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Figure 1. Cross sections (Photos A and C) and longitudinal

sections (Photos B and D) revealing four zones in

thin rhizomorphs. Zone 4 is composed of both fiber

(f) and broad tube (t) hyphae with cross walls.

Zone 4 is surrounded by Zone 3. Zone 3 consists of

only scattered fiber hyphae. Walls of the broad

thin-walled cells comprising Zone 2 are thicker

outside this zone which gradually merges with the

thick-walled fused cells of Zone 1 (from $tanosz et

al. 1987).
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Figure 2. Cross sections (Photos A and C) and longitudinal

section (Photos B and D) revealing four zones in

thick rhizomorphs. The dense Zone 4 consists of

both narrow fiber hyphae (f) and broad tube hyphae

(t) with cross walls. Zone 4 is surrounded by Zone

3. Zone 3 consists of only fiber hyphae. Zone 2 is

comprised of broad, thin walled cells which thicken

toward the outside of this zone. Zone 2 merges with

Zone 1 which consists of thick walled, fused cells.

(From Stanosz et al. 1987).
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The two outermost zones are continuous with the rhizomorph

exterior. Zone 2 consists of several layers of broad,

thin-walled hyphae. Toward the outer layers of this zone the

hyphae become thick walled and merge with fused thick walled

cells having the small lumens of Zone 1 or 2. The thicker

rhizomorphs contain longitudinal cracks or grooves, presumably

as a result of internal expansion, that extend through the

outer two zones.

The longitudinal growth of rhizomorphs arises from the

center which extends laterally, forming the lateral meristem

(Granlund et al. 1984). As the tip elongates, the apical

hyphae extend to form peripheral hyphae which become a loose

fur-like covering to the rhizomorph. The differentiated

rhizomorph then develops into an outer cortex or rind

surrounding a subcortex of larger diameter hyphae.

The occurrence of rhizomorphs in forests varies from site

to site depending on soil moisture status (Morrison 1975). The

growth pattern of the fungus extending outward from a food base

is usually radial and rhizomorphs will form a branching network

(Redfern 1973). The growth rate of individual rhizomorphs is

thought to be inversely proportional to the food base (Rishbeth

1972). Under moist soil conditions rhizomorphs are

concentrated in the upper 10 cm of the soil but in dry soil

conditions were found 30-60 cm below the soil surface.

Evidence suggests that soil moisture determines the upper limit
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of rhizomorph growth. Laboratory experiments by

Morrison (1976) show that rhizomorph growth was directed along

gradients of increasing 02 and decreasing CO2 concentrations.

Rhizomorphs of Armillarla have the ability to transport

nutrients and sugars from the food base to the tip of the

rhizomorph (Anderson and Ulrich 1982, Morrison 1975). In field

and laboratory experiments they were able to show that

rhizomorphs translocated N, P. K and sugars from the food base

to the rhizomorph tip. Both absorption and translocation were

Inhibited by gluteraldehyde fixation indicating that transport

is probably by cytoplasmic transfer. Rhizomorphs living under

anaerobic conditions absorbed but did not transport nutrients

and sugars, suggesting that the mechanism Is dependent upon

aerobic respiration. No transport was observed from the tip of

the rhizomorph to the base.

Behavior of Armillaria in North America.

In western coniferous forests, the behavior of Armillaria,

and thus disease expression, differs markedly between the

coastal forests and the inland forests (Morrison 1981).

In western coastal forests, Armillaria primarily acts as a

saprophyte on dead trees. Armillaria root disease is usually

limited to plantations and natural stands less than 25 years

old (Wargo and Shaw 1985). Armillaria root disease is found

more frequently in the Douglas-fir and Western Hemlock zones

than in subalpine regions. Openings created by disease

mortality are rarely large enough to be significant by age 40.
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An infection center in the coastal forest usually involves only

a few trees and the infection centers rarely exceed a hectare.

Deciduous trees show more resistance to infection than conifers

(Morrison 1981). Conifer species show little difference in

susceptibility before the age of ten. A gradual increase in

conifer resistance to Armillaria occurs from 10 to 25 years of

age. After the age of 30, mortality is rare, however basal

lesions and localized root lesions are not uncommon (Morrison

1981).

In the inland forests of the Northern Rocky Mountains of

the United States and Southern British Columbia, Armillaria can

be a primary pathogen on conifers and deciduous trees. The

fungus attacks, colonizes, and kills apparently healthy trees

of all ages often creating large disease centers (Wargo and

Shaw 1985). The disease centers often cover several hectares

and can affect up to 25% of the trees in a stand (James et al.

1984). Initiation of a disease center is often associated with

harvesting or thinning operations (Shaw and Roth 1978),

although disease centers are also common in unmanaged forests

(James et al. 1984).

Armillaria growing saprophytically in wood tissue of

stumps or roots may colonize roots of trees which then serve as

an inoculum source for the fungus (Morrison 1981). The fungus

will attack roots of trees of all ages, killing the cambium and

inner bark. It is highly aggressive and damaging in young

conifer plantations. In younger trees, the fungus advances

rapidly through the inner bark to the root collar where it
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girdles the tree. In older trees, this advance is much slower

and is often blocked by the resin flow of the host before the

fungus reaches the root crown. The resistance of a tree

increases with age and increasing phenolic concentration in the

root tissue. Increased phenols prevent the advance of the

fungus to the root collar (Morrison 1981). In older more

vigorous trees, Armillaria often does not kill its host,

because the tree Is able to form a callus consisting of high

concenration of suberin and lignin which prevents fungal growth.

In dying trees, the fungus continues to advance in the

root collar area forming distinct mycelial fans under the bark

(Morrison, 1981). ArmIllarla continues to grow through the

cambium of the roots and advances proximally from lesions on

lateral roots (Wargo and Shaw 1985). Root systems of larger

trees stay moist throughout the sumer and are large enough for

Armillaria to survive for many years. The lateral roots of

these large trees serve as inoculum sources and avenues of

spread of the fungus into adjacent trees, and the infection

process is repeated. The pathogen can spread either by

rhizomorphs which grow through the soil from an inoculum source

to tree roots (Redfern 1973) or by direct transfer of mycelium

at points of root contact. Basidiospores appear to be of minor

importance in spread of the disease (Morrison 1981). The

occurrence of the same genotype throughout large infection

centers indicates that the spread is predominantly by

vegetative extension (Anderson et al. 1979).
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Ecology of ArmIllaria In Western Coniferous Forests.

In a recent survey of Armillaria in the Northern Rocky

Mountains, McDonald et al. (1988a) reported that the occurrence

of Armillaria over the entire Northern Rocky Mountain region

was associated with cool-moist habitat types (Pfister et al.

1977, Cooper et al. 1987), but rarely with warm-dry habitat

types (McDonald et al. l988a). Over all forests and conditions

sampled, the largest percentages of Armillaria rhizomorphs were

found on Douglas-fir, grand-fir, englemann spruce, white pine,

and western larch; the lowest incidence of the pathogen was

found on ponderosa pine, lodgepole pine, and western hemlock.

However, the probability of finding an Armillaria infection in

the above tree species was highest in grand-fir, Douglas-fir,

and subalpine-fir with lower incidence of damage on white pine,

western larch, and western red cedar. Results of this study

show that the occurrence of Armillaria on western conifers is

strongly associated with warm moist forests. Western larch,

western white pine and western red cedar are found growing

where there is a high incidence of Armillaria but have an

exceptionally low occurrence of disease caused by the pathogen.

McDonald et al (1988b) found that there was an average of

4.3 separate clones on each of these 0.4 ha plots. As

identified by dikaryotic - monokaryotic culture challenge

revealed 73% of the Armillaria- species to be either NABS I or

IX. This survey suggests that trees which grow in mesic

forests are likely to encounter the pathogen, however, the



19

fungus is predominantly absent from dry sites (McDonald et al.

l988a).

Response of Armillarla to Tree Stress

In western interior forests Armillarla infrequently acts

as an aggressive pathogen attacking and killing healthy trees

(Wargo & Shaw 1985). Such active disease centers are often

associated with the stumps left by timber harvesting. Under

endemic conditions In Interior western forests the fungus

usually acts as a secondary pathogen attacking trees weakened

by adverse environmental factors. In many cases poor soil

conditions alone or in conjunction with other stress agents

predispose trees to attack by Armillaria,. Shields and Hobbs

(1979) reported that Armillaria infection throughout northern

Idaho was consistently associated with low soil nitrogen,

phosphorus, or calcium. Armillaria infection in white pines is

often associated with stress due to Cronartium ribicola,

(McDonald et al. 1988a).

Greenhouse experiments usually lead the authors to

conclude that Armillaria attacks species of conifers that are

experiencing stress. Redfern (1978) reported that reduced

light intensity increased the infection rate of A. mellea on

Pseudotsuqa menziesii (Mlrb.) Franco, Abies qrandis (Dougi.)

Lindl., Picea sitchensis (Bong.) Carr., Larix kaempferi (Sieb.)

Sarg., and Pinus svlvestris (L.). Singh (1980, 1983) reported

that Picea abies L. Karst, Picea sitchensis, Pinus mariana
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(Mill) B.S.P., and Pinus sylvestris were infected to a greater

extent when N, K, and Ca were deficient in the soil.

Fertilization of trees with N alone may not reduce their

susceptibility to Armillaria. Although conifers are generally

adapted to low soil nutrient levels, many soils have

growth-limiting or deficient levels of one or more of the

macroelements. primarily N (Lavender and Walker 1979).

Positive growth response of Tsuqa, heterophvlla (Raf.) Sarg. to

N fertilization is most likely in soils where extractable P is

high and total and mineralizable N low (Radwan and Shumway

1983). Rykowski (1981) found that fertilization of Pinus

sylvestris with a balanced supply of nutrients retarded or

prevented the appearance of disease symptoms. The

susceptibility of trees to Armillaria infection after N

fertilization may be explained by the lack of available

phosphorous. Creating conditions more favorable to tree vigor

could reduce the incidence of Armillaria infection where that

inoculum is prevalent. However, few scientists have examined

the effects of fertilization of conifers in the field and their

subsequent response to Armillaria attack.

PredisDosition of Trees to Attack by Armillaria

Nitrogen is an essential nutrient for higher plants, where

it functions as a principal component of structural proteins,

enzymes, and nucleic acids. In addition, nitrogen limitation

will lead to limitations in growth (Van den Driessche 1985).

Tree physiological condition is reflected in the amount of
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excess carbohydrate stored in sapwood and its measurement is an

estimate of tree quality (Marshall and Waring 1985, Penning

deVries 1975). Tree physiologists have long been aware of the

importance of carbohydrate reserves for supporting respiration

(Wlnjum 1963). Even when tissue is not growing, the enzymatic

machinery and membrane transport systems must be maintained.

These findings are important to foresters and ecologists

because limited below-ground root production is a result of a

finite supply of photosynthate. Forest pathologists generally

agree that Armillarla is a pathogen whose virulence and role in

the forest ecosystem often depends on the condition of the tree

(Redfern 1978, Davidson and Rishbeth 1988).

Control of the Disease

Management options for disease control depend on the

objectives and economic value of forest resources. The best

opportunity to control Armillaria root disease occurs when the

stand is harvested. Broadcast burning after harvest will not

reduce the amount of Armillaria Inoculum on the site (Morrison

1981). Five options for infected trees can be considered.

First, where terrain and soil type permit, remove all stumps

inside disease centers plus 20 m outside the center. This

method will be successful only If all roots larger than 5 cm

diameter X 30 cm in length containing Armillaria are removed.

The second option is to replant the site with resistant tree

species that are adapted to that site. No conifer species is

completely resistant to Armillaria so some mortality must be
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expected. A third option is to take no action. The best

prescription may be not to harvest and rely on natural

regeneration. The fourth option is to treat with chemicals,

although experimentation with chemicals to control Armillaria

root disease has been inconclusive. Apart from treatment with

carbon disulfide there Is little experimental evidence for the

effectiveness of most chemical treatments (Pawsey et al.

1976). Often, It Is unclear whether treatments were designed

for protection of trees against the fungus or to eradicate the

fungus from infected stumps or roots (Shaw & Roth, 1978).

Boric acid and sodium pentachiorophentane (Rykowski 1974, Shaw

and Roth 1978) have also produced ambiguous results in

controlling or preventing Armillaria infection of conifers

(McKenzie et al. 1977). Fllip and Roth (1977) reported that

methyl bromide, vorlex, chloropicrin, and carbon disulfide

eliminated Armillaria from infected ponderosa pine stumps.

However, in a later experiment, Filip and Roth (1987) reported

that the chemicals benomyl, captan, copper sulfate, iron

sulfate, vorlex, and chloropicrin failed to prevent mortality

of 7-15 cm dbh Pinus ponderosa due to . ostovae infection.

Munnecke et al. (1981) used methyl bromide to fumigate citrus

roots; they then inoculated the stumps with Trichoderma spp.

Methyl bromide killed or weakened Armillaria, to the point where

Trichoderma spp. could kill the parasite. Effective chemical

control of Armillaria in high value fruit orchards may be

economical; however, at present the cost of Armillaria,

eradication on a forest or stand basis is not economically
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feasible. The fifth option is to use biological control of

Armillaria, except that research has been insufficient.

Rishbeth (1976) noted two important features that make

biological control of Armillaria difficult; Armillaria has an

advantage over fungi being introduced because it already

occupies part of the root system and even though Armillaria is

not a first colonizer of wood, it spreads rapidly in the

cambial zone of freshly-killed trees. Rishbeth (1976)

suggested that while antagonistic fungi such as Trichoderma

spp. may not be able to prevent Armillaria establishment in

roots, they may restrict further colonization of the stump by

killing the pathogen.

Excellent reviews and management guidelines to aid in the

control of Armillaria root disease are provided by Hadfield et

al (1986), Morrison (1981), Wargo & Shaw (1985) and Shaw and

Roth (1978).

Future of Armillaria Research

Bloloqical SDecies and DNA

Armillarla root disease is caused by a compTex of various

species of fungi in the genus Armillaria which vary from being

extremely virulent to mostly saprophytic. Within biological

species, mating presently is determined by bifactoral

heterothallism. Recently DNA sequencing that have been cut

using restriction endonucleases have been used to confirm the

existence of these biological species (Anderson et al. 1987).

In the process of identifying the various biological species,
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genetic probes were constructed from mitochondrial DNA, which

can now be used to identify the biological species of

Armillarla. Sequencing of DNA is the most accurate method to

determine the biological species of Arrnillaria because they

assess the differences at the base pair level of the DNA

fragment.

Identification of Armillarla species by ELISA

Another method to determine biological species of the

Armillaria complex is Enzyme Linked Immunoabsorbant Assay

(ELISA). ELISA techniques are being researched for the

detection of the fungus in inoculated seedlings (Zollfrank

et al. 1987) and the determination of biological species

(Lung-Escarment and Dunez 1985), Past studies that examined

the relationship between host reaction and Armillaria infection

have relied upon verification of the pathogen by re-isolation

of the fungus for identification. This method has many

problems. For example, was the pathogen on the root surface or

did it actually penetrate the host, and if so, how much of the

host was infected? Additionally, Armillaria growth in culture

is slow compared to other fungi and bacteria; therefore

contamination from other organisms in soils has often prevented

identification of Armillaria colonies growing on media.

Numerous antibiotics have been used to control

contaminants, but without success. Antibiotics that kill

contaminants often kill Armillaria. ELISA is an extremely
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sensitive method which will eliminate many of the problems that

are inherent in reisolation of the pathogen.

In ELISA an enzyme is covalently linked to the previously

synthesized host-specific antibody. The ELISA test is based on

the message amplification inherent in enzyme action since a

molecule of enzyme converts numerous molecules of substrate.

The rate of substrate conversions by a few molecules of enzyme

can then be accurately measured (Fichter and Stephen 1984).

Polyclonal ELISA techniques are currently used in the

differentiation of various European Armillaria species

(Lung-Escarment and Dunez 1985, 1979). The development of

monoclonal ELISA techniques may provide a rapid, sensitive,

inexpensive test to determine the presence of Armillaria in

host tissue. In order to determine biological species

accurately over a large number of samples, monoclonal

antibodies will need to be developed.

Polyclonal antibodies probably will produce a large amount

of cross-reaction which can introduce error into the analysis.

Fox and Hahne (1989) have produced monoclonal antibodies to .

mellea, A. ostovae, and A. bulbosa. The antibodies are

presently able to distinguish between A. mellea and A. bulbosa;

they can also distinguish between A. ostovae,, and . bulbosa

however, they can not distinguish between A. mellea and .

ostovae. This implies that the monoclonal antibody may bind to

an epitope that is common to these three species of Armillaria

but at different concentrations. If this protocol can be used

to make comparisons between antigenic composition, it should be
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a rapid, reliable method for distinguishing among Armillaria

species (Fox and Hahne 1989).

The Future of B1oloical Control

Biological control of forest pathogens has several

advantages because It Is more likely to be accepted by the

public than chemical control and is more likely to be cost

effective than the removal of stumps and roots (Hunt et al.

1971). The future of biological control of Arinillaria will

most likely proceed In two directions. The first and most

widely pursued seems to be the search for an organism that can

colonize the cambium or replace Arinillaria in the stumps of

trees. The second direction, which is currently under testing

in Australia Is the Inoculation of a nonpathogenic species of

Armillarla into a stump or root (Nelson et al. 1988). The

hypothesis is that the nonpathogenic Armillaria, would colonize

the wood preventing the pathogenic species from colonization

and thus reducing Inoculurn buildup. These two methods have not

been widely investigated but warrant further research.

Armi llaria Viruses

Recently Reaves et al. (1988) examined haploid and diploid

Isolates of Armillaria species using transmission electron

microscopy and discovered the existence of uvirus_like

particles". The virus-like particles were free in the

cytoplasm or arranged as intracellular aggregates and found

only in pathogenic species of Armillaria. Active RNase
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completely degraded the virus-like particles, suggesting they

contain ribonucleic acid. These elongated virus-like particles

resemble viruses both biochemically and structurally (Reaves

et al. 1988). The vast majority of the virus-like particles

were found in haploid and diploid isolates of A. ostovae

whereas these particles were absent in nonpathogenic isolates.

This recent discovery may prove to be an invaluable insight

into the pathogenicity of the various Armillaria species. Much

more research is necessary before we can make predictions on

the Importance of Dr. Reaves' discovery. However, this may be

the most exciting discovery In Armillaria, research in this

decade.
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CHAPTER 1

THE EFFECT OF LIGHT AND NITROGEN LIMITATION ON WESTERN

CONIFEROUS SEEDLINGS: RESPONSE TO ARMILLARIA OSTOYAE INFECTION

3. A. Entry, K. Cromack, Jr., E. M. Hansen, and R. H. Waring

ABSTRACT

Seedlings of five western coniferous species were grown

for 16 months and given three physiological treatments: a

balanced light and nutrient regime (Li-N), light limitation and

adequate nutrients (Si-N), or nitrogen limitation and adequate

light and (L-N). After four months, seedlings in all

treatments were inoculated by placing a 3 cm x 10 cm Alnus

rubra (Bong.) block, colonized by Armillaria ostovae, (Romagn.)

Herink. in contact with the primary root of each seedling.

Sixty seedlings in each physiological by species treatment were

inoculated with one of three isolates of A. ostovae..

Armillarla ostoyae infection rates were significantly increased

when light or nitrogen were limiting to conifer seedlings than

when light or nitrogen were balanced.

Concentrations of lignin, phenolic compounds and protein

precipitable tannins in secondary root tissue were lower in

seedlings given the Si-N and L-N than those given the Li-N

treatment. Concentrations of sugar, cellulose, lignin,

34
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phenolic compounds and protein precipitable tannins

significantly correlated with infection rates (r2 = 0.25 -

0.39). The phenolic:sugar ratio also correlated with infection

rates (r2=O.62).

The ratio of energy required for phenol degradation

(Epd) to energy from available sugars (Eas) strongly

correlated with infection rates (r2 = 0.73). The energy

ratio of energy required for lignin degradation (Eld) to

energy from available sugars (Eas) correlated with infection

2
rates (r = 0.70).

Light or nitrogen limitation may predispose western coniferous

seedlings to A. ostoyae infection by lowering the concentration

of phenolic compounds and/or raising the sugar concentration in

root tissue, thereby lowering the E :E ratio in
pd as

secondary root tissue. A decreased Epd:Eas ratio may be an

indication of decreased defensive compounds relative to the

energy available for A. ostovae to degrade those compounds.

Energy relationships were found to be an accurate predictor of

successful A. ostovae attack on western coniferous seedlings.

Thermochemical calculations have seldom been applied to

host-pathogen relationships. Energy relationships may be a new

and useful concept to explain the mechanism of pathogen

invasion of host tissues in a wide variety of environmental

conditions. Our results indicate the E :E ratio may be
pd as

an important concept to explain why pathogenic species of

Armillaria preferentially invade stressed seedlings.
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INTRODUCTION

Armillaria, (Fr. ex. Fr.) is a parasite whose pathogenicity

and role in ecosystems often depends on the physiological

condition of the tree (Wargo 1984). Most of the time Armillaria

lives in the stumps or roots of dead forest trees as a

nonpathogenic fungus. However, some species of the fungus such

as Armillarla ostovae (Romagn.) Herink (Davidson and Rishbeth

1988) and Armillarlamellea (Vahi ex. Fr.) Quel. (Redfern, 1978)

are known to preferentially attack trees that are stressed by

environmental conditions.

Competition for light or nitrogen limitation may limit

photosynthesis and thus reduce the supply of carbon required to

produce defensive compounds resulting in increased susceptibility

to Armillaria attack (Entry et al. 1986, Redfern 1978).

The objective of this study was to determine the influence

of light and nitrogen limitation on the physiological status of

Pseudotsuqa menziesii ((Mirb.) Franco.], Abies grandis ((Dougi.)

Lindi.], Pinus contorta var latifolia (Engelm.) Pinus ponderosa

(Dougl. ex. Laws), and Larix occidentalis Nutt. and their

response to . ostovae infection.

MATERIALS AND METHODS

Growinq Conditions

Seeds from P. rnenziesii, Abies qrandis [(Dougi.) Lindi.],

P. ponderosa, P. contorta and L. occidentalis were washed in 1%

NaC1O solution for 24 hours, washed with cold water, then soaked

in a 5% hydrogen peroxide solution for 30 mm, and rewashed.



37

Five seeds were planted in a potting substrate containing equal

volumes of vermiculite, perlite and sphagnum peat moss and grown

for three weeks in 165 ml Leach cell containers that had been

washed and sterilized with a 1% NaC1O solution for 20 mm.

Treatments began after the number of seedlings were reduced to

one per cell.

