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ABSTRACT

Inonotus arizonicus (Aphyllophorales: Hyrnenochaetaceae) causes a 

white heartrot of Arizona and California sycamores and is known only 

from the Southwest In these hosts. _I. arizonicus fruits in culture 

within 4 weeks on malt extract agar medium and may sporulate heavily for 

a week or more. Basidiospores germinate readily and give rise to single 

spore isolates that also fruit and sporulate. The basidiocarps from 

these single spore isolates are morphologically identical macroscopical- 

ly and microscopically to those that develop from presumptive hetero- 

karyons derived from hasidiocarp tissue isolates and mass basidiospore 

cultures. Like all members of the Hyrnenochaetaceae, _I. arizonicus 

lacks clamp connections. Preliminary cytological investigations of the 

nuclear state have produced no evidence of differences between single 

basidiospore isolates and tissue isolates. These observations strongly 

suggest that _I. arizonicus is homothallic. Presumptive heterokaryotic 

tissue isolates from different locations produce a dark interaction zone 

when grown on the same plate or in wood test blocks. Homozygous matings 

do not form an interaction zone. Agar block decay tests show that 

single spore isolates show no significant differences in decay capacity 

from tissue isolates. I. arizonicus readily decays wood of several 

associated species (Arizona ash, Arizona black walnut, southwestern 

chokecherry, and netleaf oak) in standard wood test blocks although it 

does not occur on these hosts in nature.

vi



INTRODUCTION

Inonotus arizonicus Gilbn. has been found only on southwestern 

sycamores and is apparently the major cause of heartrot in Arizona syca

more (Platanus wrightii S. Wats.). Common along streams and canyons 2000 

to 6000 in elevation, sycamores develop large trunks and extensive root 

systems making them invaluable in preventing erosion. I. arizonicus, 

like all members of the family Hymenochaetaceae, lacks clamp connec

tions. Gilbertson (1969) characterized the fungus as having annual, 
brown basidiocarps, hooked setae, and small golden yellow spores. Decay 

develops as a uniform white rot In living trees (Figure 1) and continues 

in dead standing or fallen trees (Gilbertson, 1969, 1976). There is 

little information available on sexuality of species of Inonotus; the 

lack of damp connections complicates the distinguishing of homokaryons 

from heterokaryons. The objective of this work was to investigate the 

nuclear state of tissue and basidiospore isolates and to observe their 

fruiting behavior in culture. We attempted to determine the geograph

ical distribution of genetically distinct heterokaryons as well as the 

behavior of these isolates in sycamore test blocks by utilization of 

the heterogenic incompatibility reaction. The cultural morphology of 

the fungus was investigated, including temperature tests and oxidase 

reactions. Decay capacities of tissue and single spore isolates on 

sycamore and association species were compared using standard test 
blocks.
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Figure 1. Typical hear trot in. recently cut sycamore tree.
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MATERIALS AND METHODS

Cultural Studies

Seven Arizona Isolates of _I. arlzonlcus were obtained from the 

following sources: KJM 334 —  from mass basidiospore deposit, Canyon

del Oro, Santa Catalina Mts., Coronado Nat. For., Final County; RLG 

6245 —  from mass basidiospores, Guadalupe Canyon, Peloncillo Mts., 

Cochise County; RLG 7237 —  from basidiocarp tissue, Cave Creek, 

Chiricahua Mts., Coronado Nat. For., Cochise Co.; RLG 7738 —  from 

basidiocarp tissue, Guadalupe Mts., Cochise Co.; RLG 8350 from 

basidiocarp tissue, Carr Canyon, Huachuca Mts., Cochise Co.; RLG 

9951 —  from basidiocarp tissue. Sycamore Canyon, Santa Cruz Co.; RLG 

11166 —  from basidiocarp tissue, Lochiel, Santa Cruz Co. All cul

tures were grown on 2Z malt-extract agar (MEA) medium at approximately 

25°C. Cultural morphology was studied according to Nobles (1948). 

