
M~~ologiu,  82(3),  1990, pp. 332-341.
0 1990, by The New York Botanical Garden, Bronx, NY 10458-5126

THE GENETICS OF SEXUAL INCOMPATIBILITY IN THE
INDIAN PAINT FUNGUS, ECHINODONTIUM TINCTORIUM
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ABSTRACT

Basidiocarps of Echinodontium tinctorium were collected from three widely separated localities in
Idaho and Arizona. Freezing basidiospore prints at - 20 C for ten weeks stimulated germination. The
role of low temperatures in breaking spore dormancy is discussed relative to environmental adaptation.
Single-spore isolates of a single basidiocarp from each location were paired separately in all possible
combinations. Four mating types were identified from each basidiocarp in I&ho. Four types of mac-
roscopic interactions were observed in pairings between sympatric isolates. Basidiospores and cells of
hyphae derived from basidiospores were monokaryotic (uninucleate), lacked clamp connections, and
appeared haploid. Heterokaryotic hyphae derived from compatible matings were dikaryotic, exhibited
clamp connections, and resembled generative contextual hyphae of basidiocarps. Complete intercom-
patibility between allopatric isolates demonstrated that the incompatibility factors were multiallelic.
The fungus apparently does not fruit in culture, although mating results and cytological data indicate
that it is heterothallic with a bifactorial (tetrapolar) mating system in which sexual incompatibility is
controlled by multiple alleles at two loci on separate chromosomes.
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genetics

Echinodontium tinctorium (EL  & Ever.) Ell.
& Ever., the Indian paint fungus, is considered
the most serious cause of heartrot  and volume
losses in western species of living true firs (Abies
spp.)  and hemlocks (Tsugu  spp. ) ,  part icular ly  in
mature and overmature stands (Maloy, 1967).
The fungus is infrequently found on species of
Picea  and Pseudotsuga. It occurs sporadically
throughout  western North America  in  coniferous
forest  associat ions  of  predominant ly  cold moun-
tainous areas from Mexico to Alaska. Distribu-
tion of E. tinctorium does not extend to eastern
North America or elsewhere in the world (for
taxonomic description, see Gilbertson and Ry-
varden, 1986).  Decay develops as a physiological
white rot in the heartwood and advances until
an extensive decay column predisposes the tree
to wind throw or  bole  break.

Ellis and Everhart  (1895) originally described
the fungus as Fames tinctorius Ell. & Ever., but
after  exqmining  more complete  specimens,  they
(Ellis and Everhart, 1900) renamed the fungus
Echinodontium tinctorium. Several nomencla-
tural and taxonomic synonyms have been pro-
posed (see Maloy, 1967),  but none were widely
accepted. Presently, the species may be mono-
typic  in  North  America ,  s ince  E.  bal loui i  (Bank-
e r )  G r o s s  (= Steccherinum bal loui i  Banker),  the
only other  indigenous species  recognized,  could

be extinct (Gilbertson and Ryvarden, 1986).
Mayers (1932) probably described the first

attempt to determine the sexuality of E.
tinctorium. He was able to obtain only a few
single-spore isolates because of the low rate of
basidiospore germination. He observed that
monosporous cultures  lacked c lamp connect ions
and he paired the isolates in all possible com-
binations. Only two compatible pairings were
observed as  indicated by c lamp connect ion for-
mation. Mayers (1932) concluded that E. tinc-
torium was a heterothallic species, but he was
unable to determine its mating system. Miller
(1962) also reported an absence of clamp con-
nections on hyphae derived from germinating
spores .

Few aspects of the biology, ecology, and life
his tory  o f  E. t inctorium are well  understood,  de-
spite extensive research (Maloy, 1967). The ob-
jectives of this study were to develop a more
eff ic ient  means  of  s t imulat ing spore  germinat ion,
to determine the mating system and nuclear  con-
di t ion during i ts  l i fe  cycle ,  and to  invest igate  in-
tercompat ibi l i ty  between a l lopatr ic  i so lates .