Seedlings were assigned to treatment combinations randomized

in a split block factorial design (Kirk 1982). Physiological

treatments, implemented as main effects, were 1) full light and

complete Arnon's solution (LN) (Arnon and Hoagland 1943),

lIght limitation (shade cloth provided light limitation for

those so designated), and complete Arnon's solution (SN), or

full light and nitrogen limitation (L-N). Seedlings given the

L-N treatment received 0.05 mM total N L contained in tap

water. Subplot treatments were tree species and A. ostovae (NABS

I) isolates (Anderson et al. 1979). All treatments were

replicated four times. There were a total of 900 inoculated

seedlings, 300 in each main plot treatment and 20 in each light

or nitrogen limitation treatment by species by A. ostoyae isolate.

Seedlings were grown for 16 months, from June 1987 to

October 1988. Greenhouse light readings were taken on a

cloudless day between 11 a.m.-5 p.m. Average photosynthetic

photon flux density of fully illuminated seedlings was 700 imol

m2s at summer maximum and seedlings that were light

limited received 100 mol m2sL. Temperatures were24°C

during the day and 23°C during the night. Seedlings were watered

three times weekly until the potting soil was saturated.
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Inoculation Techniques

Three isolates of A. ostovae = A. obscura = North American

Biological species I (NABS I), JR 1953, DC1 and TV 186 were grown

on 3% malt agar. Isolates JR 1953 and TV 1986 were obtained from

Dr. Jim Reaves, USDA Pacific Northwest Research Laboratory,

(Reaves et al. 1984). Isolate DC1 was collected from a dying

Pinus monticola Doug. ex. Don. in the Deception Creek

Experimental Forest in northern Idaho (Entry et al. 1986). These

isolates have been challenged with known haploid isolates of

Armillaria (Anderson et al. 1979) and determined to be A. ostovae.

Alnus rubra (Bong.) blocks 3 cm diameter x 10 cm long were

washed and placed in a 0.89 L Mason jar with 50 ml of malt

extract medium. The blocks and medium were autoclaved for 60

mm. at 20 psi, then allowed to cool. Three 10 nm diameter plugs

from petri dishes containing one of the above isolates were

placed on A. rubra blocks. Alnus rubra blocks were incubated for

nine months and were well colonized by the fungus before

inoculation.

Inoculation

The inoculation method followed that described by Shaw

et al. (1982). After four months seedlings were exposed to

A. ostovae by fastening an A. rubra block colonized by A. ostovae,

to the primary root of each seedling with two 0.5 cm wide rubber

bands. Seedling roots were kept wet at all times to avoid

desiccation. Sixty seedlings in each physiological by species

treatment were inoculated with one of three isolates of .
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ostovae. Twenty seedlings in each physiological by seedling

species treatment were inoculated with each A. ostovae isolate.

A set of 600 control seedlings consisting of two additional

replicate seedlings for each physiological treatment, by seedling

species, by . ostovae isolate were given the same treatments

except that A. rubra blocks were not colonized with the fungus to

ensure that the fungus and not the inoculation process itself was

responsible for seedling death.

Verification of Infection

After one year, seedlings were removed from their

containers. Roots were carefully washed with tap and then

distilled water. Three root sections approximately 0.25 cm in

length were surface sterilized by immersion in 1% NaClO solution

for 7 mm, followed by immersion in 3% hydrogen peroxide solution

for 5 mm. Root sections were then placed on 3% malt agar in

60 ml test tubes.

Infection Ratinqs

Seedlings were rated as 1) uninfected and living, 2)

infected and living, or 3) infected and dead (Entry et al. 1986).

Analysis

Root and Shoot Weight

All seedlings were dried at 80°C for 48 h. The oven-dry

weights of roots and shoots were recorded separately and then
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added to determine total dry weight; root weight was divided by

shoot weight to determine root:shoot ratios.

Nutrients

Shoot tissue from three seedlings from each physiological

treatment (L+N, S+N, L-N) for each seedling species was dried at

80°C for 48 h, then ground through a <1 mm (#20) mesh. A 0.5 g

subsample was ashed at 525 °C in a muffle furnace. The ash was

dissolved in 10% HNO and brought to 50 ml volume (Jackson
a

1958) and analyzed for Al, B, Ca, Cu, Fe, Mg, K, Na, P and Zn

using an Inductively coupled plasma spectrometer. Total N was

analyzed by standard microKjeldahl techniques modified to include

nitrate (Bremner and t4ulvaney 1982).

Physiological Measurements

Secondary root tissue from three seedlings from each

physiological treatment (L-i-N, S+N, L-N) for each seedling species

was dried at 80°C for 48 h, then ground through < 1 mm (#20)

mesh. A 0.2 g subsample was analyzed for total sugars and starch

using the method described by Hansen and Moller (1975).

Cellulose and lignin in root tissue was analyzed by procedures

described by Van Soest (1943). Phenolic compounds were extracted

from a 10 mg subsample with 10 ml of 80% aqueous acetone (V:V)

for 24 h (Julkunen-Tiito 1985). Five ml of extract was then

diluted in 20 ml of 80% aqueous acetone (V:V). One ml of the

diluted mixture was added to a 30 ml test tube followed by 1 ml

distilled H20 then 1 ml of Folin-Ciocalteu phenol reagent. The
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solution was mixed and imediately 5 ml of 20% WaCO (V:V)

solution was added and the solution thoroughly mixed again.

After 20 mm the absorptivity of the mixture was read at 700 nm

on a Beckman DV 40 spectrophotometer (Julkunen-Tiito 1985).

Phenol standards were dissolved in 80% aqueous acetone (V:V). A

50 pl subsample of the diluted 80% aqueous acetone extract was

analyzed for protein precipitable tannins using radial diffusion

assay (Hagerman 1987). Known concentrations of tannins from

Douglas-fir tissue (provided by Dr. Rick G. Kelsey, Forest

Research Laboratory, 3200 Jefferson Way, Corvallis, Oregon) were

used to prepare standard curves (Kelsey and Harmon 1989).

Armillarla ostovae Growth Efficiency

The growth efficiencies of the three isolates of A. ostoyae

were calculated by growing each isolate in glucose, fructose and

sucrose in concentrations of 10, 20 and 40 g/L in Melin-Plorkrans

medium (Marx 1969). The carbon sources were sterilized

separately by dry autoclaving (Garraway 1975). Carbon sources

were added to medium cooled to 45°C. A 1.0 nm disk cut from

stock cultures of 3% malt agar was used to inoculate 30 ml of the

medium in a 165 ml medicine bottle capped with 20 mm serum bottle

caps. Disks contained ho visible rhizomorphs. Cultures were

incubated for 9 weeks at 22°C in the dark. At harvest, medium

and fungus were separated by filtration through a 4 im (AG) glass

fiber filter; the hyphae were oven dried at 80°C for 48 h and

weighed.
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Sugar concentration in the media was determined by diluting

1 ml of medium at the end of the experiment with 99 ml of

deionized distilled water and analyzing using the methods

described by Hansen and Moller (1975) on a Beckman DU-40

spectrophotometer at 625 nm.

The equation used to determining growth efficiency was:

Growth

Efficiency

Mycelial dry weight
x 100 (Cochrane 1958)

carbohydrate consumed

Carbohydrate consumed = the amount of sugar in the medium at the

start of the experiment, minus the amount of sugar in the medium

at the end of the experiment. The average growth efficiency of

these three isolates grown in the above types and concentration

of sugars was 0.137.

Calculation of Thermochemical Budgets

The energy required to break a chemical bond can be

calculated by subtracting the Hf of the first compound from

the AHf of the second compound. The energy gained from

available sugars (Eas) in the host seedling was calculated from

the enthalpies of formation (Hf) in water at standard

conditions of the compounds listed below:

Eas = aHfglucose (mol) AHfco (mol)
x growth efficiency

of A. ostovae x sugar mol g root tissue

Eas = -1273.30 - (-391.51) x 0.137 x sugar mol g root tissue

Eas = 120.70 x sugar mol1 gL root tissue
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Energy of Dissociation of the Phenolic Bonds (Epd) was

calculated from the energy required for a molecule of catechol to

be degraded through the ortho pathway to CO2 by fungi (Cain

1980, Crawford 1981). Enthalpies of formation (AHf) in water

at standard conditions of stable organic compounds of phenol,

succinate and CO2 were found in Pedley et al. (1986). Enthalpy

of formation of catechol in water at standard conditions is given

by Khadikar et al. (1978). Enthalpy of formation of muconate in

water at standard conditions is given by Dolbneva et al. (1982).

Epd = catechol - AHfmuconate AHfoxoadlpate

(mol) (mol) (mol)

AHfsuccinate - AHf CO2 x phenol mol1 g root tissue

(mol)

Epd = - 374.11 - (-917.20) - (-1026.20) - (-469.80) - (- 391.51)

x phenol mo11 g' root tissue

Epd = 2430.60 kJ mol' x phenol moV1 g' root tissue

Energy of lignin degradation (Eld) was calculated from the

energy required for tyrosine, a central molecule in conifer

lignin (Goodwin and Mercer 1985), to be degraded in water at

standard conditions via the orthopathway to CO2 by fungi (Cain

1980, Kirk 1981). Tyrosine a central unit in lignin formation

(Goodwin and Mercer 1985). We have calculated that tyrosine

units comprise approximately 70% of a model conifer lignin

reported by Alder (1977).

Eld = AHftyrosine - AHfphenol - Hfcatechol AHfoxoadipate

-AHf -Mlf Mlf
muconate succinate CO2 x (% lignin gt

root tissue x the amount tyrosine in lignin)
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Eld = (-685.10) - (-165.1) - (-374.11) - (-917.20) - (-1026.20) -

(-469.80) - (-391.51) x S lignin g' root tissue

Eld = 3698.28 kJ mol' x (S lignin g' root tissue x 0.70)

All Hf measurements are expressed in kilojoules per mole (kJ moles).

The ratio is then computed by dividing Epd/Eas A11 units cancel.

Statistical Analysis

All data were found to be normally distributed by using

univariate procedures (SAS Institute 1982) and analyzed using

ANOVA procedures for a split plot factorial design (SAS Institute

1982). Individual treatment means were computed with Fisher's

protected least significant difference (LSD) test at p > 0.05.

Third order interactions (physiological treatment x seed1ing

species x . ostovae isolate) were not significant (p > 0.05);

therefore only physiological treatment x species interactions

will be discussed (Snedecor and Cochrane 1980, Steel and Torrie

1980). Correlations were analyzed with infection rate as the x

variable and physiological parameters as the y variable.

RESULTS

Seedlinq Status

Blomass and Shoot:Root Ratio

Seedlings receiving the L+N treatment had greater root,

shoot and total biomass than the S+N and L-N treatments

regardless of species (Table 1.1). Seedlings receiving light

produced greater root biomass than shade seedlings and, lower

shoot:root ratios than the Si-N treatment. The L-N treatment
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produced seedlings with lower shoot and total biomass than the

other two treatments.

Nutrients

Nutrient concentrations in shoot tissues were more balanced

in seedlings receiving the Li-N treatment than the other two

treatments (Table 1.2). Seedlings provided the Si-N treatment had

the lowest concentrations of Ca and highest concentrations of Fe,

K, Mg, Mn, P. S, Zn and total N. Seedlings given the L-N

treatment had lower concentrations of Ca regardless of species.

The concentrations of Al, B and Zn in shoots of all species were

unaffected by light or nitrogen limitation.

Physiological Measurements on Roots

Sugar concentrations in secondary root tissue were higher,

but starch concentrations were lower in seedlings receiving the

L-N treatment than in the other two treatments (Figure 1.1).

Cellulose concentrations in root tissues were higher in the Si-N

treatment than the Li-N or L-N treatment (Figure 1.1). Within

each species, cellulose concentrations were lower in the Li-N

treatment than the S+N or L-N treatments. The concentration of

lignin in secondary root tissue did not differ between the Li-N

and L-N treatment, however, lignin concentrations in roots from

both treatments were higher than seedlings receiving the Si-N

treatment (Figure 1.2). With the exception of A. qrandis,

phenolic compounds and protein precipitable tannins extracted

from secondary root tissue were higher in the Li-N treatment than
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the other two treatments. Total phenolic compounds and protein

precipitable tannins in root tissue did not differ between the

S+N and L-N treatments (Figure 1.2). The ratio of phenolic

compounds to sugars was higher in the 1-N and Si-N treatment than

in the I-i-N treatment.

Growth Efficiency and Funqal Weiqht of Armillaria ostoyae

There was no significant difference in fungal weight and

growth efficiency among the three isolates of ,. ostovae, when

grown in media containing 10, 20, or 40 g of glucose, fructose,

or sucrose L (Table 1.3) Growth efficiency of all three

isolates of ,. ostovae was substantially greater when grown in

10 g glucose L than when grown in 10 g fructose LI or

10 g sucrose L. Growth efficiency of all isolates when

grown at concentrations of 20 g glucose or sucrose Lt was

higher than when they were grown in 20 g fructose Lt, or 40

g 11 glucose, fructose or sucrose. There was no difference

in growth efficiency measurements when these isolates were grown

in glucose at 40 g glucose or sucrose L (Table 1.3).

Fungal weight of all three isolates of . ostovae was

greater when grown in 10 g glucose L' than 10 or 20 g

fructose or sucrose L1 (Table 1.3). Fungal weights of all

three isolates of A. ostOvae were greater when they were grown in

20 g glucose L' than 20 g fructose or sucrose I',

however, there was no difference in fungal weight when 'the

A. ostoyae isolates were grown in 20 g fructose L' compared

to 20 g sucrose Lt. There was no difference in fungal
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weight of isolate JR 1953 when grown in 40 g glucose, fructose,

or sucrose L'. Fungal weight of isolate DCI was

significantly greater when grown in 40 g glucose L1 than 40

g fructose or sucrose L. There was no difference in fungal

weight of all three isolates when grown in 20 or 40 g glucose

Lt (Table 1.4). Sugar concentrations were expressed in g

L' in this experiment, and sugars extracted from seedling

roots were expressed in mg sugar g tissue in figure 1.1.

Since 1.0 ml water weighs 1.0 g, concentrations would equal 10-40

mg sugar
1 water which Is representative of the

concentrations of sugars extracted from seedling roots. The

average growth efficiency of the three . ostovae isolates when

grown using all three sugar types and concentrations was 0.137.

Infection Rates

Infected root segments of dead seedlings usually had

resinosus lesions and a white mycelial fan growing inside the

bark. Sixty-three percent of infected seedlings had resinous

lesions. Armillaria ostovae isolates recovered from seedlings

were challenged against the original ,. ostovàe isolate

inoculated on to the A. rubra block at the start of the

experiment by diploid-diploid crossings on 3% malt agar (Anderson

and Ulrich 1982). Isolations made from infected seedlings were

found to be infected with the same A. ostovae isolate that was

used to inoculate the seedlings.

There was no significant difference of infection rates among

the three isolates of A. ostovae, therefore, we will discuss the
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results with regard to physiological treatments by seedling

species (Steel and Torrle 1980; Snedecor and Cochran 1980).

Armillaria ostovae infected 25% of the seedlings in the Li-N

treatment, 50% in the Si-N treatment and 48% in the L-N treatment

(Table 1.4).

Seedlings receiving the 1-N and Si-N treatments had

significantly higher Infection percentages and ratings than those

receiving the Li-N treatment. Infection percentages and ratings

were not significantly different between seedlings receiving the

L-N and Si-N treatments (Table 1.4). Within physiological

treatments, Infection percentages and ratings did not differ

significantly among any of the seedling species (Table 1.4).

Infection rates did not correlate with sugar, starch,

cellulose, lignin, and protein precipitable tannins in a linear

relationship (Table 1.5). Infection rates did not correlate with

starch, cellulose or lignin in an exponential (x2)

relationship. Infection rates correlated with total phenolics

and a phenolic:sugar ratio in both linear and exponential

relationships (Table 1.5). Concentrations of phenolic compounds

in secondary root tissue of these seedlings also correlated with

lignin concentrations (r2 = 0.28), and protein precipitable

tannins (r2 = 0.51). The critical value for a correlation to

be significantly different from a straight line through the mean

of the data points at p > 0.01, n =44 is 0.17 (Bailey 1959).

Lignin concentrations correlated with the concentration of

protein precipitable tannins (r2 = 0.47) in secondary root
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rates in a curvilinear relationship (r2 = 0.73) (Fig. 1.3).

The equation is: infection rate = -1.88 + Epd:Eas * 2.38 x

+- (E :E
)2 * -7.88 x iO' x (Epd:Eas)3 9.82 x

pd as

1021. The Eld:Eas ratio also correlated with infection rates

(r2 = 0.70) (Fig. 1.4). The equation is infection rate = 2.00 +

E E * -8.46 x 106 '- (E :E
)2 * 2.89 x 1010 +

1d as id as
-20

(Eld:Eas)3 * 6.31 x 10

DISCUSSION

Seedlings receiving full light combined with a balanced

nutrient supply had greater total shoot and root biomass than

seedlings receiving light or nitrogen limitation. Armillaria

ostovae Infection rates were higher when seedlings were limited

by light or N. Seedlings limited by light or nitrogen also had a

lower concentration of lignin, total phenolic compounds and

protein precipitable tannins in secondary root tissue. These

compounds are some of a plant's primary defense mechanisms

against fungal attack (Vance 1980).

Results of this investigation confirm earlier findings.

Redfern (1978) reported a higher infection rate of A. mellea with

reduced light intensity to P. menziesii, A. grandis, Picea

sitchensis (Bong.) Carr., Larix kaempferi (Sieb.) Sarg., and

Pinus svlvestrls (L.) in greenhou.se experiments. Singh (1980,

1983) noted that Picea abies (L.) Karst, Picea sitchensis, Pious

mariana (Mill) B.S.P., and Pinus sylvestris were infected to a

greater extent with Armillaria when N, K, and Ca were deficient.

49
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Shields and Hobbs (1979) found that lower pH and N, P. and Ca

levels were associated with Armillaria decay of P. menziesii and

A. qrandis In northern Idaho. Although not all factors that

determine the infection of A. mellea on host species are

completely understood, nutrient-deficient seedlings are more

vulnerable to attack (Singh 1983).

Fungi that can grow well on media containing easily

degradable carbohydrates have a growth efficiency coefficient in

the range of 10-25% (Cochrane 1958). The three isolates of

. ostovae tested all showed a low growth coefficient indicating

that they can grow faster on media containing high amounts of

soluble sugars, especially glucose. Fungal weight of all three

isolates was substantially greater when grown in high

concentrations than at lower concentrations of all three sugars.

Armillaria ostovae grows faster in the presence of phenolic

compounds in media supplemented with higher concentrations of

sugars (Entry and Cromack 1989).

The E :E and E :E ratios were the only
pd as id as

parameters measured that correlated well with the infection

rates. Further knowledge of specific phenolic compounds in root

bark tissue and their thermochemical equilibria will allow a more

precise estimation of the E :E and E :E ratios.
pd as ld as

The equation presently is based on phenolic degradation of the

catechol pathway of lignin and phenolic degradation presented by

Cain (1980), Crawford (1981) and Kirk (1981). A more complete

understanding of the amount and types of phenolic compounds in
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secondary root tissue would also provide a more accurate

interpretation of the significance of these ratios.

Energy relationships were found to be an accurate predictor

of successful A. ostoyae attack on western coniferous seedlings.

Thermochemical calculations have seldom been applied to

host-pathogen relationships. Energy relationships may be a new

and useful concept to explain the mechanism of pathogen invasion

of host tissues in a wide variety of environmental conditions.

Our results suggest that the Epd:Eas ratio measured in

secondary root tissue may be an important parameter to predict

the ability of western coniferous seedlings to defend themselves

against A. ostovae infection. Furthermore, the Epd:Ea$ ratio

could provide additional information as to why stressed trees are

preferentially attacked by pathogenic species of Armillaria.



Table 1.1. Comparison of root, shoot and total weight of western conifer
seedlings under three physiological treatments: adequate light
and nitrogen (Li94), light limitation (SN) and nitrogen
limitation CL-N). 1

Physiological Seedling Root Shoot Total Root/Shoot
Treatment Species Weight2 Weights Weight2 Ratio

Light and . arandls 1190 a 1150 a 2340 a 1.07 ac
Nitrogen
(LN) 1. occldentalis 2210 b 2130 b 4340 b 1.07 ac

P. menriesii 2290 bd 1940 C 4240 b 1.20 b

P. contorta 1700 c 1700 d 3410 c 1.03 c

P. ponderosa 2390 d 2540 e 4920 d 0.96 C

Light Limitation . randls 125 h 229 f 350 h 0.64 d
(S+H)

. occidentalis 141 gh 307 f 448 g 0.49 e

f. menzlesii, 222 fg 395 g 407 e 0.56 de

f. contorta 222 fg 533 h '618 e 0.51 de

f. ponderosa 278 efg 537 h 816 e 0.52 de

Nitrogen
Limitation A. arandis 265 ef 184 f 450 g 1.40 1

(L-N)
. occidentalis 240 ef 161 1 401 g 1.56 g

f. menzlesli 321 ef 200 f 520 g 1.56 g

f. contorta 326 e 257 gh 584 eg 1.30 1

P. ponderosa 326 e 317 gh 680 eg 1.18 g

' in each column, numbers followed by the same letter are not significantly
different as determined by Fishers' Protected ISO (p 0.05).

2 Figures are in milligrams dry weight.
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Table 1.2. NutrIent concestratlon of shoot tissue of western conifer seedling under three phys1o1ogca1 treatments; adeq'- lIght and
nitrogen (L+N). light limitation (SiN), and nitrogen limitation (1.-N).