Tannic (TAA) and gallic (GAA) acid agar media (Davidson, Campbell and 

Blaisdell, 1938) and gum guaiac solution (Nobles, 1958) were used in 

tests for the presence of polyphenol oxidases. Capitalized color 

names are from Ridgway (1912).

Optimum growth temperature of heterokaryons was determined by 

growing isolates for 2 weeks on MEA at temperatures ranging from 10 

to 36°C. Thermal death point was found by incubating isolates from 

42-48°C for 24 hrs, then transferring them to fresh 2% MEA and in

cubating at 25°C. If the fungus failed to grow after 2 weeks, it was 

considered dead.
3
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Heterokaryotic Isolates were paired In all possible combinations 

by placing plugs of actively growing cultures on opposite sides of 60 x 

15 mo MEA petri plates and incubating them for 25°C. Isolates paired 

against themselves served as controls and all pairings were replicated 

at least 3 times. Hyphal interactions of opposing cultures were noted 

2 and 3 weeks after incubation. To determine if the observed interac

tions of pairings of heterokaryons occurred on a wood substrate as well 

as in culture sycamore test blocks were prepared as follows. Sapwood 

was cut into 8 x 2 x 2 cm blocks so that vascular elements were arranged 

lengthwise. Holes measuring 1 cm in diameter were drilled 3% cm Into 

the ends of each block, leaving approximately 1 cm of solid wood In the 

center. Blocks were then autoclaved for 1 hr. Holes were half filled 

with a 50/50 autoclaved mix of sycamore, sapwood and wheat ground in a 

Wiley Mill. Blocks were re-autoclaved in large petri dishes, then each 

hole was Inoculated with a plug from an actively growing culture. All 

heterokaryotic matings and controls previously made on MEA plates were 

duplicated in the sycamore blocks. Inoculated blocks were placed on 

glass rods in .sterile 8 oz French Square bottles containing 25 ml of 

gelled water agar. Three chambers were prepared for each pairing.

After 20 weeks incubation at 25°C, the blocks were removed and mycelium 

brushed off with soft nylon brushes. Blocks were sawed lengthwise to 

examine possible zones of isolate interaction.

All isolates fruited readily in culture, and spore prints were 

deposited on inverted petri dish lids. A non-quantitative dilution 

method was used to obtain single spore isolates. I. arizonicus lacks



clamp connections, so cytological staining with Giemsa stain (Rogers, 

1965) was attempted in an effort to distinguish presumed homokaryons 

from heterokaryons on the basis of the number of nuclei.

Single spore isolates were grown on 2% MBA and their morphol

ogy studied as for heterokaryons. Twenty-three single spore isolates 

obtained from stock culture RLG-8350 were mated in all possible com

binations on 60 x 15 mm petri dishes. After the two mycelia had met 

(approximately 2h weeks) plates were examined macroscopically to 

determine the apparent compatibility or incompatibility of the matings 

as indicated by interactions of opposing cultures.

Decay Study

The decay capacity of I. arizonicus was evaluated using stock 

cultures KMJ 334, RLG 7237, RLG 9951, and single spore isolates 334 (1) 

from KJM 334 and 9951 (1) from RLG 9951. Test blocks were prepared 

from sycamore and 4 associated riparian hardwoods. These included 

Fraxinus velutina Torr. (velvet ash), Juglans major (Torr.) Heller 

(Arizona black walnut), Prunus vixens (Woot and Standi.) Schreve 

(Southwestern chokecherry), Quercus reticulata (Netleaf oak). Sapwood 

was cut into l̂ s x 2 x 3 cm blocks and dried at 70°C for 4 days. After 

desiccation, test blocks were weighed, soaked in water for 24 hours, 

then autoclaved for 1 hr. Eight oz French Square bottles containing 

25 mis of MEA served as decay chambers. Sterile test blocks were 

placed on glass rods in the chambers and a piece of actively growing 

culture of _I. arizonicus was placed near the block. Five chambers

5
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chambers without the fungus were prepared for each wood type. After 

incubation at 25°C for 28 weeks, the blocks were removed from the 

chambers and cleaned with nylon brushes. The blocks were dried at 70°C 

for 5 days, placed in a desiccator for 2 hrs, then weighed. Percentage 

weight loss based on original oven-dry weight served as a relative 

measure of the decay capabilities of the isolates tested.