MATERIALS AND METHODS

Frui t ing body col lect ions  and sporulat ion.  -Sin-
gle  bas idiocarps  of  E. t inctorium f rom three  s i tes
were  ut i l ized to  obta in  s ingle-spore  i solates  for
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spore germination and mating studies .  The col-
lect ions  were  obtained from the  fo l lowing sources
and locations:  ADW-LP 160 ID on Abies grandis
(Dougl.) Lindl., near Disalto Creek Trail at the
base of Strychnine Ridge and Sandy Mtn., ad-
jacent to Laird Park, St. Joe Nat. Forest, Latah
Co., Idaho; ADW-BP 230 ID on A. grandis,  at
Black Pine Cabin Picnic Area near Waha, Craig
Mtns., Nez Perce  Co., Idaho; and ADW-SH 310
AR on Abies concolor  (Gord. & Glend.) Lindl.,
near Summerhaven, Mt. Lemmon, Santa Cata-
lina Mtns. ,  Coronado Nat.  Forest ,  Pima  Co. ,  Ar-
izona. The basidiocarps were collected during
peak sporulation periods in late September to
early November and late March to early May
(Maloy, 1961, 1963). The three specimens were
deposited at the Washington State University
Mycological Herbarium (WSP) in Pullman.
Accession numbers  of  the  specimens are  ADW-
LP 160 ID = WSP 69527, ADW-BP 230 ID =
69528, and ADW-SH 310 AR = WSP 69529.

Each basidiocarp was placed on pieces of  Saran
Wrap stretched over corrugated cardboard
frames.  Sporulat ion was induced by placing the
basidiocarps under sealed tents of Saran Wrap
or plastic bags containing small dishes of distilled
water to form high humidity chambers. The
chambers were refrigerated at 4 C to minimize
contaminat ion of  spore  pr ints  and prolong spor-
ulat ion.  Sporulat ion usual ly  commenced within
seven days.  Spore prints were stored at  4 C under
low humidity to minimize respiration of food
reserves .

Basidiospore  germinat ion induct ion and homo-
karyon isolat ions .  -Port ions  of  spore  pr ints  tak-
en from basidiocarps collected before freezing
temperatures occurred in the f ield were frozen at
either -4 C or at -20 C under low relative hu-
midity for 9-10 weeks. Spore prints which had
never been frozen served as  controls .  Free-casted
basidiospores  were  suspended in  s ter i le  dist i l led
H,O  and vigorously  vortexed.  Spore  suspensions
were adjusted to known concentrations of 3.5-
4.0 x lo4  spores/ml using a Hausser hemocy-
tometer.  This concentration range provided op-
timum numbers  of  suff ic ient ly  separated spores
to  a l low observat ions  of  individual  germ tubes .
Approximately 2 ml of each spore suspension
were plated onto 4.5% Difco malt agar (MA)
containing 0.1% streptomycin sulfate in 9.0 cm
plastic Petri dishes. The plates were air-dried 1
h, sealed with Parafilm, and incubated at 21 C.

Fif teen repl icate  plates  receiving ident ica l  spore
concentrations and suspension volumes were
prepared for  each treatment.  Fresh spores began
germinating within 3-4 days after plating. Ger-
minat ion data  were  taken microscopical ly  from
a 784 mm2  sample area at 5-day  intervals after
plat ing.

Germinat ing s ingle  spores  were  cut  out  f rom
the agar  surface  of  spore  di lut ion plates  using a
fine needle under a 90 x stereoscope and trans-
ferred to 9.0 cm MA plates. Pure cultures of
homokaryot ic  i solates  were  s tored on MA slants
at 4 C and high relative humidity in the dark.
Cultures (ATCC 66 178-66 183) ofrepresentative
monokaryot ic  and dikaryot ic  i solates  are  avai l -
able  from the American Type Culture Col lect ion.