Seedling Species Al 8 Ca Fe k Mg Mn P S Zn Total N

A. grandis 60 a 42.0 a 7567 a 132 ab 11630 abc 2700 abc 277 abd 8233 a 2367 abc 60 ab 19710 ab

k. occidentalls 29 a 23.3 b 1900 f 70 b 7930 bcd 1233 di 207 ab 3067 Cd 1100 bc 29 a 12400 b

P. menziesil 103 a 43.0 ab 4300 di 133 ab 230 bcd 2067 bcde 549 e 5200 b 1433 bc 103 abcde 15400 b

. contorta 156 a 34.7 a 4533 de 110 ab 7370 cd 2167 bcde 160 ab 2961 def 1400 bc 156 e 16000 b

P. ponderosa 85 a 39.7 ab 2667 if 70 b 6630 d 1600 de 211 ab 2633 def 900 c 85 abcd 13270 b

Light Limitation (SiN)

A. qrandi 136 a 41.3 ab 6467 ab 248 a 13510 ab 2933 abc 504 cdi 8261 a 3700 b 136 bcde 28600 c

k. occidentafls 91 a 40.0 ab 3500 dl 201 ab 12220 ab 1900 cde 427 cd 4900 bc 1933 bc 91 bcde 21730 ad

P. menziesii 130 a 34.3 ab 4833 bcde 217 ab 9070 bcd 2333 abc 629 e 7561 a 1533 bc 130 cdi 23510 bb

P. contorta 138 a 40.0 ab 4400 cdi 165 ab 11400 abc 2333 abc 201 ab 4467 bcd 2661 abc 138 cd 19630 ab

. pondgj 103 a 47.3 a 4267 cdef 139 ab 11300 abc 2200 cdi 208 ab 4043 bcd 2267 abc 103 abcde 19800 ab

Nitrogen Limitation (1.-N)

A. grandis 101 a 36.0 ab 6367 abc 150 ab 5130 d 2733 abc 166 ab 2533 if 1661 bc 102 abcde 5000 d

L. occldentalit 103 a 40.1 ab 6967 ab 157 ab 6630 d 2761 abc 347 bc 3133 bcf 2700 abc 103 abcde 5500 d

P. menIesii 130 a 34.3 ab 6300 abc 104 b 4800 d 2600 abc 198 ab 2500 if 1900 bc 13 abc 5400 d

f. rta 138 a 36.0 ab 1867 ab 216 at, 5130 d 3300 a 115 a 2000 2067 ac 166 e 6900 d

f. ponderosa 121 a 35.7 Ca 5700 abcd 150 ab 6300 ab 2333 abc 118 a 2033 f 1567 bc 121 bcd 6130 d

In each column numbers followed by the same litter are not significantly different as determined by Fishers' Protected ISO (P 0.05).

i.ight and Nitrogen (LeN)



Table 1.3. Growth efficiency (GE) coefficients and fungal weight (EW) of

A. ostovae Isolates JR 1953, IV 186 and DC1 in 10, 20. or

40 g L glucose, fructose, or sucrose.

Isolate2

GE FW GE FW GE FW

Glucose 10 43.8 A' 194 AX4 31.7 A 164 AX 43.8 A 218 AX

20 19.6 B 267 BX 19.8 B 275 BX 16.3 B 227 AX

40 8.1 C 272 BX 7.5 C 262 BX 9.4 C 303 BX

Fructose 10 10.9 C 102 CX 8.7 C 83 Cs 8.1 C 77 CX

20 6.9 C 119 CX 9.1 C 158 AX 8.5 C 144 DX

40 6.2 C 279 BX 8.4 C 206 BX 6.9 C 231 AX

Sucrose 10 17.5 8 147 AX 18.5 B 169 AX 14.7 B 132 DX

20 10.2 C 161 AX 6.7C 115 ACX 9.9C 169 DX

40 5.0 C 212 BX 8.0 C 161 AX 6.6 C 204 AX

I Growth efficiency is expressed in S; fungal weight expressed in

milligrams

' Isolates are an average of five samples.

' Within each column, values followed by the same letter A, B, or C,

are not significantly different (P < 0.05) as determined by Fisher's

Protected Least Significant Difference (ISO) test.

' Within each row, values followed by the same letter X, Y, or 2 are
not significantly different (P < 0.05) as determined by Fisher's

Protected Least Significant Difference (150) test.
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Table 1.4. Results of inoculations of five western conifer seedlings
under three physiological treatments: adequate light and
nitrogen (L+N), light limitation (S+N) and nitrogen limitation
(L-N) with three isolates of A. ostovae (NABS I).1.2

Physiological
Treatment

Healthy Infected Infected

noninfected' and living' dead' Infection

CS) Cs) (5) rating'.'

L1ht and Nitrogen (L+N)

A.qgj. na 22a la l.34a

1. occidentalis 82 a 18 a 0 a 1.23 a

P. meiziesil 6 a 22 a 2 a 1.24 a

P. contorta 76 a 20 a 4 a 1.36 a

P. pQlderosa 67 a 31 b 2 a 1.42 a

Light Limitation (S+N)

46b 36b 18b L6lbc

k. occidentaliS 49 b 29 b 22 b 1.71 bc

P. .enziesli 46 b 36 b 18 b 1.69 bc

P. contorta 53 b 31 b 16 b 1.58 bc

P. pnderosa 56 b 36 b 8 a 1.56 bc

Nitrooen Limitation (1-N)

A. 38 c 31 b 31 C 1.77 c

1. occidentalis 58 b 11 c 31 c 1.80 C

P. menziesii 34 c 33 b 33 c 1.78 c

P. contorta 56 b 20 c 24 c 1.71 bc

P. pnderosa 56 b 20 c 24 c 1.65 bc

i Average of 60 replications.
a Three-way interactions (physiological treatment x seedling species x
A. ostovae isolate) were not significant at P 0.05 level.

$ Seedlings rated as 1 (healthy, not Infected), 2 (live and Infected)

and 3 (Dead and infected). Infection refers to a successful recovery of

A. ostovae.
' 5 infected is 1 infected; 0 not infected; 60 seedlings infected

100 5 Infection. Infection refers to a successful recovery of

. ostovae on malt agar.
' Values followed by the same letter are not significantly different
(P < 0.05) as determined by the Wilcox Sign Rank test.
Values followed by the same letter are not significantly different
(P 0.05) as determined by Fishers' Protected Least Significant
Difference (LSD) test.
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Table 1.5. Correlation coefficients R' of Infection rate In western
conifer seedlings with biochemical parameters measured in
secondary root tlssue.i,2

56

Correlation coefficient (r')

Parameter Linear Curvilinear

Sugar 0.23 0.27

Starch 0.17 0.18

Cellulose 0.09 0.15

Lignin 0.14 0.20

Total phenolics 0.39 0.41

Protein precipitable tannins 0.19 0.27

Sugar:phenolic ratio 0.43 0.44

Epd:Eas ratio 0.44 0.73

Eld:Eas ratio 0.51 0.70

a 44

2 The critical value for significant regressions is r' 0.25, P 0.01
(Bailey 1959).
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Figure 1.1. Sugar, starch and celluose concentrations in

secondary root bark tissue of five western

coniferous seedlings experiencing adequate light

and nitrogen (Li-N), light limitation (Si-N) and

nitrogen limitation (L-N). Concentrations are:

mg sugar g' secondary root tissue

mg starch g' secondary root tissue

% cellulose g' secondary root tissue

Seedling species:

ABGR Abies qrandis

LAUC Larix occidentalis

PSME Pseudotsuqa menziesii

PICO Pinus contorta

PIPO Pinus ponderosa
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Figure 1.2.

Concentrations of lignin, phenolics and protein precipitable

tannins in secondary root tissue of five species of western

coniferous seedlings experiencing adequate light and nitrogen

(Li-N), light limitation and adequate nitrogen (Si-N), and

nitrogen limitation and adequate light (L-N). Concentrations

are:

phenol units g' secondary root tissue

mg tannins g' secondary root tissue

% lignin g' secondary root tissue

Seedling species:

ABGR Abies qrandis

LAOC Larix occidentalis

PSME Pseudotsuqa menziesii

PICO Pinus contorta

PIPO Pinus ponderosa
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Figure 1.3. Plot of the energy required for phenolic

degradation/energy from available sugars (Ed:E

ratio) against Armillaria ostoyae infection rates in

five species of western conifer seedlings [R2 =

O.73(n = 44)]. Infection rate = 1.88 x E x
pd as

2.38 x 10_B
+ x -7.88 x

EPd:ES x 9.82 x 1021.
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Figure 1.4. Plot of the energy required for lignin

degradation/energy from available sugars

(Eld:Eas ratio) against Armillaria ostoyae

infection rates in five species of western conifer

seedlings [(R2 = 0.70) n = 44]. Infection rate = 2.00

Eid:Eas x 8.46 x 106 (Eld:Eas)2 x 289

x 10 (Eld:Eas) x 6.31 x 1020.
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CHAPTER 2

EFFECT OF THINNING AND THINNING PLUS FERTILIZATION

ON DOUGLAS-FIR:

RESPONSE TO ARMILLARIA OSTOYAE INFECTION

James A. Entry, Kermit Cromack, Jr., Rick G. Ke1sey, and

Neil E. Martin

ABSTRACT

Second growth Pseudotsuga rnenziesii (Mirb.) Franco stands

were thinned to a 5 x 5 m spacing (TT); an additional stands

were thinned and fertilized once with 360 kg ha' N as urea

(TF); an unthinned stand (UT) served as a control. Ten years

after treatment, trees were inoculated with two isolates of

Armillarla ostovae.(Romagn.) Herink. Two types of inoculation

were compared: 1) blocks of Inoculum were placed in contact

with a 0.5-3.0 cm diameter root and 2) a 1.75 cm diameter by

3.0 cm long plug of A. ostovae inoculum was inserted into a

hole drilled into a primary root.

The incidence of A. ostovae infection was less in trees

growing in stands that received the TT treatment composed of

trees growing in stands that received the TF or C treatments.

Tree vigor as measured by wood production m2 leaf area

70



yearL was not a dependable measurement of resistance to A.

ostovae infection.

The concentrations of sugar, starch, cellulose, lignin,

phenolic compounds or protein precipitable tannins, or the

sugar:phenolic ratio did not correlate significantly with the

infection rates. The sugar:phenolic ratio correlated with

block infection rate (r2=O.51) and with total infection

rate (r2=O.39) but not with plug infection rate

(r2=O.26). The ratio of energy cost of phenolic

degradation to the energy available from sugars (Epd:Eas)

correlated with infection rate (r2 = 0.70). The ratio of

energy cost of lignin degradation to the energy available from

sugars (Eld:Eas) correlated with infection rate (r2 =

0.73). Thinning combined with fertilization may predispose

P. menziesii trees to A. ostovae infection by lowering the

amount of phenolic compounds and/or raising the amount of

sugars, thereby affecting the E :E and E :E
pd as id as

ratios in root bark tissue. Decreased Epd:Eas and

Eld:Eas were an indication of decreased defense mechanisms

(phenolic compounds) relative to the energy available for

A. ostovae to degrade those compounds.

11
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INTRODUCTION

Armillaria root rot is a serious problem in large areas of

United States (Wargo and Shaw 1985). Many former pine stands

have been converted to more disease-susceptible spruce and fir

species as the result of an 85-year-old fire suppression policy

and past cutting practices (Arno 1980, Filip and Goheen 1984).

Approximately 1% of the total comercial forest land in

northern Rocky Mountain forests are occupied by large active

root disease centers, and 13% of these forests contain

scattered root disease mortality of at least three trees/ha

(James et al. 1984). Trees of all ages and sizes are attacked,

but because early mortality is scattered and the trees are

small, the problem is not often recognized. The majority of

root pathogen mortality in the northern Rocky Mountains and

Canada has been identified as Armillaria (Williams and Leaphart

1978). Recent surveys indicate that Armillaria infection may

be particularly concentrated on certain sites and forest types

in the Pacific Northwest (McDonald et al. 1988, James et al.

1984).

Trees growing on nitrogen limited sites may be

particularly prone to Armillaria attack (Shields and Hobbs

1979). Thus trees experiencing nitrogen deficiency or

low-light intensity may change the susceptibility of trees to

pathogens. Multiple stresses may ultimately reduce tree

defense to the point where it can no longer repel attack by

Armillaria (Redfern 1978).
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Tree seedling roots stressed by unfavorable environmental

conditions are known to be more susceptible to Armillaria

infection (Wargo 1972, 1977, Redfern 1978, Singh 1980, Entry et

al. 1986). The objective of this study was to determine if

thinning or thinning combined with nitrogen fertilization would

improve the physiological status of second-growth Douglas-fir

and thereby increase resistance to Armillaria ostoyae infection.

MATERIALS AND METHODS

Site Descriptions

Gold Hill

Gold Hill, located in the Panhandle Forest near Sandpoint,

Idaho, Lat. 48° 1V N, Long. 116° 301 W, T56N, R1W, Sec. 6,

NE%, SE%, Boise meridian, is at 954 m elevation with a 35%

slope toward the NE. Annual snowpack averages 1.0-2.2 m.

Annual precipitation is 533 m with 22% occurring as snowfall.

Mean annual air temperature is 6.4°C with extremes of -26.6 to

35.6°C. The soil, a loamy skeletal mixed Entic Cryandept in

the Vay series (Weisel 1982), is derived from volcanic ash

overlying a noncarbonate argillite of the Wallace formation of

the Montana Beltrock Supergroup. The 2 cm thick litter layer

(L) is comprised of undecomposed P. menziesii needles and Alnus

sinuata Torr. leaves. The 0.2 cm thick F layer is composed of

partially decomposed P. menziesii needles and twigs. The

latter two layers overlie a 0.2 cm thick humus (H). The root

zone is largely limited to a coarse gravelly loam 24 cm thick.

An inspection of 78, 5-12 cm dia P. menziesii stumps of trees
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that were cut during a thinning treatment in 1977, did not

reveal any native species of Armillaria.

The site, classified as a Thu.ia plicata Donn./Clintonia

uniflorla (Schult.) Kunth. habitat type (Cooper et al. 1987),

is dominated by 38-year-old second-growth . menziesii which

are an average of 10.3 m tall. The stand has a basal area of

37 m2haL. Shrub vegetation covers 50% of the site and

consists of 30% Alnus sinuata (Regel) Rydb, 10% Acer qiabrum

Tan., 10% Holodlscus discolor (Pursh.) Maxim. and 50%

Pachistema rnvrsinites (Pursh.) Raf.

Tacoma Creek

Tacoma Creek is located on the Coville National Forest

near Cusick, Washington, Lat. 490 32' N, Long, 116° 43' W, 135

N. R43E, Sec. 31, SW%, NE%, Willamette meridian, at an

elevation of 1015 m on a SW exposure with a slope of 15%.

Annual snowpack ranges from 1.2 to 3.3 m. Mean annual air

temperature is 6.0°C ranging from -22.7 to 32°C. Annual

precipitation averages 635 mm with 27% occurring as snow during

the winter months. The soil is a sandy, frigid, Andic

cryochrept derived from volcanic ash overlying glacial drift

comprised of granite. The organic horizon consists of three

layers: a 2-3 cm layer of undecomposed P. menziesii twigs and

needles (L layer) lying atop a 2 cm thick layer of partially

decomposed P. menziesii needles (F layer); the latter overlie a

2 cm-thick humus (H layer). The root zone extends to a depth

of 150 cm.
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The site is classified as a Isuqa heterophylla (Raf.)

Sarg./GymnocarDium drvopteris (L.) Newm. habitat type (Cooper

et al. 1987) and is dominated by 34-year-old, 10-12 m high,

.E. menziesii. A few Pinus ponderosa Dougi. ex Laws, Thuja

plicata Donn. and Pinus contorta var. latifolia (Engeim.) are

also present. The stand has a basal area of 32 m2ha'.

Shrub vegetation covers 40% of the site and consists of 70%

Ceanothus velutinus Dougi., and 30% Alnus sinuata Torr. An

inspection of 73, 3-11 cm diameter P. menziesii of stumps from

trees that had been cut during thinning in 1977 did not reveal

any native species of Armillaria colonization.

Solomon Mountain

Solomon Mountain, located on the Panhandle National Forest

near Moyie Springs, Idaho, Lat. 48° 48' N, Long. 116° 08' W,

T63N, R3E, Sec. 29, SW%, NE%, Boise meridian, is at 1170 m

elevation on a west exposure with a slope of 10%. Annual

snowpack ranges from 2.1 to 4.2 m. Mean annual air temperature

is 6.1°C with extremes from -23°C to 32°C. Annual precipitation

averages 635 mm with 40% occurring as snow during the winter

months. The soil is a loamy mixed frigid andic xerochrept of

the Pend Oreville Series (Chugg and Fosberg 1980) derived from

volcanic ash overlying glacial drift. The organic horizon is

comprised of a 3-4 cm-thick undecomposed P. menziesii needles

(L layer) atop a 3 cm-thick layer of partially decomposed

P. menziesii twigs and needles (F layer); the latter overlie a
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2 cm-thick humus (H layer). The root zone extends to a depth

of 40 cm.

This site, classified as a Pseudotsuga menziesii/

Symphoricarpos albus ((L.) Blake] habitat type (Cooper et al.

1987), is dominated by 34-year-old 18 m tall P. menziesii. A

few Pinus ponderosa, (Dougl. ex. Laws) are also present on the

site. Stocking level of trees in this stand was 28

m2hat basal area. Shrub vegetation covers 30% of the

site and consists of 10% Amelanchier anifolia Nutt., 10%

Holodiscus discolor (Pursh.) Maxim., and 10% Acer labrum

Torr. An Investigation of 126, 2-9 cm dia P. menziesii stumps

from trees that had been cut during thinning did not reveal any

native species of Armillaria colonization.

Sampling and Analysis

The study was arranged using a randomized block design

(Kirk 1982) on second-growth, naturally regenerated

P. menziesii trees on three sites. Treatments were implemented

in the fall of 1977 on three 0.1 ha plots. The treatments were

thinned: a) to a 5 x 5 m spacing (TI); b) thinned to a 5 x 5 m

spacing and fertilized by addition of 364 kg hat N as urea

(TF) (Scanlin et al. 1978). An unthinned and unfertilized plot

served as a control (UT). A strip approximately 4 m wide,

fertilized at the same rate as the 0.1 ha plot, served as

buffer trees near the plot borders (Scanlin et al. 1978).

Plots were located at least 20 m apart so fertilization would

not affect the thinned or control plots. Each treatment was
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applied to a stand of trees in each location (described

above). Therefore, the locations served as blocking variables

in the experimental design.

Ten years after fertilization, in the fall of 1987, ten

trees on each of these plots were measured for height, diameter

at breast height (dbh), age, diameter growth at breast height

since fertilization, diameter growth at bh per year, sapwood

basal area, and vigor measured as wood production m2 leaf

area years (Waring 1983).

Nutrient Analysis

Trees in each plot were sampled in September of 1987 for

foliar nutrient content using methods described by Comerford

and Leaf (1984). Three composite samples of current needles

from each tree were dried at 80°C, ground to >1 mm, and a 1.0 g

subsample was ashed at 525°C. The ash was dissolved in 6.0 ml

of 1 N HC1, brought to 50 ml volume with deionized water and

analyzed for Al, B, Ca, Cu, Fe, Mg, Mn, K, P. S and Zn (Jackson

1958) using an inductively coupled plasma spectrometer. Total

N was analyzed by standard microkjeldahl techniques modified to

include nitrate (Bremner and Mulvaney 1982).

Biochemical Measurements

Root bark tissue from three random1y selected trees on

each plot were sampled in Septembr 1987 and analyzed for total

sugars, starch, cellulose, lignin, phenolic compounds, and

protein preciptible tannins. One-half to three-centimeter



diameter roots 7-10 cm long were s

gradient of the tree (North 0-90°,

W 270-360°) and the bark removed.

at 80°C for 48 h and ground to pas

sample of ground outer bark tissue

gradient of the tree was pooled wih the other three

quadrants. A 0.2 g subsample was nalyzed for total sugars and

starch using the method developed y Hansen and Moller (1975)

as modified by Rose (1989). Cellu ose and lignin in root bark

tissue was analyzed by procedures eveloped by Van Soest

(1943). Phenolic compounds were e tracted from a 100 mg

subsample with 10.0 ml of 80% aque us acetone (V:V) for 24 h

(Julkunen-Tiito 1985). Five ml of extract was then diluted in

20 ml of 80% aqueous acetone (V:V). One ml of the mixture was

added to a 30 ml test tube followed by 1.0 ml distilled H20,

and then 1.0 ml of Folin-Ciocalteu reagent. The solvents were

mixed and imediately 5 ml of 20% NaCO (V:V) solution was

added and the solvents thoroughly mixed again. After 20 mm

the absorptivity of the mixture was read at 700 mm on a

spectrophotometer (Julkunen-Tilto 1985). Phenol standards were

dissolved in 80% aqueous acetone (V:V). A 50 pml subsample

of the diluted 80% aqueous aceton extract was analyzed for

protein precipitable tannins usin

developed by Hagerman (1987).
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lected from each directional

E 90-180°, S 180-270° and

Root bark tissue was dried

a<1 mmmesh. Al.Og

from each directional

the radial diffusion assay



Inoculum Preparation

The inoculation method used w

et al. (1982). Two isolates of A.

isolate Dcl, were grown on 3% malt

obtained from Dr. Jim Reaves of th

Station, 3200 Jefferson Way, Corva

Doug. ex. Don. In the Deception Cr

northern Idaho (Entry et al. 1986)

challenged against known haploid I

(Anderson et al. 1979) and determi

American Biological species I (NAB

blocks 5 cm diameter x 10 cm long

10.0 L autoclave bags with 2 liter

blocks and media were autoclaved f

to cool and inoculated with one of

ostovae. Alnus rubra blocks were

were well colonized by the fungus

inoculated with both Isolates of

1984). Isolate DC1 was collected rom a dying Pinus monticola

Inoculation Techniques

In the fall of 1987, ten tres from each plot were

inoculated a total of four times; twice using a plug method and

twice by a block method. The plug method involved drilling a

2.00 cm diameter hole 6 cm deep into a main root of each tree.

A, 1.75 cmdiameter x 6.0 cm long plug of A. rubra colonized by

A. ostovae, was inserted into the hole. All plugs fitted

s one described by Shaw

ostoyae isolate JR 1953 and

agar. Isolate JR 1953 was

USDA Forest Research

us, Oregon (Reaves et al.

-ek Experimental Forest in

These isolates have been

olates of Armillaria

ed to be A. ostoyae = North

I). Alnus rubra Bong.

were washed and placed in

s of malt extract media. The

or 60 mm. at 20 psi, allowed

the two isolates of A.

incubated for nine months and

before tree inoculation.

ostovae. Each tree was
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snugly and made contact with the c.mbium and sapwood of each

root. One-half to 3.0 cm roots we e inoculated with A. ostoyae

using the block method by fastenin a 10 cm diameter x 20 cm

long block colonized by A. ostovae to the root. Blocks and

roots were wrapped in plastic to p'event desiccation of the

inoculum block. All blocks were s curely fastened to roots.

Inoculated tree roots were then Co ered with soil and left for

one year.

Verification of Infection

After one year Inoculated sections of roots were removed

and carefully washed with tap wate

water. Three sections approximate

surface sterilized with 1% NaC1O s

80

followed by distilled

y 0.25 cm in length were

lution for 7 mm and then

flamed for 5 sec. Root sections wre then placed on 3% malt

agar in 60 ml test tubes and cappe.. Armillaria recovered in

test tubes was identified as A. os o ae by diploid-diploid

culture challenged with a culture of DC1 and JR 1953 to insure

the identity of the isolate.

Infection Ratinq

Roots were rated as 1) uninfected or 2) infected. Trees

are rated as follows for infectio by the block method (block

infection rate) and infection by he plug method (plug

infection rate); no inoculation rcovered 0, one inoculation

recovered 1, both inoculations re.overed 2. Total infection



rate is plug and block infection rte combined; all four

successfully recovered infections ould be rated as 4.

Armillarla Growth Tests.