Electron Microscopy

Samples were prepared for observation with the transmission 

electron microscope as follows:

Fruiting bodies from 6 week old cultures of RLG 8350 were cut 

into 1 mm pieces and immersed for 4 hrs in pH 7.2 F0^m/15 buffer con

taining 3% (v:v) gluteraldehyde. Samples were then rinsed for 1 hr in 

several changes of the buffer and post-fixed for 2 hrs in buffer con

taining 1% osmium tettroxide. Following this treatment, fruiting body 

sections were rinsed 1 hr with buffer, stained for 12 hrs in a .5%

(w:v) aqueous uranyl acetate, and rinsed another hour in several 

changes of buffer. A graded acetone series was used to dehydrate the 

samples, with 1 hr allowed for each change and ending with 2 changes 

of 100% acetone. Thin sections were cut with a Sorvall KT-2B ultra- 

microtome using glass knives and floated onto 200 mesh copper grids 

coated with 0.3% (w;v) Formvar. A 5 minute poststain in Reynolds lead 

citrate was followed by several rinses in 0.2 N NaOH. Sections were 

evaluated using an Hitachi H—500 electron microscope using an accel
erating voltage of 50 or 75 kV.
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Specimens examined with the scanning electron microscope were 

prepared from the isotype of I. arizonicus (BLG-7738). Small pieces of 

fruiting body tissue were cut parallel to the tubes and fixed on 

mounting discs with Pelco Silver paste with the hymenial surface ex

posed. They were coated to a thickness of 15 nm with 60% paladium and 

40% gold. An ETEC autoscan was used to view the preparations.



RESULTS

Cultural Studies

Growth Characters

Growth moderate, radius from edge of Inoculum to edge of ad

vancing zone 24-44 nan at 14 days (Figure 2), some isolates covering 

surface of agar In 90 mm petri plates at end of 3 weeks; margin of ad

vancing zone even, generally adpressed; isolates forming yellow or 

white downy mat along outer margin; mat becoming blackish-brown around 

inoculum, then Prouts Brown, Bister, Honey Yellow, or Cream Buff, 

arranged In distinct concentric zones In some isolates; mycelium con

tinuous over plate; reverse brown In 2 weeks; fruiting within 5 weeks 

(Figure 3); growth on GAA rare, mat on TAA 15-20 mm diameter with 

occasional fruiting of isolates (Figure 4); moderate reaction with gum 

guaiac after 10 minutes.

Microscopic Characters

Hyphae of the advancing zone 1.5-6.0 u in diameter, thin-walled, 

simple septate, occasionally branched, occasionally septate, hyaline to 

light yellow; aerial mycelium 1-3 u diameter, branching as in advancing 

zone, occasionally present on outer margin of some isolates; hyphae of 

submerged mycelium dark to light yellow, of two types; smaller hyphae 

1.5-2 u, thin-walled; larger hyphae 4.5-6.0 u, thin-walled; larger 

hyphae 4.5-6.0 u, thin-walled, occasionally branched; occasional

8
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Figure 2. Two week cultures of isolates RLG 11166 (top) and 
RLG 9951 (bottom) on ME A.



Figure 3. Fruiting of isolate RLG 8350 on MEA.
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Figure 4. KJM 334 after 10 days on GAA (top); RLG 11166 after 
10 days on TAA (bottom).
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crystals present. Microscopic characters of basldlocarps from cultures 

are Identical with those described from nature (Figure 5).

The key pattern for _I. arizonlcus based on Nobles’ (1965) 
system is 2.6.32.37.39.43.48.54.57.