Mating system,  interfert i l i ty ,  and cytological  in-
vest igat ions.  -Mating studies were conducted by
separate ly  pair ing homokaryot ic  i so lates  of  a  s in-
gle basidiocarp from each collection site. Sixty
single-spore  isolates  f rom ADW-LP 160 ID were
divided into six groups of 10  isolates that were
each paired in al l  possible  combinations on MA
plates and incubated at 22 C under ordinary al-
ternating day and night conditions in the labo-
ratory.  Thirty  homokaryons from ADW-BP 230
ID and five homokaryons from ADW-SH 310
AR were each paired separately in all possible
combinat ions.  Isolates  paired against  themselves
served as controls. All plates were examined
macroscopically and microscopically for inter-
act ions between opposing colonies  1  O-l  2  weeks
af ter  pair ing.  Samples  for  microscopic  s tudy were
taken from the contact zones and margins of
paired isolates  and examined for  c lamp connec-
tions and atypical structures associated with il-
legi t imate  or  incompat ib le  mat ings .  Dikaryons
from compatible pairings were subcultured to
determine i f  the  dikaryot ic  condit ion was stable .
Compatible  pair ings  (+)  were recorded only when
abundant clamp connections formed in the con-
tact zone. Incompatible pairings (-) were indi-
cated by the presence of few or no clamp con-
nections. Strong aversion zones (barrage
reactions)  and pseudoclamps were interpreted as
interact ions between common B al le les  (uncom-
mon A) according to convention (Raper, 1966;
Boidin, 1986). Macroscopic interactions in di-
mon pair ings  were  recorded for  comparison with
those  observed in  pair ings  of  monokaryons.

Tester strains of each mating type (ATCC
66178-66181) from ADW-LP 160 ID were se-
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lected  and paired in all possible combinations
with mating types from each group of ten isolates
in the collection to determine the genotypes of
all 60 isolates. Similarly, tester strains repre-
senting mating type alleles from each collection
were paired in all possible combinations to de-
termine the intercompatibility between allopat-
ric isolates, i.e., those originating from different,
or divided,  geographical  locali t ies (Boidin,  1986).

The nuclear condition of basidiospores and
hyphae was investigated using a Giemsa proce-
dure highly modified from Ward and Ciurysek
(1961). Preparation of slide cultures of homo-
karyotic and heterokaryotic mycelia followed
Riddell  (1950).  When hyphae had grown out suf-
ficiently,  they were air-dried for 5-10 min at  room
temperature. The hyphae were covered with fil-
tered, 0.025% Haupt’s adhesive in a 4% formalin
solution (Bissing, 1974) and heated at 40-45 C
overnight. The slides were stored indefinitely at
this point until processing. Hyphae were hy-
drated 5-7 min in 60 C distilled H,O  and hy-
drolyzed 2 min in 5 N HCl at  60 C. The hydration
step was omitted for nuclear staining of basid-
iospores.  Basidiospores were hydrolyzed for only
30-60 sec. Slides were subsequently rinsed four
times for 1 min intervals each in separate con-
tainers of distilled H,O  and in 0.15 M potassium
phosphate buffer, pH 6.5 or 7.2. Slides were
placed in a 1:25  Giemsa stain-potassium phos-
phate buffer solution for 30-60 min, rinsed 10
set  in buffer, dipped in 0.0 1% v/v Tween-20 de-
tergent for 5 set,  and blotted to remove excess
moisture around the specimens.  Nuclei  were dif-
ferentiated in a 19: 1, 14:6, and 6: 14 acetone/
xylene series for 20-40 set  each followed by three
changes of pure xylene. Basidiospores were treat-
ed in the acetone/xylene series for only 5 set  at
each step to avoid excessive destaining. Per-
manent slide mounts were prepared with several
drops of Coverbond (Harleco) or Permount
(Fisher Scientific Co.) resin and heated at 45 C
until dry (Wilson, 1988).

R E S U L T S

Germination induction. -Germination rates of
spores frozen dry at - 20 C for 9- 10 weeks were
significantly greater (P = 0.05) than those of spores
that had never been frozen. Spores frozen at - 20
C germinated at  rates that increased from < 1 .O%
after 5 days to > 1.5%,  15 days after plating.
However, spores frozen at -4 C for the same
durat ion did not  show signif icantly increased ger-

mination (0.03%) when compared with the ger-
mination rates of spores that were never frozen
(~0.01%). More than 90 monosporous cultures
were obtained from basidiospores frozen at
-20 c.