A 30 g sample of roots pooled

was extracted with 900 ml 80% aque

The extract was then evaporated wil

brought to 300 ml volume with dist

extract was filter sterilized by p

millipore filter. Fifty millilite

with 10 g of glucose in sterile Me

1969) and brought to 500 ml volume

extract to glucose C. One hundred

mixed with 10 g of dextrose in ste

brought to 500 ml volume to give a

glucose C. One hundred and fifty

mixed with 10 g dextrose in steril

brought to 500 ml volume to give a

glucose C. Each medium plus extra

with 1 N HC1 or 1 N NaOH. Each me

in 100 m plastic petri dishes and

dishes then were inoculated with a

margin of stock cultures of each

colonies. Plugs contained no vlsi

were incubated in the dark at 23°

extension across the plate was mea

Fungal weight after 9 weeks growth
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from each treatment x plot

)U5 acetone (V:V) for 24 h.

h a rotary evaporator and

flled deionized water. The

ssing it through a 2 m

s of extract was then mixed

lin-Norkrans media (Marx

to give a 0.5:1.0 phenolic

milliliters of extract was

rile Melin-Norkrans media and

1.0:1.0 phenolic extract to

Milliliters of extract was

e Melin-Norkrans medium and

1.5:1.0 phenolic extract to

cts was adjusted to pH 5.6

dium plus extract was poured

allowed to cool. Petri

3 mm diameter plugs from the

f isolate of A. ostoyae

ble rhizomorphs. Cultures

for 9 weeks. Hyphal

sured at 3, 6, and 9 weeks.

was obtained by placing



cultures from petri dishes into gi

at 210°C to liquify the agar (Reav

Colonies then were removed and nfl

Fungal biomass was obtained by f ii

glass-fiber filter; the fungi were

weighed.

The experiment was arranged I

(Kirk, 1982). Treatments were thi

thinning (IT), and unthinned trees

were site locations, Gold Hill, Ta

There were 3 treatments by 3 locat

3 replications.

A 1.0 g subsample of the grou

the above treatments at each loca

prescription bottle and brought t

distilled deionized water. Each

ground root bark was autoclaved f

bottles were allowed to cool, and

three isolates of A. ostoyae. In

subcultures with a 30 mm diameter

contained no visible rhizomorphs.

capped with 20 m sterile serum r

incubated at 23° in the dark). C

measured at 3, 6, and 9 weeks aft

Armillarla Growth on Root Bark Tissue
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ss beakers and steaming them

s et al. 1984, Cheo 1982).

ed with boiling water.

ration through a 4 mm

oven dried at 80°C and

n a randomized block design

nning and fertilization (IF),

as a control (UT). Blocks

coma Creek, and Solomon

Mountain. A total of 243 prescription bottles were used.

ions by 3 fungal isolates by

nd root bark collected from

ion was placed in a 120 ml

100% moisture content with

rescription bottle containing

r 30 mm. Prescription

inoculated with one of the

culum was cut from stock

sterile cork borer; plugs

Prescription bottles were

bber bottle caps (and

rbon dioxide evolved was

r inoculation with a



Hewlett-Packard 5730 gas chromatog

bottles in each treatment were pre

inoculated. These were used as ze

growth measurements. In addition,

placed in 60 prescription bottles,

above. Carbon dioxide evolution a

measured at 9 weeks.

Armillarla ostovae Growth Efficienv

The growth efficiency of the

was calculated by growing each iso

20 and 40 gIL in Melin-Norkrans me

source was sterilized separately b

to the basal medium at a temperatu

was used to inoculate 30 ml of the

9 weeks at 23° C in the dark. The

growth efficiency was:

Growth Mycelial dry weigh

Efficiency =
carbohydrate con

medium in 6 oz medicine
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aph. Five prescription

ared as above but not

o reference blanks for all

30 ml of 3% malt agar was

autoclaved and inoculated as

d fungal weight were

hree isolates of A. ostovae

ate in concentrations of 10,

lum (Marx 1969). The carbon

dry autoclaving and added

e of 45°C (Garraway 1975).

A 3.0 mm diameter plug cut from stck cultures of 3% malt agar

bottle capped with 20 mm serum botle stoppers. Disks

contained no visible rhizomorphs. Cultures were incubated for

equation used to determine

umed

x 100 (Cochrane 1958)

Carbohydrate consumed = amount of ugar at the start of the

experiment, minus the amount of su ar present at the end of the

experiment. Sugar concentration i the medium was determined

by diluting 1 ml of medium at the ?nd of the experiment with
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00 ml of deionized distilled water and analyzed using methods

described by Hansen and Moller (19Th) on a Beckman DU-40

spectrophotometer at 625 nm. The verage groth efficiency of

these two isolates grown In the ab ye types and concentrations

of media was 0.137.

Calculation of Thermochemical Budqets

The enthalpy of formation (AH) of any compound is the

energy of reaction by which it is formed. The energy required

to break a chemical bond can be ca culated by subtracting the

Hf of the first compound from the Hf of the second

compound. The energy required to egrade phenols (Epd)

divided by the energy gained from vailable sugars (Eas)

the root bark tissue of host trees was calculated so that we

could accurately balance energy obtained from sugars in

relation to the total amount of wok (degrading phenolics) the

fungus required in order to coloni e the tree. The formula for

energy available from sugars (Eas) is:

Eas = Hfglucose (mol) Hfco mol)
x growth

efficiency of A. ostoyae x mol sugar g in root

bark tissue.

Eas = -1273.30 - (-391.51) x 0.137 x mol sugar g in root

bark tissue.

Eas = -12070 x mol sugar g' in root

bark tissue.

Energy of Dissociation of Phenolic Compounds (Ed) was

calculated from the energy required for a molecule of an



aromatic compound to be degraded t

CO2 for fungi via catechol (Cain 1

Enthalpies of formation Hf of sta

referenced in Pedley et al. (1986)

catechol is found in Khadikar et a

found in Dolbneva et al. (1982).

Epd = àHfcatechol - Hfmuconat

- Hfsuccinate -

bark tissue

Energy required to degrade ii

degraded to CO2 through the ortho

catechol (Cain 1980, Crawford 1981

(AHf) of stable organic compounds

et al. (1986), Dolbneva (1982) an

stated above. Tyrosine is a cent

(Goodwin and Mercer 1977). We ha

units comprise approximately 70%

reported by Alder (1977).

rough the ortho pathway to

80, Kirk 1981).

le organic compounds are

Enthalpy of formation of

(1978) and muconate is

- AHfoxoadipate

x mol phenol g1 in root

the energy required to degrade a molecule of tyrosine to be
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Epd = - (-374.11) - (-917.20) - (-1026.201) - (-940.5)

- (-391.51) x mol phenol ' in root

bark tissue.

Epd = 2430.60 kJ mo1 x mol phenol g' in root bark tissue

gnin (Eld) was calculated from

pathway for fungi via

). Enthalpies of formation

are derived from Pedley

Khadikar et al. (1978) as

al unit in lignin formation

e calculated that tyrosine

f model conifer lignin



Eld = tHftyrosine - ltHfphenol -

- AHfoxoadipate Hf
succi

in root bark tissue x % t

Eld = (-685.10) - (-165.10) - (-

- (-1026.20) - (-940.50) -

root bark tissue x 0.70)

Eld = 3698.28 kJ mo11 x (% lignin g in root bark

tissue x 0.70)

All measurements are expressed in kilojoules per mole (Hf

kJ molet). The ratio was then Co

Ed/E and Eld/Eas All units ca

Statistical Analysis

The data were found to be nor

univariate procedures and analyzed

Growth Measurements

Tree height was not signific

three treatments (Table 2.1). Di

leaf area as calculated from sapw

m2 leaf area year was signific

TF and TI treatments than in the

area and sapwood:heartwood ratio

puted by dividing

cel.

ally distributed using

with ANOVA procedures (SAS

86

tHfcatechol - tHfmuconate

Institute 1982) for a randomized block design. Individual

treatment means were computed wit Fisher's protected least

significant difference (LSD) test t p 0.05.

RESULT

ntly different among the

meter at breast height, and

od area and wood production

ntly greater in the

I treatment. Sapwood basal

ere significantly greater in

nate
AHf CO2X (% lignin g

rosine in lignin)

374.11) - (917.20)

(391.50) x (% lignin g in



(Table 2.3). Concentrations of ph

precipitable tannins were higher i

than in the UT treatment. Concent
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the IF treatment than in the TI tratment; these parameters

were also greater in the TI treatmnt than the in UT treatment

(Table 2.1).

Nutri ents

Concentrations of P. Ca, Mg, nd Cu were not different

among the three treatments (Table .2). Concentrations of

total N, K, Mn, Fe, B, Zn, and Al ere lower in foliage of the

IF treatment than the UT treatment Foliar concentrations of

total N, K, Mn, and S did not diff r between the IF and TI

treatments or between TI and UT t4atments. Foliar

concentrations of B and Zn were loer in the foliage of TF

treatment than the TI or UT treat4nts; these same elements

were lower in the IT treatment tha in the UT treatment

(Table 2.2).

Phvsioloqical Responses

Concentrations of sugar and starch were higher in the root

tissue of the IF treatment than the TI but not the UT treatment

(Table 2.3). Concentrations of cellulose were lower in

secondary root tissue of IF and UT treatments than the TI

treatment. Lignin concentration and the phenolic sugar ratio

was higher in the TI treatment than in the other treatment

enolic compounds and protein

n the TI and IF treatments

rations of phenolic compounds
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and protein precipitable tannins did not differ between the IF

and UT treatments (Table 2.3).

Armillarla osto ae Growth on Root ark Extract

There was no significant diffrence in hyphal extension or

fungal weight among the two A. ost. ae isolates growing on

basal medium or on medium amended ith root bark extract:

therefore we will only focus on th- response of silvicultural

treatment and extract concentratior (Steele and lorry 1980,

Snedecor and Cochrane, 1980). Hyp

dry weight of A. ostovae, increased

root bark extract per 1.0 g glucos

medium. Hyphal extension of A. os

concentrations of 1.0 g root bark

added to the basal medium compared

any extract. Hyphal extension and

1.0 g root bark extract from trees

treatments (Table 2.4). Armlllari

extract to 1.0 g glucose was added

2.4). Root bark extract from the

ostovae hyphal extension and fung

al extension rate and fungal

when 0.5 g root bark extract

to 1.0 g glucose was added to the basal media compared to when

the fungus was grown on basal medi m alone or when 1.0 or 1.5 g

was added to the basal

o ae was reduced when

xtract to 1.0 g glucose was

to the basal medium without

dry weight was increased to

receiving the IT or UT

ostovae hyphal extension

rates and fungal dry weight were greater than the TF or UT or

treatments (Table 2.4). When a raLtio of 1.5 g root bark

to the basal medium, hyphal

extension and fungal dry weight wre inhibited regardless of

the type of silvicultural treatme t applied to the trees (Table

UT treatment inhibited A.

1 weight more effectively



than the IF and TI treatments at concentrations of 1.5 g

extract to 1.0 g glucose (Table 2.4).

Armillaria ostovae Growth on Root Bark

Three weeks after inoculation there was no significant

difference in CO evolution from A. ostoyae growing on root

bark from trees receiving any of the silvicultural treatments

(Table 2.5). After 6 and 9 weeks there was more CO evolved from

,. ostovae, isolates growing on root bark from
.E.

menziesii trees

receiving the TF treatment than the other two treatments. There

was less CO evolved from ,. ostovae isolates growing on root

bark from the thinned only treatment than the thinned and

fertilized or the unthinned control treatment.

Production of carbon dioxide correlated positively with .

ostovae weight (r2=0.84) growing on 3% malt agar. The equation

is: Armillaria ostovae biomass = 0.0362 0.0064 x mg CO2

evolved (n=30).

Armillarla ostovae Growth Efficiency

Growth efficiency did not differ between the two .

ostoyae isolates (Table 2.6). However, both isolates of .

ostovae had a higher growth efficiency when they were grown in

10 g L glucose than with any other sugar or

concentration. Growth efficiency of both isolates was higher

when they were grown in 20 g than 40 g Lt glucose. Growth

efficiency of the isolates was higher when grown in 20 g

glucose C' than when they were grown in 20 g fructose or
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sucrose. The growth efficiency of these isolates did not

differ when grown in 10 g L glucose, fructose or sucrose

(Table 2.6).

Fungal weight of both isolates was greater when they were

grown in 10 g glucose L1 than 10 or 20 g fructose or

sucrose L' water (Table 2.6). Fungal weight of both

isolates was significantly greater when they were grown in 10 g

sucrose L1 than 10 g fructose L'. Fungal weight of

the isolates was greater when grown in 20 g glucose L1

than 20 g fructose or sucrose L1, however, fungal weight

did not differ when grown in 20 g fructose L or 20 g

sucrose C' (Table 2.6). Fungal weight of isolate LR1953

did not differ when grown in 40 g glucose, fructose or sucrose

L'. Fungal weight of isolate DCI was greater when grown

in 40 g glucose C' than 40 g fructose or sucrose L'.

Fungal weight of both isolates was greater when grown in 40 g

fructose or sucrose L' than when grown in 20 g fructose or

sucrose L'. Fungal weight did not differ when the

isolates were grown in 20 or 40 g glucose L' (Table 2.6).

The average growth efficiency of the two A. ostovae isolates

over all sugar types and concentrations was 0.137.

We have expressed these concentrations in g sugar L'

HO when determining growth efficiency to compare more

easily compare with similar studies. We have expressed sugars

extracted from root bark tissue in Table 2.3 as milligrams of

sugar per gram of root tissue for the same reason. Sugars

extracted from plant tissues with 80% ethanol are considered to
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be available carbon sources for microbial anabolism. Since 1.0

ml water weighs 1.0 g, sugar concentrations used to determine

growth efficiency are representative of sugar concentrations

extracted from root bark tissue.

Infection

Infected segments of roots had 0.5 - 1.0 cm long strands

of white mycelium emerging from the point of contact with the

inoculum block and advancing parallel to the root axis.

Infected root segments had 0.2 - 3.0 cm areas where resin

accumulated on the root surface surrounding the point of root

contact with the inoculum block. The white mycelial strands

did not advance beyond the inoculum block-root contact

interface. Armillaria ostovae isolates recovered from

seedlings were challenged against the original A. ostoyae

isolate used to inoculate the A. rubra block at the start of

the experiment by diploid-diploid crossings on 3% malt agar

(Anderson and Ulrich 1982). Isolations from infected roots

were found to be the same A. ostovae isolate used to inoculate

the . rubra block.

Infection Rates

Trees growing in stands receiving the IF treatments had

significantly higher block infection rates than trees growing

in stands receiving the IT or UT treatment (Table 2.7). Block

infection rates did not differ between the trees growing in

stands in either of the UT and TI treatments. Trees in stands
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receiving the IF treatment had significantly higher plug and

total infection rates than trees in stands receiving the other

treatments. Trees growing in stands receiving the liT treatment

had significantly higher plug and total infection rates than

trees in stands receiving the TI treatment (Table 2.7).

Total infection rate did not correlate with sugar, starch,

cellulose, total extractable phenolics, protein precipitable

tannins or the sugar:phenolic ratio in a linear or curvilinear

relationship (Table 2.8). Concentrations of lignin in root

bark tissue correlated with plug (r2 = 0.53) and total

infection rates (r2 = 0.57) in both inverse linear and

curvilinear relationships. Concentrations of sugar in

secondary root tissue correlated with block infection rates in

positive linear (r2 = 0.47) and curvilinear (r2 = 0.63)

relationships (Table 2.8). The Epd:Eas ratio correlated

with the total infection rate in curvilinear relationships

(r2 = 0.70) (Fig. 2.1). The equation is: combined infection

rate = 0.811 Epd:Eas
* 2.936 x + (Epd:Eas)2

* -8.496 x

1015 + (Epd:Eas)3
* -2.734 x 1023. The Eld:Eas ratio also

correlated with the total infection rate in a curvilinear

relationship (r2 = 0.73) (Fig. 2.2). The equation expressing

this relationship is: total infection rate = 0.851 Eld:Eas
*

-1.174 x 1O + (Eld:Eas)2 x 1.116 x 10 (Eld:Eas)3 x -3.857.

DISCUSSION

Pseudotsua menziesii trees in stands that were thinned

and fertilized 10 years ago were characterized by higher root
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sugar, starch and cellulose concentrations, but lower

concentrations of lignin, phenolics and protein precipitable

tannins in bark tissue of 0.5 - 3.0 cm dia roots than trees in

stands that were thinned or left untreated resulting in low

root Epd:Eas and Eld:Eas. Armillaria ostoyae block,

plug and total infection rates as well as growth of the fungus

on root bark and on a medium amended with root bark extract

were higher in trees in stands that were thinned and fertilized

than trees in stands receiving a thinning or control

treatment. However, we found no difference in tree vigor as

measured by wood production m2 leaf area year1

between trees in stands that were thinned plus fertilized and

trees in stands that were only thinned.

Plants that are experiencing extremely fast growth rates

or are extremely limited in carbon production may

preferentially allocate carbon to primary cell wall

development, and thus produce more compounds such as

hemicellulose and cellulose. Davidson and Rishbeth (1988)

reported that suppressed Pinus svlvestris L. and Quercus robur

L. were preferentially infected by A. ostoyae and ,. mellea.

In this experiment trees in the untreated stand experienced

light competition due to crown closure, however, they were not

suppressed. Our data indicate that there may be a relationship

between the amount of lignin, tannins and phenolics produced in

root bark tissue of P. menziesii trees and A. ostoyae infection

rates. Lignin, tannins and phenolics are synthesized via the

shikimic acid pathway (Goodwin and Mercer 1985) and, therefore,
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there may be similar concentrations of these compounds in trees

experiencing similar environmental conditions. The low sugar

concentrations in the roots of trees growing in stands that

have been thinned may provide less energy for A. ostovae. to

degrade phenolic compounds and lignin. Fungi can only degrade

phenolic compounds and lignin when an additional carbon source

is present; the rate of degradation is directly proportional to

the amount of additional growth substrate (Kirk et al. 1976).

Our data suggest that precommercial thinning P. menziesii

stands may be an Important silvicultural tool to keep trees in

a physiological condition resistant to A. ostoyae attack.

Entry et al. (1989) reported similar results in five species of

western conifer seedlings. Seedlings grown with balanced

nutrients and light resulted in significantly lower A. ostovae

infection than seedlings grown with light or nitrogen

limitation.

Inoculation using the block and plug methods resulted in

similar percentages of successful infection by A. ostoyae.

Similar studies that have used artificial inoculation have

relied only on the block method (Davidson and Rishbeth 1988,

Singh 1983).

Carbon utilization by A. ostoyae, was more efficient at low

sugar concentrations, however, fungal biomass was greater at

higher sugar concentrations. Greater fungal biomass may

indicate that the pathogen has a greater ability to degrade

phenolic compounds and colonize host trees.
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Armillaria ostoyae growth on medium amended with root bark

extract and root bark tissue containing higher concentration of

phenolic compounds was slower than when the fungus was grown on

the same medium amended with root bark extract or root bark

tissue containing lower concentrations of phenolic compounds.

Armillaria ostovae growth on root bark and medium amended with

root bark extract provided supporting evidence for the

conclusion that trees in thinned and fertilized stands are more

susceptible to ,. ostovae infection than trees in thinned

stands. Further testing is necessary before we can determine

the reliability of these methods to emulate Armillaria

infection.

Land managers must take into account the amount of

Armillarla inoculum left on a site after treatment before a

silvicultural decision on any one site can be made. Thinning a

stand may produce f. menziesii trees that are more resistant to

A. ostovae, but the effect may be negated by a large amount of

inoculum left on the site. Inoculum potential should be the

major consideration when ref oresting an Armillaria infested

site (Rishbeth 1988).

Tree resistance to A. ostovae infection from thinning may

be negated if large amounts of inoculum growing on stumps is

left on the site. Previous studies indicate that thinning

leaves an increased amount of root biomass from the thinned

trees. This residual root biomass provides an energy source

forthe fungus which can increase the incidence of the disease

(Morrison et al. 1988; Filip 1979). If P. menziesii stands are
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thinned to the desired spacing when trees are small and root

biomass is low, then the energy source, potential inoculum, and

thus, the . ostovae invasion, can be kept to a minimum.

Therefore, thinning that decreases root biomass can be an

effective tool to control the disease (Roth et al. 1971;

Johnson and Thompson 1975).

Since E :E and E :E ratios correlated with
pd as id as

total infection rates, this parameter may be a dependable assay

of the physiological response of trees to Armillaria attack.

Presently, the Epd and Eld is based on the biochemical

pathway of lignin degradation by fungi (Cain 1980). A large

part of this pathway is based on studies with the fungus

Phanerochatae chrysosporium Burds. (Kirk 1981). Fungi convert

most phenolic compounds to catechol or protocatechuic acid

before ring fission occurs. We did not include the energy

requirements necessary to convert various phenolics to catechol

because the identity of these compounds are unknown. A more

complete knowledge of the various phenolic compounds in root

bark of trees may improve this equation. Further research in

host tissue should be concerned with amount of carbon flow to

roots and the enzyme phenylalanine ammonia lyase which

deaminates phenylalanine and tyrosine to tran-cinnamic and

trans. coumaric acid, respectively (Goodwin and Mercer 1985).

This reaction effectively converts these amino acids from

building blocks of proteins into phenolic compounds that are

precursors to lignin in all plants. However, longer term
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inoculations on a variety of tree species are necessary before

this concept can be fully validated.



Table 2.1. Growth measurements on second-growth Pseudotsuoa menziesii ten years

after treatmentl,2

I reatment

98

Sapwood
Vigor Leaf heartwood

Height Dia 6SF' SBA' wood produced area ratio

(m) (cm) (cm') (cma) (02/leaf area/yr) (m2/m2) (cm2/cm')

Thinned and
fertilized 15.8 A' 9.23 A 3.94 A 232A 102 A 79 A 2.92 A

Thinned 15.3 A 8.24 A 3.05 B 186 A 93 A 63 8 1.91 8

Unth i nned

control 13.6 A 5.46 B 1.10 C 66 B 49 B 22 E 1.13 C

1 An average of 30 replications.

2 Stem diameter measured as breast height.

' Radial growth of stem since fertilization measured at breast height (GFS).

Sapwood basal area measured at breast height (SBA).

' Values followed by the same letter are not significantly different at P 0.05

as determined by Fisher's Protected Least Significant Difference (ISO) test.



Table 22 Concentration of elements in Pseudotsuqa menziesil needles ten years after treatment'.'

Values are an average of 90 sanles.

' Within each column, values followed by the same letter are not significantly different P 0.05 as determined by Fisher's Protected
Least Significant Difference (ISO) Test.