Temperature Relations

Average growth for 3 heterokaryo11c isolates of _I. arizonlcus 

on 2% MEA measured from the edge of the Inoculum to the edge of the 

advancing zone at 6 constant temperatures after 14 days was as follows: 

10 C —  trace} 24 C —  53.1} 28 C —  55.8} 30 C —  55.5} 32 C —  

38.7} 36 C —  trace. Optimum: 28 —  30 C.

The thermal death point for all isolates was approximately 48 

C. At least one plate of each isolate recovered after exposure to 

46 C, but growth was not obvious until 1 week after replating. In

cubation at 48 C was lethal.

Heterokaryotic Matings

Pairings on MEA between heterokaryotic isolates from different 

locations resulted in incompatibility reactions similar to those 

described in other species by other workers (Mounce, 1929} Verrall,

1937} Childs, 1963} Barrett and Usculplc, 1971} Adams, 1974} Shaw and 

Roth, 1976} Adams and Roth, 1967} Rayner and Todd, 1978). Results are 

presented in Table 1 and Figure 6. All reactions were rated as either 

compatible or weakly to strongly antagonistic using the following 

criteria. A compatible (-) reaction resulted in complete intermin

gling of cultures. Weak to moderate antagonism (+) existed if a 1-3 mm 

interaction zone with no hyphal growth formed between cultures. The
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Table 1. Interactions of I_. arlzonlcus heterokaryons on MEA.

KJM- HHB-* RIG- RLG- RLG- RLG- RLG-
334 6245 7237 7738 8350 9951 11166

KJM-334 - ++ ++ ++ + + ++

HHB-6245 - ++ + + ++ ++

RLG-7237 - ++ 4+ + ++

RLG-7738 - ++ + ++

RLG-8350 - ++ ++

RIG-9951 1 - +

RLG-11166

(-) No Interaction zone

(+) Weak to moderate interaction zone

C++) Strong interaction zone
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Figure 6. Antagonistic reaction between different heterokaryotic 
isolates of I. arizonicus.
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Interface margins of each opposing mat were characterized by a dense 

buildup of hyphae which in some cases turned unusually dark. In rare 

Instances the fungi grew directly up to one another but no intermin

gling of mycelia occurred and a thin zone of darkly pigmented hyphae 

divided the two mats. Strong antagonism (++) was typified by aver

sion zones of up to 10 mm separating cultures. Darkly pigmented hyphae 

formed at the interface of one or both opposing mats, forming distinct 

zones of demarcation.

When observed with a light microscope, the darkly pigmented 

hyphae present in incompatible matings appeared completely knotted and 

wound around each other. Preparing this tissue for observation was 

difficult, as the knots of hyphae were very tough and almost impos

sible to squash.

All pairings of different heterokaryotic isolates resulted in 

some degree of antagonism; isolates paired against themselves grew 

together to form a single uniform mat and were considered completely 

compatible.

Results of pairing different heterokaryotic isolates in 

sycamore test blocks are shown in Table 2 and Figure 7. A compatible 

reaction was determined by the lack of any permanent staining of the 

wood between opposing cultures. Antagonism was characterized by an 

obvious darkly stained zone present in the wood between opposing 

isolates. A particular pairing was considered antagonistic if at 

least 2 of the 3 test block replications developed dark zones.

Cytological staining of various cultures of I. arizonicus re

vealed no consistent difference between the number of nuclei in cells
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Table 2. Interactions of heterokaryons of JC. arizonicus in Sycamore 

sapwood test blocks.

KJM-334 RLG-8350 RIG-9951 RIG-11166

KJM-334 - / + + + 

RLG-8350 - + + 

RIG-9951 - + 

RIG-11166

(-) Compatible reaction; no dark Interaction zones or lines formed in 
wood blocks.

(+) Antagonistic reaction; formation of dark interaction zones in wood 
between opposing cultures.



Figure 7. Antagonistic reaction between heterogenic matings of JN arizonicus (top 
row); compatible reaction between homogenic matings of _I. arizonicus 
(bottom row). h
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of a single spore Isolate and in cells of its parent tissue isolate.

The single hyphal cells examined appeared to be irregularly raultinucle- 

ate, with one or no nuclei present in some cells and 3 or 4 nuclei per 

cell in others.