Mating system and intercompatibi l i ty  s tudies .  -
Pairings between homokaryons of  E. t inctorium
from single-basidiocarp collections at two loca-
tions in northern Idaho provided consistent
results. All six 1 O-isolate mating studies of ADW-
LP 160 ID showed that each monosporous iso-
late belonged to one of four mating types and
was compatible with only one of the other three
mating types.  Tester strains,  representing the four
mating types of ADW-LP 160 ID, were paired
with mating types identified from each of the six
lo-isolate groups of the same collection.  In each
case, each isolate was compatible with only one
of the four  tester  s t rains permit t ing designat ions
of mating types for  al l  60 isolates.  Results  of  each
1 O-isolate s tudy and tester  s train crosses of  these
sympatric isolates were presented previously in
more detail (Wilson 1988). Such mating incom-
patibility behavior resulted in a typical bifacto-
rial (tetrapolar) pattern. Mating tests with 30
homokaryons from ADW-BP 230 ID resulted in
the same pattern with four mating types identi-
fied (FIG. 1). However, only five homokaryons
representing three mating types were recovered
from ADW-SH 3 10 AR. Nevertheless, retrieval
of three mating types among a few spores cast
by a  s ingle  basidiocarp is  s t rong presumptive evi-
dence for a tetrapolar mating system.

Dikaryotic generative hyphae with numerous
clamp connections were observed in the contact
zone between colonies of compatible mating types
lo-12  weeks after plating. Dikaryotic mycelia
resulting from compatible matings did not differ
macroscopically from the mycelium in colonies
of the two mating types from which they were
derived. Fruiting bodies were never formed or
initiated in the cultures of compatible pairings
or from subcultured dikaryotic mycelia derived
from compatible matings.  Hence,  the component
mating types could not be recovered from the
dikaryons formed in compatible crosses. Het-
erokaryotic mycelia subcultured from compati-
ble pairings indicated a stable dikaryotic con-
dition. Control pairings (self crosses) of all
homokaryotic isolates with themselves were neg-
ative for clamp connection formation as were all
pairings between isolates of  the same mating type.

Four types of macroscopic interactions were
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observed between paired colonies of single-spore
isolates (FIG. 2A,  B). Criteria used to designate
specific mating type alleles are summarized in
TABLE I. Compatible pairings (A#B#)  were the
only cases where numerous true clamp connec-
tions formed in the contact zone and the dikary-
otic  condition expanded gradually away from
the line of contact. Colonies of compatible iso-
lates grew together and freely intermingled with
little or no zone of aversion (FIG. 2A). Common
A pairings (A=B#)  macroscopically resembled
A#B# pairings, although there appeared to be
less intermingling of hyphae between the colo-
nies  (F IG.  2A). However, clamp connections were
not observed in the contact zones of A=B+
crosses. Common A pairings, in general, did not
appear to have any consistent macroscopic in-
teractions, although absence of hyphal massing
between paired colonies and reduced aerial hy-
phae (the “flat” reaction) was occasionally as-
sociated with A=B# pairings. Likewise, A=B#
pairings formed simple septa and shared no con-
sis tent  microscopic character is t ics  to  dis t inguish
them from other interactions. Common B pair-
ings  (A#B=)  were usually characterized by a well-
developed zone of aversion, commonly referred
to as the “barrage reaction” (FIG. 2A),  often ac-
companied by a fine dark reaction line in the
aversion zone seen more clearly on the reverse
(FIG. 2B). Small numbers of clamp connections
and pseudoclamps were found occasionally in
the aversion zones of some APB=  pairings.
Pseudoclamps appeared to be hook cells that
failed to fuse with the subterminal cell .  Two types
of macroscopic interactions were associated with
A=B= pairings, i.e., between isolates with both
A and B alleles in common (FIG. 2A,  B): 1) a
barrage reaction usually weaker than those ob-
served in A#B=  pairings and lacking a dark re-
action line on the reverse (F IG.  2B); and 2) hyphal
massing between paired colonies in the contact
zone. Hyphal massing is sometimes referred to
as the “barrier reaction” in which the massing
or hyphae indicates a barrier between interacting
colonies that are totally incompatible and of the
same mating type. A fine dark reaction line was
occasionally observed in associat ion with hyphal
massing, but no aversion zone was formed. The
dark reaction lines and hyphal massing associ-
ated with di-mon pairings were more intense than
those observed in A=B= al lel ic  interact ions (F IG.
2A,  B). Mycelia  of single-spore isolates paired
against  themselves grew together freely without
defini te  s igns of  interact ion.