I reatments
Elements (vg-q' needle biomass)

Total N P K Ca Mg Mn Fe Cu B S Zn Al

Thinning and
fertilization 10.000 A'.' 1.632 A 5.540 A 8,209 A 1.226 A 256 A 90 A 2.31 A 18.87 A 892 A 17.87 A 157 A

Thinning 10,267 A 1.634 A 5.450 A 8,501 A 1,165 A 285 AB 89 A 2.17 A 23.30 B 948 A8 23.21 8 18 B

Unthinned
control 10.399 A 1.621 A 5.459 B 8,876 A 1.157 A 297 B 110 8 2.10 A 25.89 C 879 B 20.10 C 175 A



Table 2.3 BiochemIcal measurements on 0.5-3.0 cm diameter root bark tissue of second-growth Douglas-fir
ten years after thinning and thinning and fertI)Izat)on.'.

Average of 9 replicatIons.

2 Values followed by the same letter are not significantly different at (P 0.05) as determined by

Fisher's Protected least Significant Difference (ISO) Test.

Thinning and
fertilization 40.97 A 45.26 A 51 A 40 A 203 A 127 A 5.13 A

Thinning 23.61 B 34.52 B 35 B SOB 254 B 164 B 17.19 A

Unthinned
control 25.47*8 37.92*8 44 A 47 C 144 C 104 C 10,32 A

Protein

Ireatment Sugar Starch Cellulose lignin Phenolics precipitable Phenolic:Sugar

my g1 tissue my g tissue (%) (%) my g1 tissue tannins ratio



Table 2.4 Hyphal extension and weight of Ariniflaria ostovae colonies grown
on Melin-Norkrans medium amended with root bark extract from bark
tissue of 0.5-3.0 cm diameter roots of second growth Pseudotsuoa
menzlesll ten years after treatment.1'2''

Root Bark
extract Hyphal Extension Fungal weight

Treatment Concentration 3 weeks 6 weeks 9 weeks 9 weeks
(iisn) (eve) (eve) (my)

Control 0.0:0.0 16.OA 27.6A 38.8A 1l9.3A

Thinned and
fertilIzed 0.5:1.0 11.4AB 35.48 52.08 143.48

Thinned 0.5:1.0 12.2C 32.9C 47.9C 125.6A

Unthlnned 0.5:1.0 17.98 37.5B 57.50 160.9C

Thinned and
fertilized 1.0:1.0 3.9F 10.330 l5.3E 44.OD

Thinned 1.0:1.0 5.80 14.4E 22.1F 65.5E

Unthinned 1.0:1.0 0.26 2.66 5.86 16.2F

Thinned and
fertIlized 1.5:1.0

Thinned 1.5:1.0

Unthlnned 1.5:1.0

' Root bark extract concentration is expressed as g tissue extracted:
g glucose in the medium.

' Values are an average of 45 samples.

In eaci column, values followed by the same letter are not
significantly different at (P < 0.05) as determined by Fisher's Protected
Least Significant Difference (LSD) Test.
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8. bE 19.7F 28.41 82.86

3. SF 9. 4D 13.1E 38.50

0.06 0.26 1 .6H 4. 6H



Treatments 3 weeks 6 weeks 9 weeks

Thinned and
fertilized O.532A 8.734A 0.759A

Thinned 0.SOBA 0.6088 0.6488

Unthfnned 0.55Th O.647C 0.112C

' Values are means of 27 observations expressed in mg CO, g dry

root bark tissue.

' In each column, values followed by the same letter are not significantly
different (P 0.05) as determined by Fisher's Protected Least Significant
Difference (ISO) test.
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Table 2.5 Carbon dioxide evolution from Armiflarla ostovae colonies grown on
root bark extract or 0.5-3.0 cm diameter roots of second growth
Pseudotsua menzlesll ten years after treatment1.2.



Table 2.6 Growth efficiency coefficients and fungal blomass of A. ostovae
isolates JR 1953, and DC1 grown in 10, 20, or 40 g L
glucose, fructose, or sucrose solutlon.1

Growth Growth

efficlencyz,$ biomass efficiency biomass
(my) (my)

Treatment Concentration JR 1953 DC1

Isolates are an average of 5 samples grown for a period of 9 weeks.

2 Within each column, values followed by the same letter A, B, or C
are not significantly different (P 0.05) as determined by Fisher's

Protected Least Significant Difference (150) Test.

Within each row, values followed by the same letter X, Y, or 2 are
not significantly different (P 0.05) as determined by Fisher's
Protected Least Significant Difference (ISO) Test.
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Glucose 10 43.8 AX 194 AX 43.8 AX 218 AX

20 19.6 BX 267 BX 16.3 BX 227 AX

40 8.1 CX 272 8X 9.4 CX 303 BX

Fructose 10 10.9 CX 102 CX 8.1 CX 77 CX

20 6.9 CX 119 CX 8.5 CX 144 DX

40 6.2 CX 279 BX 6.9 CX 231 AX

Suc rose 10 11.2 BX 147 CX 14.7 BX 132 DX

20 10.2 CX 161 AX 9.9 CX 169 DX

40 5.0 CX 212 BX 6.6 CX 204 AX



Table 2.1 DCI Infection rates on second-growth Pseudotsua menzlesil 10 years
after treatment with A. ostovae isolates JR 1953 and DC1.

' Values are means of 60 replications.

' Values followed by the same letter are not significantly different at
P 0.05 as determined by Fisher's Protected Least Significant Difference
Test.

a Values are means of 120 replications.
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Treatment

Block infection Plug Infection Total infection

S Ratlng.' S Ratingi S Rating'

Thinned and
fertilized 30 0.78 A 37 0.78 A 35 1.23 A

ThInned 18 0.66 B 23 0.47 B 20 0.79 B

Unth I nned

control 18 0.57 B 30 0.62 C 23 1.01 C



Table 2.8 Correlation coefficients (r3) of infection rates of second-growth
P. menzlesli biochemical parameters measured in 0.5-3.0 cm diameter roots

ten years after treatment.1
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Sample size 27.

Parameter

Block Infection rate Plug infection rate Total infection rate

Linear Curvilinear Linear Curvilinear Linear Curvilinear

Sugar 0.47 0.63 0.26 0.27 0.37 0.38

Starch 0.43 0.43 0.05 0.10 0.06 0.07

Cellulose 0.05 0.25 0.13 0.13 0.22 0.23

Llgnin 0.07 0.07 0.53 0.53 0.57 0.57

Acetone extractable
phenolics

0.05 0.25 0.10 0.13 0.17 0.18

Protein precipltable
tannins

0.05 0.47 0.02 0.03 0.11 0.11

Sugar:phenolic 0.36 0.51 0.25 0.26 0.34 0.39

£pd:Eas 0.42 0.72 0.31 0.30 0.12 0.70

0.37 0.55 0.43 0.76 0.26 0.73
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Figure 2.1 Plot of the ratio of energy required for phenolic

degradation energy/available sugars (Epd:Eas)

and combined A. ostoyae infection rates (r2 =

0.70). Infection rate = 0.811 i- E :E *
pd as

2.936 x 10 i- (Epd:Eas)2 * 8.496 x 1015
,4 (EPd:EdS)3

* 2.734.
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Figure 2.2 Plot of ratio and energy required for lignin

degradation energy from available sugars

(Eld:E) and combined A. ostoyae infection

rates (r2 = 0.73). Combined infection rate = 0.851 +

Eld:Eas x -1.174x + x 1.116 x

10 + (Eld:Eas) x 3.851.
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CHAPTER 3

PHENOLIC COMPOUNDS INHIBIT

ARMILLARIA GROWTH VITRO

James A. Entry and Kermit Cromack, Jr.

ABSTRACT

Catechol, hydroxybenzoic acid, hydroxyquinone, vanillic

acid and the terpene pinine added at concentrations of 1, 5

and 10 mM inhibited Armillaria ostovae and Armillaria bulbosa

growth in vitro. Inhibition of Armillaria growth was dependent

on the phenolic compound, its concentration, and the Armillaria

isolate. Growth on media amended with catechol, 8-

hydroxyquinone, hydroxybenzoic acid, vanillic acid or

pinine did not consistently distinguish A. ostovae from ,.

bulbosa. Rhlzomorph production was stimulated when low

concentrations of phenolic compounds were added to the medium.

However, high concentrations of phenolic compounds inhibited

both Armillaria growth and rhizomorph production of all

Armillaria isolates. Our results indicate that phenolic

compounds are an important defense mechanism against Armillaria

attack.
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INTRODUCTION

A wide range of phenolic compounds, many of them fungitoxic

or fungistatic, accumulate in the sapwood of trees after injury

or fungal attack (Kemp and Burden 1986). There is evidence that

most of these compounds accumulate in narrow reaction zones

which serve to impede advance of the pathogen (Tippet and Shigo

1981). Cheo (1982) reported that 1.0% tannic acid added to

basal media stimulated rhizomorph production by Armillaria

mellea (Vahi ex Fr.), but 0.2% catechol and hydroxyquinone

prevented growth. Li et. al (1969), Trappe et. al (1973), and

Haars et. al (1981) found that phenolic compounds significantly

inhibit the growth of Phellinus weiril LMurr. (Glib)] and

Heterobasidion annosum (Fr.) Bref. in vitro.

Recent taxonomic and genetic studies have delineated several

new species of Armillaria in Europe, Australia and North America

(Wargo and Shaw 1985). These species differ in pathogenicity

ranging from a primary pathogen to a nonpathogenic saprophyte.

Armillaria rhizomorphs often attach to young trees and do not

invade the tree until it experiences stress. Thus a tree under

substantial stress may not produce the quantity of defensive

phenolic compounds to inhibit Armillaria infection.

One important difference between pathogenic and

nonpathogenic species of Armillaria may be the rate at which

they are able to degrade polyphenolic compounds. The objective

of this research is to determine the effects of phenolic

compounds on the rate of Armillaria ostovae [(Romagn.) Herink.]

and Armillaria bulbosa((Barla) Watling in Kile.] growth in vitro.
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MATERIALS AND METHODS

Isolates of . ostoyae (North American Biological Species I)

and A. bu1bosa (North American Biological Species VII) used for

this study were obtained from Dr. Duncan Morrison, Pacific

Forestry Centre, 506 W. Burnside Road, Victoria, Canada V8Z lM5

and Dr. Jim L. Reaves, Pacific Northwest Forest and Range

Experiment Station, 3200 Jefferson Way, Corvallis, OR 97331.

These isolates were maintained on a 3% malt agar medium.

The experiment was arranged in a split block factorial

design SBF 254 (Kirk 1982). Treatments were a) Armillaria

species, b) phenolic compound and c) phenol concentration.

Armillaria species consisted of three isolates each of

A. ostovae or A. bulbosa. Phenolic compounds were catechol,

hydroxybenzoic acid, 8 hydroxyquinone, vanillic acid and the

terpene, pinine. Concentrations of these compounds were 0,

1, 5 and 10 mM. Three replications were used for each

Armillaria isolate, phenolic compound, and phenol concentration.

Petri dishes were poured in a bilayer with 20 ml basal

medium of 3% malt agar as a bottom layer and 20 ml of phenolic

medium as a top layer. Phenolic compounds were dissolved in 50

ml of distilled ethanol and filter sterilized. The top phenolic

layer was prepared by autoclaving the basal 3% malt agar at

252°F for 20 minutes and cooled to 50° C. Each phenolic

compound at 1, 5, or 10 mM and ethanol was then added to the top

layer medium and ininediately pipetted into Petri dishes. The pH

of all media were measured with a digital pH meter and adjusted

to pH 5.6 with 1.0 N HC1 or 1.0 N NaOH.



119

Petri dishes were inoculated with 3 mm diameter agar plugs

removed from the margin of a mycelial Armillaria colony. Disks

contained no visible rhizomorphs. Cultures were incubated in

the dark at 23°C for 9 weeks. Hyphal extension was measured at

3, 6, and 9 weeks after inoculation. Weight of Armillaria

colonies was measured after 9 weeks. The fungal tissue was

harvested by heating in boiling water to liquify agar (Reaves

et. al. 1984; Cheo 1982). Colonies were separated from agar and

rinsed in boiling water. The media and fungi were suction

filtered through a 4um (AG) glass-fiber filter; the fungi were

oven dried at 80°C for 48 h and weighed

RESULTS

Except for the A. ostovae isolate JR1953, we found no

difference in growth rates of A. ostovae. and A. bulbosa isolates

when grown on the basal medium or on media with any phenolic

compound or pinine (Table 3.1).

The addition of 1 mM pinine and hydroxybenzoate to the

basal medium stimulated rhizomorph production of A. bulbosa

isolates SP 83-1 and SP 82-72. One mM hydroxyquinone added to

the basal medium stimulated rhizomorph production of A. ostoyae

isolate JR 1953. There were no rhizomorphs produced by any

isolate when 5 or 10 mM of any phenolic compound or pinine

was added to the basal medium.

Hyphal extension and fungal weight of all Armillaria

colonies, regardless of biological species, decreased when

pinine, p. hydroxybenzoic acid, hydroxyquinone, catechol or
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vanillic acid was added to 3% malt agar (Table 3.1). As the

concentration of each phenolic compound in the medium increased,

hyphal extension and mycelial weight decreased (Table 3.1).

Vanillic acid and hydroxyquinone were significantly better

Inhibitors of Armillaria growth when compared to pinine,

hydroxybenzoate and catechol. There was no difference in

inhibition of Armillaria growth between hydroxyquinone and

vanillic acid additions to malt agar. Alpha pinine did not

Inhibit Armillaria growth as effectively as hydroxybenzoate,

catechol, hydroxyquinone or vanillic acid (Table 3.1). There

was no growth of any Armillaria isolate on 3% malt agar with 10

mM of catechol. Armillaria failed to grow when 5 mM of

catechol, hydroxyquinone or vanillic acid was added to 3% malt

agar. There was no growth of any Armillaria isolate on 3% malt

agar with 10 mM of catechol, hydroxybenzoate, hydroxyquinone or

vanillic acid added to the medium (Table 3.1). Armillaria

ostoyae isolate JR 1953 is the only isolate that grew in the

presence of 1 mM vanillic acid. All isolates grew slowly when

1 mM of catechol or hydroxybenzoic acid was added to the media.

Five mM of hydroxybenzoate and 1 mM hydroxyquinone inhibited the

growth of all isolates except JR 1953 (Table 3.1). The .

ostovae isolate JR 1953 grew faster than all other Armillaria

isolates tested on 3% malt agar (control), as well as with 1, 5,

and pinine, 1 mM vanillic acid, 1 and 5 mM of

parahydroxybenzoic acid per grain of medium added to the basal

medi urn.
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DISCUSSION

The growth of A. ostoyae or . bulbosa isolates in pure

culture was significantly inhibited by phenolic compounds and

pinine. Rhizomorph production was stimulated only when low

concentrations of phenolic compounds were added to the basal

medium. The reason for this phenomenon is unknown and warrants

further investigation.

There was no difference in growth rates between A. ostovae

and A. bulbosa when grown on catechol, hydroxyquinone, vanillic

acid or pinine. Shaw (1984) reported that pathogenic and

nonpathogenic species of Armillaria did not show any difference

in growth rate when grown on gallic acid or 500 ppm ethanol plus

gallic acid. Since . ostovae and A. bulbosa differ in

pathogenicity, but degrade phenolic compounds at similar rates,

another mechanism must be operating by which A. ostovae can

infect trees experiencing environment stress while A. bulbosa

cannot.

The increase in A. ostovae growth in the presence of lower

concentrations of phenolics from young coniferous trees may be

due to the increase in amino nitrogen and glucose in roots of

forest trees experiencing light limitation or drought (Wargo

1984). Phenol accumulation typically occurs in resistant

hosts (Kiraly and Farkas 1962). The lack of phenol accumulation

in roots of stressed trees may reflect the inability of these

trees to produce physiologically expensive phenolic compounds

(Wargo 1984, Waring 1987). The ability of Armillaria to degrade

phenolic compounds may give the pathogen a competitive advantage
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over other microorganisms to colonize root tissue of stressed

trees (Cheo 1982). Our results suggest that phenolic compounds

are effective inhibitors of Armillaria growth. Young coniferous

trees under stress may not produce enough phenolic compounds to

effectively inhibit Armillaria growth. However, numerous other

factors, such as Armillaria isolate, wood species and volume of

wood inoculum and soil environment, can play a large role in

determining the success of an Armillaria attack on any given tree

(Rykowski 1986).



Table 3.1 Hyphal extension and weight of Armillaria ostoyae and
Armillaria bulbosa colonies grown on 3% maFt agar.

Phenolic Armillaria HyDhal Extension (nm) Weight (me)

Compound iso1ate(.2) week 3 week 6 week 9 week 9

Control JR 1953 25 A 38 A 52 A 170 A

0 4 g1 SP 81-34 22 AB 35 AB 40 8 125 B
SP 81-13 24 AS 35 AS 46 AS 142 AS
SP 81-36 24 B 31 AB 42 B 133 B

SP 82-72 22 B 32 AS 41 B 122 B

SP 83-1 19 C 29 C 39 BC 107 C

a pinine
n 9-1

JR 1953 21 AS 30 BC 42 AS 130 B
SP 81-34 17 CD 25 C 32 C 104 C
SP 81-13 11 D 18 0 29 C 80 0
SP 81-36 15 CD 21 CD 29 C 87 0
SP 82-72 21 B 25 C 53 A ISO AS

SP 83-1 27 A 44 A 56 A 170 A

a pinine JR 1953 11 D 20 0 27 CD 77 DE

5ng1 SP81-34 OF OH 01 0!
SP 81-13 17 CD 26 C 39 B 115 BC
SP 81-36 10 0 18 0 28 C 82 0
SP 82-72 9 0 37 A 52 AS 130 8
SP 83-1 1 E 1 6 2 H 910 H

a pinine JR 1953 0 E 0 H 0 I 0 I
10 e4 g1 SP 81-34 0 E 0 H 0 I 0 1

SP 81-13 10 0 18 D 26 CE 81 0
SP81-36 OE 9F 1OF 30F
SP 82-72 2 E 13 F 23 F 66 E

SP83-1 Ot OH 01 01

Catechol JR 1953 19 C 26 C 36 BC 111 BC

1 mM g1 SP 81-34 15 CD 19 0 32 BC 95 CD

SP 81-13 9 D 25 C 30 C 87 0
SP 81-36 10 D 17 0 28 C 85 D

SP 81-72 16 CD 22 D 34 SC 95 CD
SP 83-1 10 D 17 £ 27 CF 84 0

Vanillic acid JR 1953 14 CD 20 D 26 CF 81 D
SP81-34 OF OH 01 01
5P81-13 OF OH 01 0!
SP81-36 OF OH 0! 01
SP82-72 OF OH 0! 01
SP83-1 OF OH 0! 01
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Table 3.1. (Continued)

'Isolates JR 1953, SP 81-34 and 81-13 have been determined to
be Armillaria ostovae; isolates SP 81-36, SP 82-72 and SP 83-1
have been determined to be Ariiiillaria bulbosa by haploid culture
challenge.

31n each column, values followed by the same letter are not
significantly different at P 0.05 as determined by Tukeys
Honestly Significant Difference Test.
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Phenolic

Compound
Aniiillaria Hyohal Extension (nvn) Weiqht (mg)
isolate(1,2) week 3 week 6 week 9 week 9

Hydroxy-

quinone JR 1953 18 C 26 C 32 C 107 C
1ng1 SPB1-34 OF OH 0! 01

SPB1-13 1E 26 714 231
SP 81-36 7 E 11 F 16 6 44 F
SP 82-72 E 11 F 15 6 41 F
SPS3-1 OF OH 0! 01

Hydroxy-

benzoate JR 1953 22 AB 31 *8 40 AS 142 AB
1 n g1 SP 81-34 21 AS 31 AS 40 AS 120 8

SP 81-13 23 AS 33 45 A 132 B

SP 81-36 22 AB 31 *8 40 AS 116 BC

SP 82-72 28 8 34 AB 58 A 165 A

SP 83-1 34 6 31 AS 66 A 192 A

Hydroxy-

benzoate JR 1953 8 DE 13 F 19 6 38 F5g_1 SP81-34 OF OH 01 01
SP81-13 OF OH 0! 0!
SPB1-36 OF OH 0! 01
SP82-72 OF OH 01 01
SP83-1 OF OH 01 01



Table 3.2. Anova table for Ar,nillaria growth on phenolic compounds.

SBF 256 TYPE I SS

Variable: weight

Source SS df KS Fl
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Blocks are Armillaria isolates grown on media amended with various phenolic

compounds and concentrations in three different locations (rooms).

' All F values are significant at P 0.05.

Between Blocks2 (b) 2407

Phenolic compound (PC) 962152

Concentration of
Phenolic compound (PCC) 1386859

b-12
PC-i-S

PCC-1 .3

1203
1131

462268

7.08
1131.23

2717.61

PC x PCC
Blocks x PC x PCC
Within blocks
ArmfIlaria, species (AS)

AS x PC
AS x PCC
AS x PC x PCC

3876
19719
23059
90620
136544
91619
174934

PCxPCC=7
(b)(PC-1 )-30

(b)(PC)(PCC)(AS1 )-70
AS-15

(AS-1)(PC-1 ).'25

(AS-i )(PCC-i )'.15

(AS-1 )(PC-1 )(PCC-1 )-35

755
657
329

18124
5462
6108
4998

55.73
3.86
1.94

106.54
32.11
35.91

29.38

AS x blocks within
PC x PCC

Error
Total

26455
2831167
2929149

bxAS*PC-1 (PC-1 )- .20

576

863

293
170

1.73
57.99
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CHAPTER 4

THE INFLUENCE OF CARBON NUTRITION AND PHENOLIC COMPOUNDS

ON THE GROWTH OF ARMILLARIA OSTOYAE IN VITRO

James A. Entry and Kermit Cromack, Jr.

ABSTRACT

One of the principal changes in stressed plants occurs in

the tpe and concentration of carbohydrates in root tissue.

In plants experiencing stress, concentrations of glucose and

fructose are increased while those of starch and sucrose are

decreased compared to plants that are not stressed (Wargo

1984). Concentrations of 10, 20, and 40 g L' glucose,

fructose and sucrose were added to media containing 0 or 0.5 mM

catechol, hydroxyquinone or parahydroxybenzoate. Media was

poured in petri dishes and inoculated with one of three

isolates of Armillaria ostovae (Romagn.) Herink. In all

treatments, A. ostoyae isolates had greater hyphal extension

and fungal weight when glucose was the carbon source as

compared to fructose or sucrose. Increased sugar

concentrations resulted in greater A. ostovae hyphal extension

and fungal weight at 0 or 0.5 mM of catechol or

hydroxybenzoate. Catechol and parahydroxybenzoate added to

media at concentrations of 0.5 mM inhibited A. ostovae growth;
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the addition of 0.5 mM hydroxyquinone to media prevented

A. ostovae growth regardless of sugar source or concentration.

Our results indicate that glucose is a superior energy source

for A. ostovae growth compared to fructose and sucrose. High

concentrations of glucose and/or fructose in tree root tissue

may enable A. ostovae to more effectively colonize the host.
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INTRODUCTION

Numerous changes are induced in roots of trees that are

experiencing stress due to drought, insect defoliation, light

or nitrogen limitation. Carbohydrate type is one of the

dominant changes In the phloem of stressed roots (Wargo 1984).