Cultural characteristics of single spore isolates such as 

growth rate were identical to those of parent isolates in almost every 

case. Over 150 single spore isolations were made during this study, 

and 90% of these fruited regularly in culture, producing setae and 

sporulating readily as did tissue isolates. Pairings of the 23 single 

spore isolates of RLG-8350 resulted in two types of interactions 

(Figure 8). Opposing cultures either intermingled freely or did not 

grow together and were separated by a narrow area of no mycelial 

growth. No pattern emerged that would indicate the presence of a 

typical bipolar or tetrapolar mating system.

Results of the decay test are shown in Table 3. Although 

single spore isolates caused smaller weight losses than their parent 

isolates in almost every instance, the difference was not considered 

significant.

Transmission electron microscopy revealed the presence of 

dolipore septa (Figure 9), previously unreported for the family 
Hymenochaetaceae.
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Figure 8. Reactions between matings of single spore isolates 
of RLG 8350.
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Table 3. Average weight loss of test blocks expressed as percent of 
original oven dry weight.

Isolate

Substrate
KJM-
334

RIG-
7237

RLG-
9951

KJM-
334(1)

RIG- 
9951 (1) Control

Arizona
sycamore 19.01 18.30 18.57 15.71 14.02 .59

Arizona black 
walnut 28.22 25.23 29.58 25.84 24.39 .55

Netleaf
oak 27.47 20.21 29.67 22.77 23.71 1.96

Southwestern
chokecherry 8.87 8.64 8.50 8.47 7.86 .58

Velvet
ash 11.78 12.89 13.39 11.90 11.81 1.28



Figure 9. TEH of hyphae from culturally produced Basidiocarp 
showing dolipore septa (arrow). Mag x 4500.



DISCUSSION

As indicated by antagonistic reactions of different tissue iso

lates paired in culture and in sycamore test blocks, the population of 

_I. arizonicus in nature consists of genetically isolated individuals. 

The formation of "demarcation lines" and/or aversion or interaction 

zones between heterokaryons has been used by other workers (Adame and 

Roth, 1967; Barrett and Usculpic, 1971; Childs, 1963; Rayner and Todd, 

1977; Shaw and Roth, 1976) to indicate the presence of genetically dis

tinct mycelia within a population of a wood-rotting fungus. The pat

tern of interaction between races or clones of I. arizonicus is 

consistent with Esser and Kuenen’s (1967) definition of heterogenic 

incompatibility within a species.

The mechanism of this antagonistic reaction remains unknown, as 

does the possible evolutionary significance of such behavior. Rayner 

and Todd (1978) noted a limited fusion of the hyphae of antagonistic 
dikaryons of Coriolus versicolor (L. ex Fr.) Quel, paired in culture.

Barrett and Usculpic (1971) prepared electron micrographs of 

mycelia from the interaction zones of opposing cultures of Phaeolus 

schweinitzli (Fr.) Pat. and observed hyphae in various stages of cyto

plasmic disruption. They associated these damaged cells with the dis

colored and knotted hyphae along the interface of two antagonistic 

cultures. 2* arizonicus develops knotted, distorted and discolored 

hyphae along many of the confrontation zones of opposing heterokaryons.
23
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Indicating a probable inability of genetically distinct mycelia to ex

change genetic information or to even coexist near each other. This 

contradicts the idea of the unit mycelium created by the fusion of 

hyphae of different individuals of the same species, as advocated by 
Duller (1931) and Burnett and Partington (1957).

The existence of heterogenic incompatibility within a partic

ular species of wood-decaying fungus has been used to establish natural 

field distributions and dissemination mechanisms. Bayner and Todd 

(1978) found a single birch stump to be colonized by many genetically 

distinct isolates of Coriolus versicolor, with each isolates* decay 

column delimited by a dark, undecayed zone line in the wood. This 

pattern suggested numerous infections under favorable conditions by 

basidiospores from many different sources. Using the development of 

demarcation lines in cultures to distinguish between clones, Shaw and 

Both (1976) found all isolates of Armillaria mellea (Fr.) Quel, from a 

600-hectare area to belong to a single clone. Spread of the fungus 

was obviously vegetative, probably from a single point of origin. 