FIG. 1. Mating results for pairings between single-
spore (monokaryotic) isolates (6 l-90) of E. tinctorium
derived from Idaho collection ADW-BP 230 ID. (+)
= compatible reaction; (-) = incompatible reaction.

Tester strains were utilized in intercompati-
bility crosses between allopatric isolates, repre-
senting mating types from the three collections
of E. t inc tor ium in Idaho and Arizona, to deter-
mine if they were intercompatible and if multiple
alleles for incompatibil i ty were present in nature.
Although only two mating type al leles  were iden-
tified at both A and B loci in each collection, all
matings between al lopatric isolates from the three
collections were compatible. Complete inter-
compatibility demonstrated that the three pa-
rental  dikaryotic isolates did not share any alleles
for incompatibility. Genotypes designated for
each isolate from the two Idaho collections are
as fol lows:
ADW-LP 160 ID:

A,B,--1,  2, 6, 10, 14, 19, 21, 22, 24, 31, 33, 36,
43, 45, 49, 58, 60

A,B,-3,  4, 5, 9, 12, 16, 20, 25, 27, 28, 30, 39,
42, 50, 54, 55, 57

A,B,-8,  11, 13, 15,23, 32, 37, 38,41,47,  52, 53
A,B,-7,  17, 18, 26, 29, 34, 35, 40, 44, 46, 48,

51, 56, 59
ADW-BP 230 ID:

A,B,-61,  66, 67, 70, 75, 76, 77
A,B,-65,  69, 72, 73, 74, 80, 83
A,B,-63,  78, 79, 84, 85, 86, 87, 88, 90
A,B,-62,  64, 68, 71, 81, 82, 89

Cytological  evidence of  nuclear condit ion.  -Most
basidiospores of  E. t inctorium contained a  s ingle
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F IG . 2. Macroscopic cultural interactions observed on the front and reverse between paired monokaryons
of E. tinctorium from ADW-BP 230 ID. A. Front view B. Reverse view. Clockwise from upper left: Compatible
reaction (uncommon A&B factors); common A (uncommon B factors) with flat reaction; common B (uncommon
A factors) with strong line of aversion (barrage reaction) and fine dark reaction line in contact zone; di-mon
interaction with strong hyphal massing and broad darker reaction line in contact zone; common A&B factors
(type 2) with mild hyphal massing (barrier reaction) and weak reaction line; common A&B factors (type 1) with
weak aversion zone.

nucleus (FIG. 3A). Spores germinated to form a
single germ tube through the germ pore at the
spore apex (FIG. 3B). The single nucleus within
the spore passed through the apical germ pore
into the germ tube and initiated mitotic divi-
sions.  Result ing hyphae were s imple-septate  with
uninucleate  cel ls  ( F I G .  3C-F). Occas ional ly ,  spores
contained two nucle i  poss ib ly  due to  mitos is  pr ior
to germination. In such cases, one of the nuclei
moved into the germ tube while  the other nucleus
remained in the spore (FIG. 3E). Nuclear pairs
within spores were never observed to initiate
conjugate divisions outside the spore. Homo-
karyotic hyphae from 50 single spores were
monokaryotic and lacked clamp connections (FIG.
3F). Young intercalary chlamydospores on ho-
mokaryotic hyphae also contained a single nu-
cleus  ( F I G .  3G).  However,  nuclei  were never seen
in the lumina of skeletocystidia and rarely in
skeletal  hyphae.