Starch content is substantially lowered in root bark tissue

experiencing stress due to drought and defoliation (Wargo

et al. 1982, Entry and Cromack 1989). In root bark tissue,

sucrose concentrations are decreased while glucose and fructose

concentrations are increased. Another important change in tree

root bark under stress from light or nitrogen limitation is

that concentrations of lignin, phenolics and protein

precipitable tannins are decreased (Entry and Cromack 1989,

Entry et al. 1989).

High concentrations of glucose in culture media have been

reported to stimulate the growth of Armillaria mellea (Vahl ex

Fr.) Krummer (Garraway 1975). Root bark tissue of stressed

trees may contain high concentrations of glucose which may

provide additional energy to pathogenic species of Armillaria

(Fr. ex Fr.). The fungus may use the increased energy to more

effectively degrade tree defense compounds and colonize the

tree. The objective of this study is to determine the

influence of carbon source and concentration and phenolic

compounds on the growth of A. ostovae in vitro.
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MATERIALS AND METHODS

Isolates of A. ostovae = Armillaria obscura [North

American Biological species I (NABSI)] JR 1953 and TY186 were

obtained from Dr. Jim L. Reaves, Pacific Northwest Forest

Experiment Station, 3200 Jefferson Way, Corvallis, Oregon 97331

(Reaves et al. 1984). Isolate DC1 was collected from a dying

Pinus monticola Doug. ex Don. in the Deception Creek

Experimental Forest in Northern Idaho (Entry et al. 1986).

These isolates were maintained on 3% malt agar medium.

The experiment was arranged in a randomized factorial

design CRF3333 (KIrk 1982). Treatments were carbon source:

a) glucose, fructose, or sucrose, b) concentration of carbon in

the medium; 10, 20, or 40 g sugar L', C) addition of

phenolic compound; catechol, parahydroxybenzoate or

8 hydroxyquinone at 0.5 mM in the medium and d) A. ostoyae

isolate; JR 1953, TY18Ô, and DC1. Three replications were used

for each carbon source by carbon concentration by phenolic

compound by A. ostoyae isolate. Each replication contained

five repetitions of the above treatment combinations to assess

sampling error.

Basal medium was Melin Norkrans medium (Marks 1969).

Carbon source (glucose, fructose, and sucrose) was sterilized

separately by dry autoclaving. Catechol, parahydroxybenzolc

acid and 8- hydroxyquinone were dissolved in 25 ml of 95%

ethanol and sterilized by filtration through a 2 .am filter.

After sterilization, and cooling to 45°C, each carbon source,

and phenolic compound was added to the basal medium, and
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brought to 1 L volume. The pH of each medium was then measured

with a digital pH meter and adjusted to pH 5.6 with 1.0 N HC1

or 1.0 N NaOH. Approximately 25 ml of medium was poured into

each petri dish.

Petri dishes were inoculated with 1.0 cm diameter plugs

removed from the margin of a mycellal A. ostovae colony. Disks

contained no visible rhizomorphs. Cultures were incubated in

the dark at 23°C for 9 weeks. Hyphal extension was measured 3,

6, and 9 weeks after inoculation. After 9 weeks, fungal tissue

was harvested by removing cultures from the plastic petri

dishes, placing them in 200 ml glass beakers and steaming them

to remove agar (Cheo 1982, Reaves et al. 1984). In order to

separate medium and fungus, the mixture was suction filtered

through a 4 pm (AG) glass-fiber filter. Hyphae were then

rinsed three times with boiling water.

RESULTS

Regardless of carbon source or concentration, hyphal

extension and weight of all . ostovae colonies decreased when

0.5 mM of catechol, hydroxyquinone, or parahydroxybenzoate was

added to the medium (Table 4.1; for significance see ANOVA,

Table 4.2). The addition of 0.5 mM of hydroxyquinone prevented

. ostovae growth regardless of carbon source or

concentration. Sugar concentration had the greatest effect on

A. ostovae hyphal extension and fungal weight. Sugar

concentrations of 40 g LL of glucose, fructose or sucrose

in the medium resulted in greater hyphal extension and colony
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weight than concentrations of 20 or 10 g L'. Armillaria

ostovae isolates produced greater hyphal extension and fungal

weight when glucose was used as a carbon source rather than

fructose or sucrose within control, catechol and

hydroxybenzoate treatments at all sampling dates. Armillaria

ostovae isolates produced greater hyphal extension and fungal

weight when fructose was used as a carbon source rather than

sucrose. Armillaria ostovae growing on concentrations of 20 g

L glucose, fructose and sucrose produced significantly

more hyphal extension at all sampling dates and greater fungal

weight than A. ostovae isolates growing on 10 g L'

glucose, fructose, and sucrose with control, catechol or

hydroxybenzoate In media. Armillaria ostovae isolates produced

greater hyphal extension and fungal weight when 40 g

sucrose was added to the media than when 10 g Lt sucrose

was added to the media with control, catechol or

hydroxybenzoate treatments (Table 4.1.). Rhizomorphs of these

isolates were not stimulated by the addition of 0.5 mM of

catechol or hydroxybenzoate.

DISCUSSION

Glucose as a carbon source resulted in greater A. ostovae.

growth in the presence of 0, or 0.5 mM of catechol or

hydroxybenzoate than fructose or sucrose. Fructose resulted in

greater A. ostoyae growth, regardless of whether 0.5 mM of

catechol or hydroxybenzoate was added to the medium. The same

effect was observed with increasing concentrations of glucose,
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fructose and sucrose and with increasing 0.5 mM of catechol or

hydroxybenzoate added to the medium. Our results agree with

those of Garraway (1975), who reported that glucose was a

superior energy source for A. mellea when compared to fructose

or sucrose, and that higher concentrations of glucose in media

resulted In increased A. mellea growth. The addition of

0.5 mM of hydroxyquinone prevented the growth of all A. ostoyae

isolates regardless of carbon source or carbon concentration.

Entry and Cromack (1989) found similar results; the growth of

all but one Isolate of A. ostoyae was inhibited by 1.0 mM of

hydroxyqui none.

Wargo (1984) hypothesized that trees experiencing stress

due to drought or defoliation may be due to a decrease in

sucrose concentrations with a simultaneous increase in the

concentrations of glucose and fructose in the cambium of

secondary roots. Glucose and fructose are superior energy

sources when compared to sucrose which may enable pathogenic

species of Armillaria to increase degradation rates of plant

defense compounds and invade host tissues. This study supports

this hypothesis to the extent that A. ostovae growth in the

presence of 0.5 mM of catechol and hydroxybenzoate was enhanced

when grown in the presence of high concentrations of glucose or

fructose. Swift (1970) and Garraway (1975) also reported that

Armillaria growth is dependant on the type and concentration of

sugar as a carbon source, and this study supports their

findings.
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When trees are stressed, the concentrations of total

sugars are increased in root bark tissue while at the same

time concentrations of phenolic compounds are decreased (Entry

and Cromack 1989; Entry et al. 1989). Therefore, with

increased sugar concentration, the energy available to the

fungus should be increased, and enable the fungus to alter and

degrade the tree defense compounds and colonize the root (Entry

and Cromack 1989). While these biochemical changes in root

bark tissue of trees under stress must be documented, and

increased pathogen attack demonstrated, this preliminary

evidence suggests that carbon source and concentration in tree

roots may be a critical factor in explaining Arinillaria

colonization of coniferous trees.



Table 4.1. Hyphal extension and weight of Armillarla ostovae colonies
grown on medium with three different carbon sources and
concentrations on three different phenolic compounds.

TREATNEN1 HYPHAL EXTENSION WEIGHI

Concentration Phenolic (nvn) (mg)

Sugar gL Compound Week 3 Week 6 Week 9 Week 9

Control

glucose 40 none 25 A1'2 42 A 52 A 156 A

glucose 20 none 19 BF 30 BCH 39 B 120 B

glucose 10 none 18 C 28 C 39 8 120 8

glucose 40 hydroxybenzoate 23 DE 34 0 41 C 124 C

glucose 40 catechol 22 BEJ 33 DH 34 8 120 B

glucose 20 hydroxybenzoate 21 FJK 24 EJ 35 0 108 DL

glucose 20 catechol 20 BFK 27 El 36 0 105 E

glucose 10 hydroxybenzoate lb GHL 25 F 30 E 89 FM

glucose 10 catechol 19 CGK 27 El 33 F 104 EL

fructose 40 none 26 3 35 0 49 6 144 F

fructose 20 none 18 CG 29 BCI 36 C 106 EL

fructose 10 none 18 CG 26 El 33 F 102 E

fructose 40 hydroxybenzoate lb GHL 32 OH 31 10 113 6

fructose 40 catechol 16 GHL 29 BCI 37 10 112 GK

fructose 20 hydroxybenzoate 15 HL 24 F 21 E 87 FM

fructose 20 catechol 15 HI.. 27 LI 32 MN 97 H

fructose 10 hydroxybenzoate 15 ML 29 BC! 26 .3 80 1

fructose 10 catechol 14 H 23 F 27 3 79 1
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Table 4.1. (Continued)

TREATMENT HYPHAL EXTENSION WEIGHT

Control

sucrose 40 none 20 BF 34 OH 44 K 131 .1

sucrose 20 none 18 B 27 El 35 0 105 CL

sucrose 10 none 17 6 23 F 32 IN 92 FM

sucrose 40 hydroxybenzoate 20 BF 33 OH 37 H 110 OK

sucrose 40 catechol 18 CG 35 0 38 80 114 6

sucrose 20 hydroxybenzoate 18 F6 25 £ 29 C 89 FM

sucrose 20 catechol 16 GHL 29 BC 33 FM 99 H

sucrose 10 hydroxybenzoate 13 I 22 6 25 1 76 .1

sucrose 10 catechol 14 HIL 20 G 24 N 72 3

1 Values are means of 45 samples.

* In each column, values followed by the same letter are not
significantly different at P > 0.05 as determined by Fisher's Protected
Least Significant Difference (LSD) test.
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Concentration Phenolic (em) (mg)

Sugar 911 Compound Week 3 Week 6 Week 9 Week 9



Table 4.2. ANOVA table of ArTnfflarla ostovae colony weights grown with 3
different carbon sources.

' All F values above 2.98 are significant at P 0.05.

138

Weight
Source Type I SS

CRF 3333 DESIGN

df NS Fl

Carbon source (CS) 5888 (CS-1)2 2944 492.43
Carbon concentration (CC) 27885 (CC-1)2 13943 2332.00
Phenolic compound (PH) 13979 (PH-l)2 6989 1167.00
Armillaria ostovae

41 (AI-1)2 21 3.47Isolate (Al)
CS x CC 434 (CS-1)(CC-1)-4 109 18.16
CS x PH 254 (CS-1)(CC-1)-4 64 10.56
CS x Al 507 (CS-1)(AI-1)4 126 21.24
CC x PH 1572 (CS-1)(PH-1)-4 393 65.76
CC x Al 117 (CS-1)(AI-1)-4 29 4.91
PH x Al 438 (PH-1)(AI-1)4 109 18.33
CS x CC x PH 743 (CS-1)(CC-1)(PH-1)8 92 15.53
CS x CC z Al 406 (CS-1)(CC-1)(AI-1)-8 50 8.50
CS x PH x Al 220 (CS-1)(PH-1)(AI-1)8 27 4.60
CC x CS x Al 1461 (CS-1)(CC-1)(PH-1)(Al-1)-36 40 2.60

Error 6768 6 110.10
Total 60749 1214
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CHAPTER 5

THE EFFECT OF CARBON NUTRITION ON LIGNIN

AND CELLULOSE DEGRADATION BY ARMILLARIA OSTOYAE

James A. Entry, Paula K. Donnelly and

Kermit Cromack, Jr.

ABSTRACT

Degradation rates of 14C-labelled lignin and cellulose

by Armillaria ostovae, (Romagn.) Herink growing for 6 weeks in

Melin-Norkrans medium amended with 10, 20, or 40 g L

glucose, fructose, or sucrose were measured radiometrically.

Lignin degradation rates increased with increasing

concentrations of all carbon sources in the medium. Lignin

degradation rates were greater when glucose or fructose was

used as a carbon source as compared to the same concentrations

of sucrose. We found no consistent pattern of cellulose

degradation regardless of carbon source or concentration, in

the medium. Cellulose and lignin degradation rates by

A. ostoyae were substantially lower than cellulose and lignin

degradation rates by saprophytic fungi. Lignin decomposition

for all carbon sources averaged 2.29% at 10 g C L', 2.11%

at 20 g C LL source and 3.89% at 40 g C L1.

Cellulose decomposition averaged 10.99% for all carbon sources

or concentration in the medium. Our results indicated that
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increasing sugar concentrations may enable A. ostoyae to more

effectively degrade the recalcitrant components of woody

tissues.



INTRODUCTION

ArmIllarla ostovae (Romagn.) Herink can be a primary

pathogen attacking healthy trees in forests throughout the

western United States (Wargo and Shaw 1985) and Canada

(Morrison 1981). However, the fungus usually acts as a

secondary pathogen invading trees weakened by stress (Wargo

1975). Resistance of root tissue to infection by A. ostovae

has been reported to be related to sugar concentration in root

bark tissue (Wargo 1972, Huston 1973, Entry et al. 1989a, Entry

et al. 1989b). Garraway (1975) has shown that Armillaria

mellea (Vahl ex Fr.) Krumer grew faster j vitro when the

concentration of glucose, fructose, or sucrose was increased.

Armillarla ostovae and ,. mellea grew faster in vitro when

glucose instead of sucrose was used as a carbon source (Entry

and Cromack 1989b).

Vance et al. (1980) and Deiwiche et al. (1989), suggested

that lignin formation is one mechanism by which plants defend

against invasion by pathogens. Entry et al. (1989a) and Entry

et al. (1989b) have reported greater lignin concentrations in

root bark tissues that are more resistant to A. ostoyae

infection. The objective of this study was to determine the

effect of type and concentration of sugar on cellulose and

lignin degradation by A. ostovae.
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MATERIALS AND METHODS

Treatments

Lignin and cellulose experiments were both arranged in a

Latin square design (LS) (Kirk 1982). Treatments were

a) carbon source; glucose, fructose, sucrose, b) carbon

concentration; 10, 20, or 40 g Lt in Melin Norkrans medium

and C) ,. ostovae isolate; JR 1953, TY 186 and DC1. Five

replications were used for each carbon source, carbon

concentration, and A. ostovae isolate.

Isolates

Isolates JR 1953 and TV 186 of A. ostoyae (North American

Biological Species I = NA8SI) used for this study were obtained

from Dr. Jim L. Reaves, Pacific Northwest Research Station,

3200 Jefferson Way, Corvallis, OR 97331 (Reaves et al. 1984).

The isolates were maintained on 3% malt agar medium.

Armillaria ostoyae isolate DC1 was collected from a dying Pinus

monticola Doug. ex. Don. in the Deception Creek Experimental

Forest in northern Idaho (Entry et al. 1986).

Labelling of Lignocellulose

The lignin components of lignocellulose were selectively

labelled by feeding L(U - '4C] phenylalanine (50 Ci per

beaker) through the cut stems of Abies concolor (Gord. and

Glend.) Lindi. twigs (Crawford and Crawford 1976, Crawford

1981). Cellulose components of lignocelluloses were

selectively labelled by feeding 50 iCi of D[U - lad
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glucose to cut stems (Crawford et al. 1977). Labelled

lignocelluloses were dried at 60°C and ground to less than 1

mm. Lignocelluloses were extracted as previously described

(Crawford et al. 1977 and Crawford 1981). The specific

activity of our '4C-labelled lignin component of

lignocellulose was 9,900 disintegrations per minute (dpm) and

the specific activity of our '4C-labelled cellulose

component of lignocellulose was 8,300 dpm which consisted of

mostly cellulose with a trace of some hemicellulose, glucans,

xylans and mannans. Crude protein averaged about 0.5% on a

Kjeldahl-N basis. Crawford (1978) determined that this type of

preparation contained negligible labelled protein.

Media Preparation

Melin-Norkrans solution (Marx. 1969) with 15 g L'

agar was used as a basal medium. The carbon source (glucose,

fructose, or sucrose) was sterilized separately by dry

autoclaving (Garraway 1975) and then added to the basal medium

after cooling to 45-50°C. The pH of each medium was adjusted

to pH 5.6 with 1.0 N HC1 or 1.0 N NaOH. One hundred milligrams

of lignin '4C-labelled component of lignocellulose or

cellulose 4C-labelled component of lignocellulose was

added to 100 ml of media. Ten ml of media was then pipetted

into 60 mm petri dishes and allowed to cool. Petri dishes were

then inoculated with 3 mm diameter agar plugs removed from the

margin of a mycelial Armillaria colony. Disks contained no

visible rhizomorphs. The inoculated petri dishes were then
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placed in sterile 0.89 L containers along with a vial

containing 10 ml 2.0 M NaOH as a COa trap and a vial

containing 20 ml of sterile water to maintain moisture.

Cultures were incubated for 6 weeks at 22°C in the dark.

Trapped '4C was quantified by liquid scintillation

(Crawford et al. 1977). The vials of NaOH were transferred to

20 ml test tubes, which were then sealed except for one inlet

and outlet. Six ml of 6 m HSO followed by 3 drops of

methyl red as a pH Indicator, were then added slowly to the

NaOH. Exit gases containing '4C0 released on

acidification of the basic solution were passed through an air

line to a scintillation vial containing 9 ml of 20%

mono-methanolamine In methanol to trap CO . After air had
2

been passed through the scintillation fluid for 3 h to ensure

complete passage of 4CO3 9 ml of 2, 5 bis (5 tert

butyl-2 benzoxazoly) thiophene (BBQT) was added and cpms of

were counted In a Beckman 7000 autoscintillation

counter.

Quantification of t4C was obtained by counting total

cpms in the tissue of the . ostovae colonies. Colonies were

isolated by removing the agar and colony from the petri dish,

placing them in 200 ml glass beakers and steaming to remove

agar (Cheo 1982, Reaves et al. 1984). Colonies were then

washed with distilled water and placed in a scintillation

vial. Two ml of protosol were added to the vial. The vial

containing tissue and protosol were heated to 50°C. After the

tissue was dissolved, 0.2 ml of 30% H 0 was added to22
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the vial and heated to 50°C for 30 mm. After cooling to 23°C,

18 ml of Biosafe 11 was added to dissolve fungal tissue.

The mixture was counted on a Beckman 7000 autoscintillation

counter.

Statistical Analysis

The data were transformed using an arcsine of the square

root transformation to achieve a normal distribution and

analyzed using ANOVA procedures (SAS Institute 1982) for a

Latin square design. Individual treatment means of transformed

data were computed with Fisher's Protected Least significant

difference (LSD) test at P < 0.05. Third order interactions

(carbon source by carbon concentration by , ostovae, isolate)

were not significant (P < 0.05); only carbon source x carbon

concentrations will be discussed (Snedecor and Cochrane 1980,

Steel and Torrie 1980) (Table 5.1).

RESULTS

Armillaria ostovae degraded lignin faster at carbon

concentrations of 10 and 20 g C L using glucose as the

carbon source rather than fructose or sucrose (Table 5.1).

When the carbon concentration was elevated to 40 g C L,

. ostovae degraded lignin faster using glucose or fructose as

carbon sources, rather than sucrose. We found no difference

between lignin degradation rates by A. ostovae when glucose or

fructose was used as a carbon source at carbon concentrations

of 40 g C LL medium. Lignin degradation was more rapid as
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the glucose and fructose concentration increased from 20 to 40

g C L1 (Table 5.1). Mean lignin degradation rates

averaged from the 3 A. ostovae, isolates degrading carbon

sources averaged 2.29% at 10 g C L, 2.11% at 20 g C

L1 and 4.20% at 40 g C L medium. The amount of

'C captured as CO ranged from 23 to 65% of the total

'4C counted in fungal tissue.

We found no biologically explainable pattern of cellulose

degradation rates by A. ostovae regardless of carbon

concentration, source or A. ostovae isolate.

DISCUSSION

Results of this In vitro study indicate that A. ostovae

can degrade lignin faster when glucose or fructose is the

carbon source than when sucrose is the carbon source. Glucose

resulted in higher lignin degradation rates than fructose or

sucrose at low carbon concentrations. Cellulose decomposition

rates did not differ among carbon concentrations or sources.

However, at concentrations of 40 g C L' glucose and

fructose, carbon sources resulted in higher lignin

decomposition rates. Lignin decomposition rates reported in

this paper are lower than lignin decomposition rates reported

for saprophytic fungi (Anders and Eriksson 1977, Kirk and

Highley 1973).

Reid (1979) and Anders and Eriksson (1977) reported

increased lignin degradation by fungi when additional

carbohydrate or malt extract is added to the medium. Lignin
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degradation has only been shown to occur when other

polysaccharides are present in wood (Kirk and Moore 1972, Ander

and Eriksson 1975). Armillaria ostoyae metabolism is

significantly influenced by the type and amount of available

sugars (Garraway 1975).

Lignin has been implicated in plants as a primary defense

mechanism against fungal invasion (Vance et al. 1980, Tippet

and Shigo 1981, Doster and Bostock 1988). Trees that have been

stressed due to light or nitrogen limitation or defoliation

have been reported to contain higher concentrations of sugars

in root bark tissues (Entry and Cromack 1989, Wargo 1972).The

concentrations of sugars used in this study are likely

representive of the concentrations of sugars extracted from

tree roots. Tree roots that have these or higher sugar

concentrations may provide additional energy for the fungus to

degrade defensive compounds and thus be more susceptible to

colonization by the fungus.



Table 5.1 Degradation rates of cellulose and lignin by Armillaria ostovae colonies
grown in Melin-Norkrans medium amended with 10. 20. or 40 g L glucose,

fructose, or sucrosei,z,i.
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I Values are in S "C recovered.

Values are means of 'IS samples.

In each column, values followed by the same letter are not significantly different
as determined at P 0.05 as determined by Fisher's Protected Least Significant

Difference (ISO) test.