Barrett and Usculpic (1971) studied Phaeolus schweinitzii populations 

in Sitka spruce plantations in England. On the basis of "interaction 

zones" formed between heterogenic rot isolates, they concluded that 

individual trees are usually colonized by "one strain" of 

schweinitzii not normally found in any other tree. From this occur

rence of different strains, even in adjacent trees, they postulated 

that basidiospores are important in the infection process and that 

schweinitzii does not move from tree to tree through root contacts.
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The formation of dark zone lines in wood at the Interface of 

opposing Incompatible isolates of arizonicus can be induced experi

mentally . However it was not practical to examine the sycamore heart- 

wood of infected trees to observe the possible occurrence of this 

phenomenon in nature. All isolates of I. arizonicus used in this 

study were obtained from geographical areas 50 miles or more apart, 

excepting RLG 6245 and RLG 7738 collected within 2 miles of each 

other. Since the fungus is not a root pathogen, vegetative spread is 

an unlikely distribution method. Arizona sycamores exist in fairly 

isolated groupings, along streambeds and canyons at 2000 to 6000 ft 

elevation. They grow to be very large and up to 300 years old.

Their extensive root systems and huge trunks may be injured countless 

times by rocks and debris carried in swift-moving streams; wind and 

particularly water borne spores of I. arizonicus probably utilize 

these infection courts.

We believe I. arizonicus to be homothallic. Although a few 

matings of single spore isolates from RLG 8350 exhibited antagonism, 

there was no indication of a typical bipolar or tetrapolar mating 

system. Single spore isolates of _I. arizonicus have the same cultural 

morphology as tissue isolates and produce fertile fruiting bodies 

microscopically identical to those of tissue isolates. There are 

reports (Amburgey, 1965; Barnett and Lilly, 1947; Esser and Stahl, 

1975; Brotzman and Gilbertson, 1967) of monokaryotic fruiting of 

heterothallic fungi such as Gloeophyllum trabeum (Pers. ex Fr.)

Murr., Tyromyces undosus (Pk.) Murr., and Polyporus ciliatus Fr. ex
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Fr., with up to 60% of all single spore isolates fruiting. Single 

spore isolates of_I. arlzonicus formed fruiting bodies that varied 

greatly in gross morphology, but 90% of the 150 monokaryons isolated 

fruited regularly.

The multlnudeate condition of the hyphae of I. arlzonicus tis

sue isolates is shared by other members of the Symenochaetaceae such as 

_I. cutlcularis and JC. rheades. According to Boldin (1971) this type of 

nuclear behavior would distinguish _I. arlzonicus as holocenocytic, a 

category characterized by spores with one or two nuclei germinating 

into a mycelium with plurinucleate cells. Boldin states that 45 

lignicolous fungi listed as holocenocytic are all homothallic.

A lower decay capacity indicated the level of wood-decaying 

enzymes was probably less in single spore isolates over the period of 

Inoculation. Handels and Reese (1957, 1960) have reported fungal 

cellulases to be adaptive rather than constituittive. Since single 

spore isolates had never been exposed to woody substrates before the 

decay test, their lignases and cellulases were either at low levels or 

were synthesized de novo. Tissue isolates only recently cultured on 

MEA probably possessed higher constituitive levels of the necessary 

enzymes or were more efficient at de novo synthesis due to their long 

growth in woody tissue.

Inonotus arlzonicus is apparently a homothallic fungus existing 

as genetically distinct isolates within the species. This type of 

sexual behavior and vegetative isolation of genetically different 

mycelia probably resulted from long periods of separation of different



mycelia In. isolated canyons and arroyos of the Southwest. It Is prob

able some Interchange of genetic Information occurs between single 
spore Isolates from the same or different fruiting bodies but this ex

change is not controlled by sexual mating factors.

27
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