Heterokaryotic hyphae from A# B # matings
were  consis tent ly  dikaryot ic  l ike  generat ive  con-
textual hyphae of basidiocarps. The dikaryotic
condition of hyphae subcultured from 50 A # B +
matings for 70 da, was stable. Nuclei appeared
fi lamentous as  i f  migrat ing or  spherical  and sta-
t ionary.  As in  monokaryot ic  hyphae,  ce l l  length
in dikaryotic hyphae was (6-)30-140(-170)  Hrn
and nuclei were often widely separated. Clamp
connections were lacking at  some septa ( F I G .  3H),

although most septa were clamped ( F I G .  31). Oth-

er cells occasionally formed multiple clamps at
the septa.  Immature intercalary chlamydospores
of dikaryotic hyphae were also binucleate (FIG.

35).

DISCUSSION

Freezing E. tinctorium basidiospores as dry
spore  pr ints  a t  -  20 C for 10 weeks is  an effective
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TABLE I
CRITERIAUSEDTO DETERMINETHE MATINGTYPEALLELESOF ECHINODONTIVMTINCTORIVM

Compatible Incompatible

Uncommon Common
Interaction A&B Common A Common B A&B

Clamp connections ++a -
I:;

-
Pseudoclamps or degenerated clamps - - -
Zone of aversion (barrage reaction) - - + bl + [WI
Reaction line - - + (+)
Hyphal massing in contact zone (barrier reaction) - - - +
Flat  reaction - (+) - -

a Symbol abbreviations: + + = consistently present in large numbers; + = very commonly present; (+) =
occasionally present; - = absent; [s] = strong reaction; [w] = weak reaction.

means of stimulating spore germination. Large
numbers of monokaryotic isolates were obtained
efficiently with this procedure despite slow er-
ratic germination at  relat ively low rates (5 1.8%).
Higher rates of germination have been reported
to occur on uncolonized hemlock heartwood
(Etheridge et al., 1970) and on agar films, but
with spores frozen much longer at - 10 C (Eth-
eridge and Craig, 1976).  Exposure to sub-freezing
temperatures may play a key role in breaking
physiological dormancy. If so, the freezing re-
quirement for spore germination might explain,
in part, one means by which E. tinctorium has
become adapted to cold climate in mountainous
areas. The freezing requirement may assure that
spores germinate during periods favorable for
infection. Thomas (1958) showed the incidence
of the  fungus in  Bri t ish  Columbia  was highest  in
high-elevation interior forests with cold winters
and lowest in low-elevation coastal forests with
mild winters. Very low incidence of the Indian
paint  fungus west  of  the Cascade mountain range
in the Pacific Northwest is demonstrated by the
absence of a report on its occurrence in this re-
gion unt i l  Foster  and Thomas (1951) discovered
basidiocarps at  high elevations on Vancouver Is-
land, but not along the coasts. Sites with mild
winter climates might not satisfy the necessary
cold requirement to permit adequate levels of
germination needed for infections.

Interpretat ions of  al lel ic  interact ions in pair ing
tests of sympatric isolates required both mac-
roscopic and microscopic features. For example,
A#B#  pair ings could only be dis t inguished from
A=B#  pairings microscopically,  i.e., by the pres-
ence of true clamps in A+B#  pairings. Inter-
act ions in  A=B#  crosses lacked consistent mac-
roscopic characterist ics,  thus A=B#  crosses were
the most difficult to recognize, a feature com-