Treatment Lignin Cellulose

Carbon
source

Concentration
g LI CO, Tissue Total CO3 Tissue Total

glucose 10 1.42 A 2.71 A 4.13 A 7.84 A 6.27 A 14.11 A

fructose 10 0.85 B 0.40 B 1.25 B 7.57 A 6.76 A 14.33 A

sucrose 10 0.86 B 0.44 B 1.30 B 7.28 A 6.11 A 13.39 A

glucose 20 0.90 B 2.68 A 3.58 A 3.37 B 5.18 A 8.55 8

fructose 20 1.81 A 0.41 A 1.22 B 3.96 B 4.46 AS 8.42 B

sucrose 20 1.07 B 0.49 B 1.56 B 6.02 C 6.16 A 12.18 AS

glucose 40 1.10 AS 4.62 C 5.72 A 2.30 C 2.99 B 5.29 C

fructose 40 0.81 B 3.97 C 4.78 A 8.53 D 5.69 A 14.22 A

sucrose 40 0.78 C 0.398 1.17 B 3.298 5.17 A 8.46 B



Table 5.2. ANOVA table of lignin degradation by three Armillaria ostovae
isolates with three different carbon sources (LS 3 design).

Total Lignin
Source Type I SS df MS F'

' All F values 2.98 are significant at P 0.05.
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1. Carbon source (CS) 1863256 (CS-l)2 931628 28.39

2. Carbon concentration (CC) 1343977 (CC-1)-2 111988 5.24

3. A. ostovae isolate (Al) 41170 (AI-l)2 20595 0.63

4. CS x CC 1260968 (CS-1)(CC-1)-4 315242 9.61

5. CS x Al 48340 (CS-1)(Al-1)-4 12085 0.37

6. CC x Al 319463 (CS-l)(AI-l)-4 94865 2.89

7. CS x CC x Al 681284 (CS-l)(CC-l)(Al-l)8 85160 2.60

8. Error (Residual) 3543924 108 32814

9. Total 8162405 135
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CHAPTER 6

THE EFFECT OF NITROGEN SOURCE AND CONCENTRATION ON LIGNIN

AND CELLULOSE DEGRADATION BY ARMILLARIA OSTOYAE

James A. Entry, Paula K. Donnelly and Kermit Cromack, Jr.

ABSTRACT

Degradation rates of lignin and cellulose by Armillaria

ostoyae (Romagn.) Herink. growing for six weeks in

Melln-Norkrans medium containing 0.5, 1.0, 5.0 mM N as

NH NO , alanine or arginine were measured
4 3

radiometrically. Armillaria ostovae degraded cellulose and

lignin at substantially lower rates than saprophytic fungi.

Lignin decomposition by A. ostovae averaged 1.43% of the total

amount of lignin added to the medium over all nitrogen

concentration and source treatments. Cellulose degradation

averaged 9.81% of the total amount of cellulose supplied to

medium over all nitrogen concentration and nitrogen source

treatments. Our results indicate that nitrogen source or

concentration does not affect lignin or cellulose degradation

by . ostoyae.
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INTRODUCTION

Armillarla root disease of conifer and hardwood trees

occurs when pathogenic species of Armillaria invades root bark

tissue and colonizes the cambium. The pathogen can be highly

aggressive, rapidly advancing through the inner bark to the

root collar where it girdles and kills the tree. In vigorous

trees fungal advance Is often localized or compartmentalized

due to the formation of barrier zones by the vascular cambium

(Tlppett and Shigo 1981). Tangential bands of axial parenchyma

cells containing large quantities of polyphenolic compounds

restrict growth of the fungus.

Lignin and phenolic compounds have been hypothesized to be

a mechanism of resistance to plant disease (Vance et al. 1980)

and are known to inhibit Armillaria ostovae ((Romagn.) Herink]

in culture (Entry and Cromack 1989). Root tissue of conifer

seedlings that have been stressed due to nitrogen limitation,

have low concentrations of lignin and phenol concentrations,

have increased frequency of Armillaria ostoyae infection (Entry

et al. 1989a).

In vitro lignin degradation by Phanerochaete chrvsosporium

Burds. is suppressed by 24 mM N as NO, NH, glutamate,

glutamine, and histidine (Kirk et al. 1978, Fenn and Kirk

1981). However, Anders and Eriksson (1977) reported that high

concentrations of nitrogen did not suppress lignin degradation

by ten common saprophytic fungi. Low concentrations of

nitrogen in root bark tissue of conifer trees may trigger

increased degradation of phenolic compounds and lignin which



157

are tree defense mechanisms and enable A. ostoyae to more

effectively colonize a tree. The objective of this experiment

is to determine if increased nitrogen concentrations will

suppress lignin degradation by A. ostovae.

MATERIALS AND METHODS

Treatments

Lignin and cellulose experiments were both arranged in a

Latin square design (LS) (Kirk 1982). Treatments were

nitrogen source: a) NH NO, alanine or arginine;

b) nitrogen concentration; 0.5, 1.0, or 5.0 mM N L' in

Melin Norkrans medium and c) A. ostovae isolate; JR 1953, TY

186 and DC1. Five replications were used for each nitrogen

source x nitrogen concentration x A. ostovae isolate.

Isolates

Isolates JR 1953 and TV 186 of A. ostovae (North American

Biological Species I = NABSI) used for this study were obtained

from Dr. Jim L. Reaves, Pacific Northwest Research Station,

3200 Jefferson Way, Corvallis, OR 97331 (Reaves et al. 1984).

The isolates were maintained on 3% malt agar medium.

Armillaria ostovae isolate DC1 was collected from a dying Pinus

monticola Doug. ex. Don, in the Deception Creek Experimental

Forest in northern Idaho (Entry et al. 1986).



158

Labelling of Lignocellulose

The lignin components of the lignocellulose were

selectively labelled by feeding L(U - '4C] phenylalanine

(50 pCi per beaker) through the cut stems of Abies concolor

(Gord. and Glend.) Lindl. twigs (Crawford and Crawford 1976 and

Crawford 1981). Cellulose components of lignocelluloses were

selectively labelled by feeding 50 pCi of D(U - 14C]

glucose to stems (Crawford et al. 1977). Labelled

lignocelluloses were dried at 60°C and ground to less than 1

m. Lignocelluloses were extracted as previously described

(Crawford et al. 1977 and Crawford 1981). The specific

activity of our 4C-label1ed lignin compound lignocellulose

was 9,900 disintegrations per minute (dpm) and the specific

activity of our '4C-labelled cellulose compound

lignocellulose was 8,300 dpm which consisted mostly of

cellulose with a trace of some hemicellulose, glucans, xylans

and mannans. Crude protein averaged about 0.5% on a Kjeldahl-N

basis. Labelled protein was negligible (Crawford 1978).

Media Preparation

Melin-Norkrans solution (Marx. 1969) with 15 g L'

agar was used as a basal medium. The nitrogen source of each

concentration was sterilized separately by passage through a 2

pm filter and then added to the basal medium after cooling to

45-50°C. All media were measured with a digital pH meter and

adjusted to pH 5.6 with 1.0 N HC1 or 1.0 N NaOH. One hundred

milligrams of lignin 14C labelled lignocellulose or
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cellulose '4C labelled lignocellulose per 100 ml media were

added to the media. All media were measured with a digital pH

meter and adjusted to pH 5.6 with 1.0 N HC1 or 1.0 NaOH. Ten

ml of media was then pipetted into 60 mm petri dishes and

allowed to cool. Petri dishes were inoculated with 3 mm

diameter agar plugs removed from the margin of a mycelial A.

ostoyae colony. Disks contained no visible rhizomorphs. The

inoculated petri dishes then were placed in sterile 0.89 1

containers along with a vial containing 10 ml of 2.0 M NaOH as

a CO2 trap and a vial containing 20 ml of sterile water to

maintain moisture. Cultures were incubated for 6 weeks at 22°C

in the dark.

Trapped 14C was quantified by liquid scintillation

counting (Crawford et al. 1977). The vials of NaOH were

transferred to 20 ml test tubes, which were sealed except for

one inlet and outlet. Six ml of 6 m H SO followed by
2 4

3 drops of methyl red as a pH indicator, then were added slowly

to the NaOH. Exit gases containing 'C0 released on

acidification of the basic solution were passed through an air

line to a scintillation vial containing 9 ml of 20% mono-

methanolamine in methanol to trap CO . After air had been
2

passed through the scintillation fluid for 3 h to ensure

complete passage of CO3 9 ml of 2, 5 bis (5 tert

butyl-2 benzoxazoly) thiophene (BBQT) was added and the

solution was counted in a Beckman 7000 autoscinillation counter.

Labelled t4C was counted in the tissue of the

A. ostoyae colonies by removing the agar and colony from the
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petri dish, placing them in 200 ml glass beakers and steaming

them to remove agar (Cheo 1982, Reaves et al. 1984). Colonies

were then washed with distilled water and placed in a

scintillation vial. Two ml of protosol were added to the

vial. The vial containing tissue, protosol and 0.2 ml of 30%

H 0 was heated to 50°C. After the tissue was22
dissolved, 0.2 ml of 30% H202 was added and reheated to

50°C for 30 mm. After cooling to 23°C, 18 ml of

Biosafe 11 was added to the mixture and counted on a

Beckman 7000 autoscinlllation counter.

Statistical Analysis

The data were transformed using an arcsine of the square

root transformation to achieve a normal distribution and

analyzed using ANOVA procedures (SAS Institute 1982) for a

Latin square design. Individual treatment means of transformed

data were computed with Fisher's protected least significant

difference (LSD) test. Interactions at the third order (carbon

source by carbon concentration by A ostovae isolate) were not

significant (P < 0.05); only carbon source by carbon

concentrations will be discussed (Snedecor and Cochrane 1980,

Steel and Torrie 1980) (Table 6.1).

RESU LTS

We found no significant difference in amount of lignin

degraded to CO given any nitrogen source or concentration

(Table 6.1). Labelled carbon absorbed in fungal tissue was
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higher when arginine was used as a nitrogen source compared to

any other nitrogen treatments (Table 6.1).

The amount of cellulose degraded to CO was higher

with the addition of 1.0 mM N as NH NO or alanine and
4 3

5.0 mM N as NH NO to the basal medium than with any
4 3

other nitrogen treatment (Table 6.1) Cellulose degraded to

CO was lower with the addition of 1.0 mM N or 5.0 mM N as
2

arginine to the basal medium than with the other treatments.

Cellulose absorbed into . ostoyae tissue was highest with the

addition of 1.0 mM N as NH NO to the basal medium than
4 3

with the other nitrogen treatments. Cellulose absorbed into

A. ostovae tissue was lowest with 1.0 mM N added as

NH NO than with the other nitrogen treatments (Table
4 3

6.1). Total cellulose degradation was highest when 0.5 mM N as

NH NO was added to the basal medium than when 0.5 mM N
4 3

NH NO alanine or arginine was added to the basal
4 3

medium (Table 6.1)

DISCUSSION

We found no biologically explainable pattern of lignin or

cellulose degradation in any of our nitrogen source or N

concentration treatments. Kirk et al. (1978) and Kirk and Fenn

(1981) reported that nitrogen concentrations of 24 mM as

NH NO glutamate, glutamine and histidine suppressed
4 3

lignin degradation of P. chrysosporium. Reid (1979) found

similar results; lignin degradation was suppressed when 15 mM of

N as NH NO or asparagine, was added to the medium as compared
4 3

to 1.5 mM of N as NHNO or asparagine. Anders and Eriksson
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(1977) reported the effect of low N concentrations on lignin

degradation using 25 species of white rot fungi. Nitrogen

source or concentration did not alter lignin or cellulose

degradation patterns of any of the fungi investigated.

Cellulose degradation rates are lower than those reported

for most other fungi (Anders and Eriksson 1971). Armillaria

ostovae is a facultative pathogen that attacks trees by

penetrating bark tissue and colonizing the nutrient-rich inner

bark and camblal tissue of tree roots. Unlike most saprophytic

fungi, A. ostovae does not colonize large areas of sapwood or

heartwood of trees. Armillaria is known to be affected by the

type and concentration of sugar in media (Garraway 1975), and

lignin degradation rates are increased as sugar concentrations

in the media increase (Entry et al. 198gb). Entry et al.

(1989a) provided evidence that A. ostoyae infection of conifer

seedlings is related to the energy required to degrade phenolic

compounds in relation to the energy available from sugars.

Results of this study suggest that Armillaria ostoyae

colonization of the tree is not influenced by the nitrogen

concentration of host root tissue.



Table 6.1 Degradation rates of celluose and lignin by Arinhllarla ostovae

colonies grown In Nelin-NorkraflS medium amended with 0.5, 1.0 or

5.0 n4 N as NH1NO1, alanine or argniflel.2.

' Values are in % 1C recovered.

2 Values are means of 15 samples.

' In each column, values followed by the same letter are not significantly

different as determined at P c 0.05 as determined by Fisher's Protected Least

Significant Difference (ISO) test.
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Nitrogen
Source

Concentration
n*i N L1

Lignin Cellulose

CO2 Tissue Total CO3 Tissue Total

NH4 NO3 0.5 0.93M O.47A8 L41A 6.94A 8.24A 15.18A

Alanlne 0.5 0.94A 0.34A 1.288 7.1OA 0.79A 7.908

Arginine 0.5 l.09A 0.638 1.71C 6.26A 4.26C 10.53A

NH4 NO3 1.0 L16A 0.728 1.89C 9.888 0.27A 9.278

Alanine 1.0 0.89A 0.37A 1.278 10.608 1.278 11.278

Arginine 1.0 0.88A O.26A 1.148 5.15C 3.25C 8.408

NH4 NO, 5.0 O.85A O.43A 1.28B 9.47B 0.138 9.608

Alanine 5.0 0.97A 0.36A 1.338 7.ThA 1.338 8.188

Arginine 5.0 0.82A 0.758 1.58A 4.71C 3.49C 8.208



Table 6.2. Anova table for lignin degradation by three Armillarla ostovae
isolates with three different carbon sources.

All F values 2.98 are statistically significant at P 0.05.

1 64

1. Nitrogen source (NS) 0.00431 NS-1-2 0.00216 2.20
2. Nitrogen concentration (NC) 0.00022 CC1s2 0.00011 0.11

3. A. ostovae isolate (Al) 0.0036 AI-l-2 0.00180 1.84

4. NS x NC 0.01364 (NC-1)(NS-fl.4 0.00341 3.49

5. NS x Al 0.00402 (NC-l)(NS-l)-4 0.00100 1.03

6. NC x Al 0.00697 (NS-l)(AI-l).4 0.00174 1.78

7. NS x NC x Al 0.021066 (NS-1)(NC-l)(AI-1)R8 0.00263 2.67

8. Error 0.10565 108 0.00207 2.12

9. Total 0.15949 134

Total Llgnln
Source Type I 55 df MS Fl
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CONCLUSIONS

Armillarla, ostovae has been shown to preferentially infect

host seedlings that are experiencing stress (Entry et al.

1986). This study confirms earlier findings. Rykowski (1981)

reported that P. svlvestris mortality from A. mellea was higher

in two out of three plantations that were fertilized with N, P,

K, Ca, and Mg. Results of our field study provide evidence

that extremely fast growing trees may be more susceptible to

Armillaria Infection.

In both the greenhouse and field studies, trees with root

bark tissue having a lower phenolic sugar ratio, Epd:Eas

and E]d:Eas had higher A. ostovae infection rates. The

high coefficient of variation (r2) value between Epd:Ea$ and

Eld:Eas is an indication that these parameters may be important

concepts in 1) determining which trees are more susceptible to

A. ostovae infection and 2) explaining the mechanism of the

infection process.

The concept of energy required to overcome host defense

mechanisms relative to energy available to the pathogen may be

applicable to a variety of host-pathogen interactions.

However, we must be cognizant of the energy source and

mechanism of invasion of the pathogen. Energy concepts may not

be useful to determine Cronartium spp. invasions but may be of

value if used to explain why other white rot fungi such as

Heterobasidium annosum (Fr.) Bref. or Phellinus weirii Murr.

attack certain species of trees.
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Further knowledge of the type and amount of phenolic

compounds present in root bark tissue of trees experiencing

optimum and stressed growing conditions may improve our

understanding of the relationship of Epd:Eas and

Eld:Eas with A. ostoyae infection rates. I could not fully

calculate the energy required to degrade the various phenolic

compounds to catechol because the type and amount of each

phenolic compound present in root bark tissue was not known.

If these compounds were known, the cost of phenolic degradation

could be more accurately estimated. If the enzymes involved in

phenolic degradation by ,. ostovae could be more accurately

identified, perhaps the host conditions that activate them

could be determined.

The jj vitro studies lent support to the greenhouse and

field studies. They confirmed that 1) phenolic compounds

inhibited A. ostoyae growth, 2) A. ostoyae growth was enhanced

when higher concentrations of sugars were present in the mediumS

and 3) . ostovae degraded lignin more rapidly when additional

sugars were incorporated In a basal medium. However, nitrogen

source or concentration did not affect lignin or cellulose

degradation by . ostoyae.

Other Armillaria isolates or species may not show similar

responses to culture parameters. However, other studies (Wargo

1972, 1977, Garraway 1975, Shaw et al. 1981) have indicated

that additional energy sources such as sugar increase the

growth and infection incidence of other isolates of A. ostovae.
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This thesis does not address other factors that may

influence Armillarla infection of host trees. Gibberellins and

auxins may play a significant role in the infection process

(Garraway 1975). Shaw et al. (1981) and Wargo (1984a) state

that ethanol production may stimulate Armillaria growth and

infection.

Although the infection process by A. ostoyae is poorly

understood, the energy relationship may be a new and useful

concept to explain the mechanism of pathogen invasion of host

tissues. This dissertation suggests that the phenolic:sugar

ratios E :E and E :E measured in secondary root bark
pd as id as

tissue may be an important parameter to predict the ability of

host trees to defend against Armillaria infection. Furthermore

the E :E and E :E measurements could provide
pd as id as

additional information as to why stressed trees are

preferentially attacked by pathogenic species of Armillaria.

Results of this dissertation suggest that management

practices that increase concentrations of phenolic compounds and

lignin while reducing sugar concentrations in root tissue would

provide host trees with increased resistance to , ostovae.

However, the effect of such silvicultural manipulations must be

balanced with an ecosystem approach. Silvicultural practices

which impart increased resistance to Armillaria infection may

predispose the stand to other forest pathogens or insects.

Therefore, implementation of new management practices should be

adopted only after a whole ecosystem analysis is completed.



BIBLIOGRAPHY

Alder, E. 1977. Llgnin Chemistry: Past, Present, and Future.

Wood Sd. Technol., 11:169-218.

Adams, 0. H. 1974. Identification of clones of Armillaria in
young growth ponderosa pine. Northwest Sd. 48(1):21-28.

Alvarez, A. 14., Benedict, A. A., and Mizumoto, C. V.
1985.Identificatlon of Xanthomonas campestris P. V.
campestris with monoclonal antibodies. Phytopath.

75:722-728.

Anders, P. and Erlksson, K. E. 1975. Influence of
carbohydrates on lignin degradation by the white rot fungus
Sporotrichium pulverulentum. Sven. Pupperstidn. 78:643-652.

Anders, P., and Eriksson, K. E. 1977. Selective degradation of

wood components by white rot fungi. Physiol. Plant.

41:239-241.

Anderson, 3. B. and Ulrich, R. L. 1982. Diploids of

Armillarla mellea: synthesis, stability and mating

behavior. Can. 3. For. Res. 60:432-439.

Anderson, 3. B., Petsche, D. 14., and Smith, M. L. 1987.

Restriction fragment polymorphisms in biological species of

Arinhllaria mellea. Mycologia 79(1):69-76.

Anderson, 3. B., Ulrich, R. C., Roth, L. F., and Filip, G. M.

1979. Genetic identification of clones of Armillaria

mellea in coniferous forests in Washington. Phytopath.

69:1109-1111.

Arno, S. F. 1980. Forest fire history in the northern

Rockies. 3. For. 78(8):460-465.

Arnon, 0. I. and Hoagland, D. R. 1940. Crop production in
artificial culture solutions and in soils with special

reference to factors influencing yields and absorption of

inorganic nutrients. Soil Science 50:463-485.

Bailey, N. T. 3. 1959. Statistical Methods in Biology.
English University Press, London, England. 200 pp.

Baker, K. F. 1987. Evolving concepts of biological control of

plant pathogens. Ann. Rev. Phytopath. 25:67-85.

Berry, 3. and Downton, W. 3. 1982. Environmental regulation

of photosynthesis. In R. Govindjee, (ed.). Photosynthesis

Development, Carbon Metabolism and Productivity, pp.

263-343. Academic Press, NY.

170



171

Birkland, P. W. 1974. Pedology, Weathering and Geomorphological
Research. Oxford University Press. 183 pp.

Cain, R. B. 1980. The uptake and catabolism of lignin related
aromatic compounds and their regulation in microorganisms.
In T. K. Kirk, 1. Higachi, and Hey-mm Chang (eds.).
Lignin biodegradation, microbiology, chemistry and
potential application. Volume I. CRC Press, Boca Raton,

Florida.

Cheo, P. C. 1982. Effects of tannic acid on rhizomorph
production by Armillaria mellea Phytopath. 72(6):676-679.

Chugg, J. C. and Fosberg, M. A. 1980. Soil Survey of Boundary

County Area, Idaho. USDA Soil Conservation Service. 72 pp.

Cochrane, V. W. 1958. Physiology of Fungi. John Wiley and

Sons, Inc. New York, N.Y. 524 pp.

Cooper, S. V., Neiman, K. E., Steele, R., and Roberts, D. W.
1987. Forest habitat types of northern Idaho: A second

approximation. USDA Forest Service General Technical
Report INT 236. Intermountain Forest and Range Experiment

Station, Moscow, ID 83843. 135 pp.

Crawford, D. 1. and Crawford, R. L. 1976. Microbial
degradation of lignin and cellulose: the lignin

component. Appl. Environ. Microbiol. 3l:(5)714-7l7.

Crawford, 0. L.., Crawford, R. L. and Pometto, A. L., [II.

1977. Preparation of specifically labeled 'C (lignin)
and 'C (cellulose) lignocelluloses and their
decomposition by the microflora of the soil. Appl.

Environ. Microbiol. 33(6)1247-1251.

Crawford, R. L. 1981. Lignin biodegradation and transformation.
John Wiley and Sons. New York, New York. 154 pp.

Cusson, Y. and Lachance, D. 1974. Antagonism between
Scytalidium liqnicola and two root rot fungi.
Phytoprotection 55:17-28.

Davidson, J. J. and Rishbeth, 3., 1988. Effect of suppression
and felling on infection of oak and Scots Pine by
Armillaria. Eur. 3. For. Path., 18:161-168.

Deiwiche, C. F., Graham, L. E., and Thomson, N. 1989.

Lignin-like compounds and sporopollenin in colechaete, an
algal model for land plant ancestry. Science, 245:399-401.

Dolbneva, 1. N., Darmograi, M. I., and Van Ching Hsiang.

1982. Energy of the peroxide bond in di-tert-butyl
peroxymuconate. V. sn L. Viv Politeleh Inst. 163:30-32.



172

Doster, M. A., and Bostock, R. M. 1988. Quantification of
lignin formation in almond bark in response to wounding
and infection by Phytophthora species. Phytopath.
78:473-477.