monly observed in the bifactorial  mating systems
of other wood decay fungi. Flat reactions were
only occasionally observed in A=B#  pairings,
but they occurred in no other pair ing interaction.
Common A allelic interactions have long been
associated with the flat reaction in Schizophyl-
lum commune Fr. (Raper, 1966). Strong zones
of aversion (barrage reactions) conventionally
have been interpreted as the result  of interactions
in A+B=  crosses (Raper, 1966; Boidin, 1986).
However, the barrage reaction was observed in
only 63% of crosses between isolates with B al-
leles in common. In addition, A=B= pairings
frequently formed aversion zones, although
milder than in A#B=  pairings, and occasionally
formed reaction lines similar to those observed
in A#B=  pairings. Interactions in A#B= pair-
ings were distinguished by the formation of oc-
casional clamp connections and pseudoclamps,
while barrier reactions were unique to A=B=
pairings.  Since A#B=  pairings occasionally pro-
duced small numbers of clamp connections,
compatible reactions could not be qualitatively
based on formation of clamp connections with-
out quantification. A number of mating studies
have provided examples where small numbers
of clamp connections or pseudoclamps were in-
terpreted as compatible interactions which led
to misleading or mixed results (Sass, 1929, Skol-
ko, 1944; Whitehouse, 1949; Esser and Kuenen,
1967; Setliff, 1970; Miller, 1971; Ginns, 1974).
Only observations of large numbers of clamp
connections in the contact zones were taken as
evidence of a truly compatible mating. Interac-
tions in A=B= pairings were complicated due to
formation of two types of reactions,  mild barrage
reactions and barrier reactions. Common A & B
interactions occur between isolates of the same
mating type and are most easily identified by
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FIG. 3. Nuclear condition of basidiospores, hyphae derived from spores, and hyphae resulting from com-
patible matings in culture. A-G. Monokaryotic spores and hyphae; H-J. Dikaryotic hyphae and spores. A.
Ungerminated basidiospores, x 2353. B. Spore before nuclear migration into germ tube, x 2317. C. Nucleus
passing through germ pore into germ tube, x 2370. D. Nucleus ‘migrating through germ tube, x 2 14 1. E. Spores
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observing pairings between isolates that have
identical mating patterns with other isolates and
that are known to be compatible with an identical
group of  isolates  of  the opposi te  mating type.

Formation of abundant clamp connections in
A#B#  pairings of monokaryons required at  least
two months to develop after plating. This rela-
tively long time requirement for the mating pro-
cess is attributed to the slow growth rate of E.
t inctor ium and is  longer than the t ime considered
sufficient for the mating process in most other
saprobic basidiomycetes (Boidin, 1986). Occa-
sionally,  isolates were obtained which were com-
patible with two different mating types. These
isolates  were probably not  s ingle-spore isolates ,
but rather mixtures of two incompatible mating
types.  Stock cultures of  such isolates lacked clamp
connections due to incompatibility between the
component mating types and hence were not de-
tected unti l  some matings were completed.  How-
ever, mixed cultures occasionally consisted of
mycelia  from two compatible  mating types which
could be detected in stock cultures and control
pairings. Mixed cultures were not used in the
mating studies, but provided useful checks to
ensure that homokaryons were used. Subcultures
ofdikaryotic hyphae, formed in the contact zones
between compatible mating types,  confirmed the
stability of the dikaryotic condition in A#B#
pair ings .

Eight distinct mating types were identified
among ninety isolates studied from collections
at the Laird Park and Waha locations in northern
Idaho. The two collection sites were separated
geographically by approximately 90 km distance
and the Clearwater River Valley. The Arizona
collection site was approximately 1600 km from
the Idaho sites. Low numbers of monokaryons
were obtained from the Arizona site due to in-
sufficient moisture in basidiocarps and contam-
ination of spore prints. As a result, only three of
the four mating types at  that  location were iden-
tified. Nevertheless, Papazian test pairings be-
tween tester strains (mating types) from each of
the three collection sites indicated complete in-
tercompatibility between all allopatric isolates.
These results demonstrate that the mating type
loci are multiallelic.

Future research is needed to determine the
number and geographical distribution of mating
alleles. If more extensive collections of E. tinc-
torium basidiocarps were made throughout its
wide range and homokaryons from all basidi-
ocarps  were paired in all possible combinations,
it would be possible to estimate the theoretical
number of alleles controlling incompatibility at
each locus by extrapolation as shown in the clas-
sic paper of Eggertson (1953). Determining the
number of mating alleles and their distributions
may elucidate: 1) the geographical origin of the
fungus based on regional incidence of allelic di-
versity; 2) the number of genetic changes gen-
erated by mutational episodes during migration
to i ts  present  range (and thus an indicat ion of  i ts
adaptability); 3) probabilities of mating success
and inoculum production expected in each re-
gion; and 4) the mechanism(s) of spread within
and between forest stands, providing applica-
tions in epidemiology. Multiple allelomorphy
among al lopatr ic  isolates  suggests  that  divergent
evolution may have occurred due to geographical
isolation. As strains were introduced into new
environments, their adaptation to new localized
environmental conditions could have included
changes in mating incompatibility alleles. Per-
haps high mutation rates among incompatibility
alleles  are s t imulated by introduct ions of  s t rains
into drast ical ly different  environments miles from
the origin of the inoculum. This hypothesis is
supported by the wide geographical range of E.
tinctorium from Mexico to Alaska within which
localized populations of the fungus are separated
by large distances. Furthermore, the wide range
of E. tinctorium suggests that the fungus has a
means of  long-distance dispersal ,  most  l ikely ba-
sidiospores. Based on its wide sporadic distri-
bution,  the thick-walled basidiospores of  E. tinc-
tor ium apparently have sufficient  longevity and
resistance to adverse environmental conditions
to serve as long distance dispersal  agents of the
fungus. Hence, the presence of multiple alleles
also implies increased probabil i ty for  successful
outbreeding between allopatric strains which may
enhance genetic diversi ty and adaptabil i ty of the
species over a wider region.

Echinodontium tinctorium does not fruit

c
after mitosis with one nucleus in spore and genetically identical daughter nucleus in germ tube, x 2 163. F. Single
cell of monokaryotic hypha, x 1160. G. Uninucleate chlamydospore, x 2167. H. Binucleate hypha without clamp
connections, x 1677. I. Binucleate hypha with clamp connection, x 1636. J. Binucleate chlamydospore, x 2122.
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readily in culture, probably because large decay
columns are generally needed to support for-
mation of a basidiocarp. Difficulty of inducing
formation of fertile sporophores with viable ba-
sidiospores in culture presently precludes estab-
lishment of definitive proof of fertility between
sympatric isolates and interfertility between al-
lopatric isolates as indicated by Boidin (1986).
Consequently, the conservative terms “compat-
ibility” and “intercompatibility” are used here
instead of “fertility” and “interfertility.” Never-
theless, formation of clamp connections and sta-
ble dikaryons between paired isolates certainly
indicates close intra- and intercompatibility. Al-
though the fungus is not currently known to fruit
in culture, all evidence suggests that E. tincto-
rium is heterothallic with a multiallelic, bifac-
torial  (tetrapolar) homogenic mating system in
which sexual incompatibility is controlled by
multiple alleles at two loci on separate chro-
mosomes. The tetrapolar mating system of this
fungus conforms to the pattern of sexuality found
in most other white rot fungi (Gilbertson, 1980).
Both monokaryotic and dikaryotic cultures of E.
tinctorium react positively in phenol-oxidase tests
producing a dark brown pigment on the reverse,
but they do not grow on gallic or tannic acid
media (Davidson et al., 1938; Nobles, 1948).

Cytological investigations utilizing Giemsa
stain confirmed the nuclear condition of E. tinc-
torium spores and vegetative hyphae at various
stages of its life history. Basidiospores were gen-
erally uninucleate and appeared to be haploid
based on nuclear volume. Some basidiospores
contained two nuclei presumed to be genetically
identical, postmeiotic products of pregermina-
tion mitosis. Such binucleate basidiospores are
occasionally produced by a number of wood de-
cay fungi with homogenic incompatibility sys-
tems (Ginns, 1974; Hennon  and Hansen, 1987).
Hyphae derived from basidiospores lacked clamp
connections and appeared uniformly monokar-
yotic, while dikaryotic hyphae derived from A#
B#  pairings consisted of stable binucleate cells
that were perpetuated in subcultures.
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