Entry J. A.. and Cromack, K., Jr. 1989a. The effect of light
and nitrogen limitation on western coniferous seedlings
response in Armillaria ostoyae infection. Phytopathol.
(in review).

Entry, J. A. and Cromack, K., Jr. 1989b. Phenolic compounds
inhibit Armillaria growth in vitro, pages 632-640 in
Proceeding of the Seventh International Conference on Root
and Butt Rots of forest trees. ed. D. J. Morrison Vernor
and Victoria B.C. Canada. August 9-16 1988.

Entry, J. A., Cromack, K., Jr., Kelsey, R. G., and Martin, N.
E. 1989. Effect of thinning and fertilization on second
growth Pseudotsua menziesii: Response to Armillaria
ostovae infection. Phytopath. (In review.)

Entry, J. A., Cromack, K., Jr., Hansen, E. and Waring, R. H.
1989a. The effect of light and nitrogen limitation in
western coniferous seedlings: response to Armillaria
ostovae infection. Phytopath. (In review.)

Entry, J. A., Donnelly, P. K. and Cromack, K., Jr. 1989. The
effect of carbon nutrition on lignin and cellulose
degradation by Armillaria ostovae (Romagn.) Herink].

Entry, J. A., Martin, N. E., and Cromack, K., Jr. 1986. The

effect of light and nutrient limitation on Armillaria
mellea attack on Pinus monticola seedlings. For. Ecol.

Manage. 17:189-198.

Entry, J. A., Martin, N. E., Cromack, K., and Stafford, S.
1986. The effect of light and nutrient limitation on
Armillaria mellea attack on Pinus monticola seedlings.
For. Ecol. Manage. 17:189-198.

Fenn, P. and Kirk, 1. K. 1978. Relationship of nitrogen to
the onset of ligninolytic activity and secondary
metabolism in Phanerochaete chrvsosporium. Arch.

Mlcrobiol. 130:59-65.

Fichter, B. L. 1984. Arboreal arthropod predation on early
instar Douglas-fir tussock moth. Unpublished Ph. D.

Thesis, Oregon State University, Corvallis.

Fichter, B. L. and Stephen, W. P. 1981. Time related decay in
prey antigens ingested by the predator Podisus
maculiventris (Hemiptera, Pentatomide) as detected by
ELISA. Oecologia 51 :404-407.



173

Fichter, B. L. and Stephen, w. p. 1984. Time related decay of
prey antigens ingested by arboreal spiders as detected by
ELISA. Environ. Entomol. 13:1583-1587.

Filip, G. M. 1979. Root diseases in Douglas-fir plantations
is associated with infected stumps. Plant Dis. Reptr.

63:580-583.

Filip, 6. M. and Goheen D. J. 1984. Root diseases cause
severe mortality in white and grand fir stands of the
Pacific Northwest. For. Sd. 30:138-142.

Filip, G. M. and Roth, 1. F. 1977. Stump injections with soil
fumigants to eradicate Armillaria mellea from young-growth
ponderosa pine killed by root rot. Can. 3. For. Res.

7:226-231.

Filip, 6. M. and Roth, 1. F. 1987. Seven chemicals fail to
protect ponderosa pine from Armillaria root disease in
central Washington. USDA Forest Service Research note
PNW-RN-640 Portland, OR. 8pp.

Fox, R. 1. V. and Hahne K. 1988. Prospects for the rapid
diagnosis of Armillaria by monoclonal antibody. In D.

Morrison (ed.) Proc. IUFRO Conf. Root and Butt Rots For.
Trees 7th. Vernon and Victoria B.C., Canada. pp.

Fries, E. M. 1821. Systenia mycologicum. Gryphiswaldiae.
(Cited in Watling et al. 1982).

Garraway, M. 0. 1975. Stimulation of Armillaria mellea growth
by plant hormones in relation to concentration and type of
carbohydrate. Eur. d. For. Path. 5:35-43.

Goodwin, 1. W. and Mercer, E. I. 1985. Introduction to Plant

Biochemistry. Pergamon Press, NY. 675 p.

Granlund, H. I., Jennings, 0. H., and Veltkamp, K. 1984.

Scanning electron microscope studies of rhizomorphs of

Armillaria mellea. Nova Hedwigia 39:85-100.

Hadfield, 3. S., Filip, G. M., Goheen, 0. 3., Harvey, R. E.
Jr., and Schmitt, C. L. 1986. Root diseases of Oregon

and northwest Washington conifers. Forest Pest

Management. Pacific Northwest Region, USDA Forest
Service, Portland, OR. R6-FPM-25O-86. 27 pp.

Hagerman, A. E. 1987. Radial diffusion method for determining
tannin in plant extract. 3. Chem. Ecol. 13(3):437-449.

Hansen, 3. and I. Moller. 1975. Percolation of starch and
soluble carbohydrates from plant tissue for quantitative
determination with anthrone. Anal. Biochem. 68:87-94.



174

Hsu, H. W. and Lawson, R. H. 1985. Comparison of mouse and
polyclonal antibodies of chicken egg yolk and rabbit for
assay of carnation etched ring virus. Phytopath.
75:778-783.

Hunt, R. S., Parameter, J. R., Jr., and Cobb, F. W., Jr.
1971. A stump treatment technique for biological control
of forest root pathogens. Plant Dis. Reptr. 55:659-662.

Jackson, M. L. 1958. SoIl Chemical Analysis. Prentice Hall,
Englewood Cliffs, N.J. 158 pp.

James, R. 1., Stewart, C. A. and Williams, R. E. 1984.

Estimating root disease losses in northern Rocky Mountain
national forests. Can. 3. For. Res. 14:652-655.

Johnson, D. W. and Thompson, D. H. 1975. Effect of
precortinercial thinning on ponderosa pine, Pinus ponderosa,

infected with Armillaria mellea. Plant Dis. Reptr.
59:308-309.

Julkunen-Tiito, R. 1985. Phenolic constituents of northern
willows: methods for the analysis of certain phenolics.
3. Agric. Food Chem. 33:213-217.

Karsten, P. A. 1879. Symbolae ad mycologiam Fennicam IV.
Hedwlgia 18:13. (Cited in Watling et al. 1982).

Kelsey, R.G. and Harmon, M.E. 1989. Distribution and variation
of extractable total phenols and tannins in logs of four
conifers after one year on the ground. Can. 3. For. Res.
19:1030-1036.

Khadikar, P. V., Das, A. K., and Deshmokl, P. S. 1978.
Formation constants of and thermodynamic parameters of
some polyhydroxy phenols. Current Science.
47(18) :672-674.

Kile, G. A. and R. Watling. 1983. Armillaria species from
southeastern Australia. Trans. Br. Mycol. Soc. 81:129-140.

Kirk, R. E. 1982. Statistical Analysis. Brooks/Cole
Publishing Co. Monterey, CA. 904 pp.

Kirk, T. K. 1981. Toward elucidating the mechanism of action
of the ligninolytic system in basidomycetes. Pages

131-148. In Alexander Hollaender (ed.) Trends in Biology
of Fermentations for Fuels and Chemicals, pp. 131-148.
Plenum Press, New York, NY.

Kirk, 1. K. and Highley, T. L. 1973. Quantitative changes in
structural components of conifer wood during decay by
white and brown rot fungi. Phytopath. 63:1338-1342.



175

Kirk, 1. K. and Moore, W. E. 1972. Removing lignin in wood
with white rot fungi and digestibility of resulting wood.

Wood Fiber 4:72-79.

Kirk, 1. K. and Shultz, E., Conners, W. J., Lorenz, L. F., and

Zeikus, J. G. 1978. Influence of culture parameters on

lignin metabolism by Phanerochaete chrysosporium. Arch.

Mlcrobiol. 117:277-285.

Korhonen, K. 1978. Interfertility and clonal size in the

Armillaria mellea complex. Karstenia 18:31-42.

Kosuge, 1. 1983. Carbohydrates in plant-pathogen
interactions. In W. Tanner and F. A. Loewus (eds.), Plant

Carbohydrates II. Extracellular Carbohydrates, pp.

584-615. Encyclopedia of Plant Physiology. New Series,

V-138.

Lavender, D. P. and Walker, R. B. 1979. Nitrogen and related

elements in forest trees. In S. P. Gessel, R. M. Kenady

and W. A. Atkinson (eds.), Forest Fertilization
Conference, pp. 15-22.. University of Washington,

Seattle, WA.

Leach, R. 1937. Observations on the parasitism and control of

Armillarla mellea. Proc. Roy. Soc., Lond. (Ser. B)

CXXXI :561-473.

Lin, C. P., and Chen, T. A. 1985. Production of monoclonal

antibodies against spiroplasma citr. Phytopath.

75:848-851.

Lung-Escarment, 8. and Dunez, H. 1980. Les proprieties
immunologiques un critere possible de classification de

1'Armillaire. Ann. Phytopath. 12:57-70.

Lung-Escarment, B. and Dunez, H. 1979. Differentiation of
Armillaria and clitocybe species by the use of
immuno-enzymatic ELISA procedure. Ann. Phytopathol.

11:515-518.

Lung-Escarment, B., Mohammed, C. and Dunez, H. 1985.

Nouvelles methods de determination des Armillaria

europeans: Immunologie et electrophorese en gel de

polyacrylamide. Europ. J. For. Path. 15:278-288.

MacKenzie, M., Shaw, C. G., III. 1977. Spatial relationships

between Armillaria root rot of Pinus radiata seedlings and

the stumps of indigenous trees. N.Z. 3. For. Sd. 8: (in

press).



176

Marshall, 3. D. and Waring, R. H. 1985. Prediction of fine
root production and turnover from accumulation and soil
temperature. Can. 3. For. Res. 15:799-800.

Marx, 0. H. 1969. The influence of ectotrophic mycorrhizal
fungi on the resistance of pine roots to pathogenic
fungi. I. Antagonism of mycorrhizal fungi to root
pathogenic fungi and soil bacteria. Phytopath. 59:153-163.

McDonald, G. E., Martin, N. E. and Harvey, A. E. 1986.

Occurrence, damage and ecological implications of
Armillaria in inland forests of the Western United
States. USFS Research Paper INT 381, Intermountain Forest
and Range Experiment Station, Moscow, ID.

Morrison, D. 3. 1967. Effect of hot-water soluble extractives
Thuf a plicata heartwood extractives on the growth of Thu.ia
and non-Thu.ia isolates of Poria weiril. Can. 3. Bot.,

47:1605-1610.

Morrison, 0. 3. 1981. Armillaria root disease: A guide to
disease diagnosis, development and management in British

Columbia. Can. For. Serv./Pac. For. Res. Ctr. Victoria,

BC. BC-X-203. 15 p.

Morrison. 0. 3. 1985. Species of differentiation in
Armillaria. In W. 0. Thies (ed.), 33rd Annual Western
International Forest Disease Work Conference, pp. 44-47.
Olympia, WA.

Morrison, D. 3., Wallis, 6. W. and Weir, L. C. 1988. Control

of Armillaria and Phellinus root disease from the shikimic
stump removal experiment. Information report BC-X-302,

Pacific Forestry Centre, Canada. 16 pp.

Morrison, D.3., Chu, 0., and Johnson, A. L. S. 1985. Species

of Armillaria in British Columbia. Can. 3. Plant Path.

7:242-246.

Munnecke, M., Kolbezen M.J., Wilbur W. 0., and Ohr. H. 0.
1981. Interaction involved in controlling Armillaria

meijea. Plant Disease 65(5):384-389.

Nelson, E. E., Pearce, M. H. and Malajczuk, N. 1988.

Competitive colonization of Kavi (Eucalyptus diversicolor)
stem sections by

Nygren, M. and Kellomaki, S. 1983. Effect of shading on leaf
structure and photosynthesis in young birches, Betula
pendula. Roth. and . pubescens. Ehrh. For. Ecol.

Manage. 7:119-132.



177

Orekhov, 0. A. and Malyl, L. p. 1976. Mycophages of

Fomitopsis annosum (Heterobasidion annosum). Mikol. i

Fitopat., Leningrad 10:414-418.

Pawsey, R. G., and Rahman M. A. 1976. Chemical control of

infection by honey fungus, Armillaria mellea: a review.

Arbor. 3. 2:468-479.

Pedley, LB., Naylor, R. 0., and Kirby, 5. p. 1986.

Thermochemical Data of Organic Compounds. Chapman and

Hall, New York, N.Y. 792 pp.

Penning de Vries, F. W. 1. 1975. The cost of maintenance

processes in plant cells. Ann. Bot. 39:77-92.

Pfister, R. 0., Kovallchik, B. L., Arno, S. F., and Presby, R.

C. 1977. Habitat types of Montana. USDA For. Serv.,

Intermountain Range and Experiment Station, Gen. Tech.

Rep. INT-34.

Quelet, L. 1872. Les champignons du Jurs et du Vosges.
Memoires de la Société d'Emulation Montbéliard, Ser. II,

5. (Cited in Watling et al. 1982).

Quelet, L. 1888. Flore mycologique de la Frances et pays

limitrophes. Paris. (Cited in Watling et al. 1982).

Radwan, M. A., and Shumway, 3. 5. 1983. Soil nitrogen and
phosphorus in relation to growth response of western
hemlock to nitrogen fertilization. For. Sci. 29:469-473.

Ray, 3. 1704. Historia Plantarum, Vol. 3. London. (Cited in

Watling et al. 1982).

Reaves, 3. 1., Allen, 1. C., Shaw, C. G., III, Dushek, W. V.,

and Mayfield, 3. E. 1988. Occurrence of virus-like

particles in isolates of Armillaria. 3. of Ultrastructure

and Molecular Res. 98:211-221.

Reaves, J. L., Shaw, G. G., III, Martin, R. E., and Mayfield,

3. E. 1984. Effects of ash leachates on growth and

development of Armillaria mellea in culture. USDA For.

Serv., Research Note PNW-418. 11 pp.

Redfern, 0. B. 1968. The ecology of Armillaria mellea in

Britain - Biological control. Ann Bot. 32:293-300.

Redfern, 0. B. 1973. Growth and behavior of Armillaria mellea

rhizomorphs in soil. Trans. Br. Mycol. Soc. 61:569-581.

Redfern, D. B. 1978. Infection by Armillaria mellea and some
factors affecting host resistance and the severity of the

disease. Forestry 51 :120-135.



178

Reid, I. 0. 1979. The influence of nutrient balance on lignin
degradation by the white-rot fungus Phanerochaete

chrysosporium. Can. 3. Bot. 57:2050-2058.

Rlshbeth, 3. 1972. Production of rhizomorphs by Armillaria

mellea from stumps. Eur. 3. For. Path. 1:193-205.

Rlshbeth, 3. 1976. Chemical treatment and inoculation of
hardwood stumps for control of Armillaria mellea. Ann.

Appi. Biol. 82:57-70.

Rishbeth, 3. 1982. Species of Armillaria in southern

England. Plant. Path. 31:9-17.

Rishbeth, 3. 1986. Some characteristics of English Armillaria
species In culture. Iran. Br. Mycol. Soc. 82(2): 213-218.

Rlshbeth, 3. 1988. Stump infection by Armillaria in

first rotation conifers. Eur. 3. For. Path. 18:401-408.

Roll-Hansen, M. and Swift, M. 3. 1975. Species of Armillaria

in southern Europe: a literature review. Eur. 3. For.

Path. 86:257-268.

Rose, C. L. 1989. ApplyIng the concept of growth
differentiation balance to predicting the nutrition
quality of Vaccinlum foliage in southeastern Alaska.

Ph.D. Dissertation. Oregon State Univ., Corvallis, Greg.

Roth, L. F., Shaw, C. G., III, and Rolph, L. 1977. Marking

ponderosa pine to combine commercial thinning and control

Armillaria root rot. J. of For., 75:644-647.

Rykowski, K. 1974. Investigations on the suitability of
PCP-Na for the control of Armillarla mellea, in Scots pine

plantations. Prace Inst. Bad. Lesn. 463/467, 159-176.
Engl. Transi. N.Z. For. Serv., Wellington 1975. 14 pp.

Rykowski, K. 1981. The influence of fertilizers on the
occurrence of Armillaria mellea in Scots pine plantations,

I. Evaluation of the health of fertilized and
nonfertilized plantations and the variability of ,. mellea

in the areas investigated. Eur. 3. For. Path., 11:108-119.

SAS Institute, Inc. 1982. SAS User's Guide to Statistics.
SAS Institute, Inc. Cary, N.C.

Scanlin, 0. C. and Loewenstein, H. 1978. Response of inland

Douglas-fir and grand-fir to thinning and nitrogen
fertilization in northern Idaho. In S. P. Gessel, R. M.

Kenady, and W. A. Atkinson (eds.), Forest Fertilization

Conference, pp. 82-88. Univ. Wash. Press, Seattle.



179

Seemann, 3. R., Sharkey, 1. D., Wang, J. L., and Osmond, C. B.

1987. Environmental effects on photosynthesis, nitrogen

use efficiency and metabolic pools in leaves of sun and

shade plants. Plant Physiol. 84:796-802.

Shaw, C. G., III and Roth, L. F. 1976. Persistence and
distribution of a clone of Armillaria mellea in a
ponderosa pine forest. Phytopath. 66:1210-1213.

Shaw, C. G., III and Roth, L. F. 1978. Control of Armillaria

root rot in managed coniferous forests. Eur. 3. For.

Path. 8(3):164-173.

Shaw, C. G., III. MacKenzie, M., Toes, E. M. A., and Hood, I.

A. 1981. Cultural characteristics and pathogenicity to
Pinus radiata of Armillaria novae - zelandiae and

Armillarla linerea. N.Z. 3. For. Sd. 11:65-70.

Shields, W. 3. and Hobbs, S. P. 1979. Soil nutrient levels

and pH assocIated with Armillaria mellea on conifers in

Northern Idaho. Can. J. For. Res. 9:45-48.

Singh, P. 1980. Armillaria root rot: Artificial inoculation
and development of the disease in the greenhouse. Eur.

Jour. For. Path. 10:420-431.

Singh, P. 1983. Armillaria root rot: Influence of soil

nutrients and pH on the susceptibility of conifer species

to the disease. Eur. 3. For. Path. 13:91-101.

Singh, P. 1983. Armillaria root rot: Influence of soil

nutrients and pH on the susceptibility of conifer species

to the disease. Eur. J. For. Path. 13:91-101.

Snedecor, W. G. and Cochran, W. G. 1980. Statistical methods,

7th ed. Iowa State University Press, Ames, Iowa. 354 pp.

Stanosz, 6. R., Patton, R. F., and Spean R. N. 1987.

Structure of Armillaria rhizomorphs from a Wisconsin Aspen

stands. Can. 3. Bot. 65:2124-2121.

Staude, F. 1857. Die schwänne Mitteldeutschlands insbesondere
des Herzogthums. Coburg. (Cited in Watling et al. 1982).

Steele, R. 6. and Torrie, J. H. 1980. Principles and

procedures of statistics: A biometrical approach, 2nd

ed. McGraw Hill, New York, N.Y. 354 pp.



180

Swift, ii. D. 1970. Armillaria mellea in central Africa:
studies on substrate colonization relating to the
mechanism of biological control of ring barking. In l.A.

Toussoun, R.V. Bega and P.E. Nelson (eds.). Root diseases

and soil borne pathogens, pp. 150-152. Univ. of

California Press, Berkeley, CA.

Thomas, H. E. 1934. Studies on Armillaria mellea Vahl. Quel.;
infection parasitism and host resistance. 3. Agric. Res.

48:187-218.

Tippet, 3. 1. and Shigo, A. L. 1981. Barriers to decay in

conifer roots. Eur. 3. For. Path. 11:51-59.

Townsend, B. 1954. Morphology and development of fungal

rhizomorphs. Trans. Br. Mycol. Soc. 37:222-233.

Vahi, M. 1790-1792. Flora Danica (t. 901-1020). Kisbenhaven.
(Cited in Watling et al. 1982).

Van Soest, P. 3. 1963. Use of detergents in the analysis of
fibrous feeds. II. A rapid method for the determination

of fiber and llgnin. 3. of the Assoc. Official Agric.

Chem. 46:829-835.

Van den Driessche, R. 1985,. Nutrient storage, retranslocation
and relationship of stress to nutrition. In G. 0. Bowen

and E. K. S. Nambiar (eds.), Nutrition of Plantation
Forests, pp. 181-210. Academic Press, N.Y.

Vance, C. P., Kirk, 1. K., and Sherwood, R. T. 1980.

Lignification as a mechanism of disease resistance. Ann.

Rev. Phytopath. 18:259-288.

Wargo, P. M. 1972. Defoliation induced chemical changes in
sugar maple roots stimulate growth of Armillaria mellea.

Phytopath. 62:1278-1283.

Wargo, P. f4. 1977. Armlllaria mellea and Aqrilus bilineatus
and mortality of dead oak trees. For. Sd. 14:485-492.

Wargo, P. 14. 1984a. How stress predisposes trees to attack by

Armillaria mellea: A hypothesis. In (ed.) 6. A. Kile,

Proceedings of the Sixth International Conference on Root
and Butt Rots of Forest Trees, pp. 115-121. Melbourne,

Victoria and Gympia Queensland, Australia, August 25-31,

1983.

Wargo, P. 14. 1984b. Changes in phenols effected by Armillaria
mellea in bark tissue of roots of oak. In G. A. Kile

(ed.), Proc. 6th IUFRO Conf. Root Butt Rots For. Trees.

pp. 198-206. Melbourne.



181

Wargo, P. M. and Shaw, C. G. III. 1985. Armillaria root rot:

The puzzle is being solved. Plant Disease 69(1O):826-832.

Waring, R. H. 1983. EstImating forest growth and efficiency
in relation to canopy leaf area. Adv. Ed. Res: 13:327-354.

Waring, R. W. 1985. Imbalanced ecosystems: Assessments and

consequences. For. Ecol. Manage. 12:93-112.

Watling, R., Kile, G. A., and Gregory, N. M. 1982. The genus
Armillaria-nomenclature, typification, the identity of
Armillaria mellea and species differentiation. Trans. Br.

Mycol. Soc. 78(2):271-285.

Weisel, C. 3. 1982. Soil Survey of Bonner County Area,

Idaho. USDA Soil Conservation Service. 199 pp.

Williams, R. E. and Leaphart, C. D. 1978. A system using
aerial photography to estimate area of root disease
centers in forests. Can. J. For. Res. 8:212-219.

Winjum, 3. K. 1963. The effects of lifting date and storage
on 200 Douglas-fir and Noble fir. 3. For. 61:648-654.

Zollfrank, V., Sautter, C., and Hock, B. 1987. Fluorescense
immunohistochemical detection of Arinillaria and
Heterobasidion In Norway spruce. Eur. 3. For. Path.

17:230-237.


